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ABSTRACT: Compared with the western European Alps, the ice extent during the Last Glacial Maximum (LGM) and
the subsequent deglaciation history of the eastern Alps east of the Tauern Window remain less well constrained. Also,
considerable discrepancies exist between the mapped LGM ice margin and the ice extent predicted by ice-sheet
models. Here we present the first '°Be surface exposures ages from two regions east of the Tauern Window (the
Gurktal and Lavantal Alps), which provide constraints on the LGM ice extent and the deglaciation history. Our results
show that the deglaciation of the Gurktal Alps occurred between 16 and 14 ka, which agrees with the predictions
from ice-sheet models. In contrast, the '°Be ages from the Lavantal Alps located farther east are either LGM in age or
predate the LGM, indicating that these regions were ice free or only partially covered by LGM ice. This finding
suggests that ice-sheet models may have overestimated the LGM ice extent in the easternmost Alps. In conclusion,
our study highlights the need for more age data from the eastern Alps to refine the location of the LGM ice margin and
the deglaciation history, which is also crucial for climate-evolution and postglacial-rebound models.

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Introduction

During the Last Glacial Maximum (LGM), which lasted from
ca. 26 to 20 ka (e.g. Clark et al., 2009), mountainous regions
worldwide including the European Alps were covered by ice
domes and valley glaciers (Ehlers et al., 2011). Reconstructing
the former LGM ice extent and the post-LGM glacial history in
these regions is crucial for a number of geoscientific research
disciplines, including studies about past climate evolution,
glacial impact on landscape evolution, and postglacial
isostatic rebound (e.g. Kuhlemann et al., 2008; Batchelor
et al., 2019; Sternai et al., 2020). In this context, quantitative
age data play an important role in relating mapped geomor-
phological features and sediment records to individual cold or
warm periods.

In the European Alps, age constraints on the LGM ice extent
and the Lateglacial history were obtained by optically
stimulated luminescence (OSL) dating of proglacial sediments,
radiocarbon dating of organic matter from bogs or lake
sediments and surface exposure dating of moraine boulders
or glacially polished bedrock and quartz veins using cosmo-
genic nuclides (e.g. lvy-Ochs et al., 1996, 2004, 2006a; Kelly
et al., 2004, 2006; Federici et al., 2008 Preusser et al., 2007;
Darnault et al, 2012; Reuther et al., 2011; Starnberger
et al., 2011; Dielforder and Hetzel, 2014; Braumann
et al., 2020). Most of these data come from the western Alps
(west of ~10°E) and the western part of the eastern Alps (east of
~10°E) (Fig. 1) (e.g. lvy-Ochs et al., 2006a, 2008; Kerschner
et al., 2006; Reuther et al., 2011; Moran et al., 2016a,b, 2017;
Wirsig et al., 2016a; Braumann et al., 2020). Farther east, age
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data are only available at a few sites in former glacier tongue
areas (Draxler, 1977; van Husen 1997; Borten-schlager, 1984;
Schmidt et al., 2002, 2012; Starnberger et al., 2011). 1°Be
exposure ages have only been obtained from two sites in the
Tauern Window (Bichler et al., 2016; Wirsig et al., 2016b). As
a consequence, the glacial history in this part of the European
Alps remains less well resolved compared with other regions
located farther west.

Regarding the LGM ice extent in the easternmost Alps,
mapping studies and ice-sheet models arrived at different
results. Reconstructions based on mapping of glacial geomor-
phological features and interpretation of sedimentary se-
quences indicate that the eastern LGM ice margin was
located between about 14 and 14.5°E (Fig. 1, white line from
Ehlers et al., 2011) (van Husen, 1997, 2004, 2011). However,
the glacial features and sedimentary sequences interpreted as a
record of the LGM ice extent are mostly undated, i.e. age
information was mostly obtained by tentative correlations
with sites from other regions of the Alps where age constraints
are available (Draxler, 1977, 1987; van Husen, 1977;
Borten-schlager, 1984; Ivy-Ochs et al., 1996, 2006a). In
contrast to the mapped ice extent, the ice-sheet model of
Seguinot et al. (2018) predicts a position of the LGM ice
margin ca. 60-80 km farther to the east at around 15.5°E
(Fig. 1, blue line). As Seguinot et al. (2018) noted, the greater
ice extent in their model might result from an overestimation of
precipitation in the easternmost Alps. However, without
quantitative age constraints on the deglaciation history of the
easternmost Alps, the discrepancy between mapped and
modelled LGM ice extents is difficult to resolve.

Here we present '’Be surface exposure ages from glacially
polished quartz veins and an analysis of high-resolution digital
elevation models (DEMs), which together provide constraints
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Figure 1. Topographic map of the eastern Alps (location marked by white rectangle in inset map of the European Alps). Yellow rectangle outlines
the study area shown in Fig. 2 (GA: Gurktal Alps; LA: Lavantal Alps) east of the Tauern Window (marked by black line). White line indicates LGM ice
margin (Ehlers et al., 2011, and articles therein). Blue line shows the modelled LGM extent according to Seguinot et al. (2018). BF: Brenner normal
fault; KF: Katschberg normal fault; NM: Nock Mountains; SA: Saualpe; KA: Koralpe; KB: Klagenfurt Basin; SB: Styrian Basin. The numbers in blue
circles refer to '°Be chronologies in the eastern Alps; 1: Ivy-Ochs et al. (2006b); 2: Kerschner et al. (2006), Moran et al. (2016b), Braumann et al.
(2020); 3: Moran et al. (2016a); 4: Moran et al. (2017); 5: Reuther et al. (2011); 6: Wirsig et al. (2016b); 7: Bichler et al. (2016). Numbers in white
circles indicate sites in the eastern part of the eastern Alps where the LGM ice extent is constrained by '*C and palynological data; 8: Borten-schlager
(1984); 9: Starnberger et al. (2011); 10: Draxler, 1977; van Husen (1997); 11: Schmidt et al. (2002); 12: Schmidt et al. (2012). [Color figure can be

viewed at wileyonlinelibrary.com]

on the LGM ice extent and the deglaciation history of the
Gurktal and Lavantal Alps east of the Tauern Window. For
these regions, Seguinot et al. (2018)'s model indicates an
extensive LGM ice cover, whereas the mapped LGM ice
margin (van Husen, 2011) implies that the glaciers only
covered the Gurktal Alps while the Lavantal Alps farther east
remained largely ice free during the LGM (Fig. 1). Our '°Be age
data show that the deglaciation of the Gurktal Alps (Nock
Mountains) occurred between 16 and 14 ka, whereas '°Be
ages from the Lavantal Alps located farther east are either LGM
in age or predate the LGM, indicating that these regions were
not covered by an extensive LGM ice sheet. Together, the '°Be
data and DEM analysis provide important constraints on the
position of the LGM ice margin and the deglaciation history of
the easternmost Alps.

Geological setting and glacial history of the
study area

Our study area comprises the Gurktal and Lavantal Alps,
which are situated to the east of the Tauern Window (Figs. 1
and 2). The Gurktal Alps are confined along their western
margin by the Katschberg normal fault and to the north and
south by the Niedere Tauern and the Klagenfurt basin,
respectively. To the east of the Katschberg normal fault, the
Gurktal Alps include the Nock Mountains, which are
characterised by subdued, hilly topography and a low relief,
which is in marked difference to the higher topography and
relief found in the adjacent Tauern Window and Niedere
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Tauern (e.g. Frisch et al., 2000). The Lavantal Alps are located
east of the Gurktal Alps and comprise the NNW-SSE-trending
mountain ranges of the Saualpe and Koralpe (Fig. 2). Toward
the east, the Koralpe is bordered by the Styrian Basin, which
constitutes the western branch of the Pannonian Basin
(Horvéath et al., 2006).

Geologically, both the Gurktal and Lavantal Alps belong to
the Austroalpine unit and form part of the Adriatic microplate,
which experienced a complex tectonic and metamorphic
history from the Palaeozoic to the Cainozoic (Schuster
et al., 2013). From west to east, the Gurktal Alps mainly
consists of rocks belonging to Otztal Bundschuh and the
Drauzug Gurktal nappe systems (Schuster et al., 2013). In
the regions of our sampling sites in the Nock Mountains, the
crystalline basement consists of paragneisses, orthogneisses
and garnet-micaschists. In contrast, the Saualpe and Koralpe
(Lavantal Alps) comprise mainly Cretaceous high-pressure
metamorphic rocks of the structurally lower Koralpe-Wolz
nappe system (e.g. Thoni and Jagoutz 1992; Théni and
Miller, 1996; Schuster and Stiiwe, 2008; Schuster et al., 2013),
in which Permo-Triassic low-pressure rocks have been
preserved (Habler and Théni, 2001). In the peak regions of
the Saualpe and Koralpe, where our sampling sites are located,
occur mainly paragneisses, mylonitic gneisses and micaschists.

During the LGM, major ice bodies filled the Drau and Mur
valleys and also covered the Nock Mountains in the Gurktal
Alps while only small cirque glaciers existed in the Lavantal
Alps (Fig. 2) (van Husen, 2011). However, the age of moraines
and other glacial features as well as the depositional age of
erratic boulders and glacial till were mostly inferred indirectly
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Figure 2. Study areas and sample locations with '°Be ages (ka) in the Gurktal and Lavantal Alps, respectively. White line indicates LGM ice margin
(Ehlers et al., 2011; van Husen, 2011). Blue line marks ice margin at 16 ka in model from Seguinot et al. (2018). Yellow boxes outline areas shown in
Fig. 4. Abbreviations are LF: Lake Faaker See; L): Lake Jeserzersee; LL: Lake Langsee; LM: Lake Millstitter See; LO: Lake Oissacher See; LW: Lake

Worthersee. [Color figure can be viewed at wileyonlinelibrary.com]

by correlation with sites, for which '"Be, '*C ages or
palynological data were available, i.e. at the Traun valley
mouth (Draxler, 1977, 1987; van Husen, 1977), in the Inn and
Otz valleys in Tyrol (Borten-schlager, 1984) or at the Julier
Pass in Switzerland (lvy-Ochs et al, 1996, 2006a). As
suggested for other regions in the eastern Alps, the LGM
glacier extent and distribution in the Gurktal and Lavantal Alps
are thought to be largely controlled by topography, because
the eastern Alps are characterised by a more continental
climate than the western Alps (Mayr and Heuberger, 1968; van
Husen, 1989, 2011).

Melting of the LGM ice bodies began at ca. 20-19 ka in the
foreland of the eastern Alps, as indicated by palynological,
14C and OSL ages (van Husen, 1997; Reuther et al., 2011;
Starnberger et al., 2011). Radiocarbon ages obtained from
bulk sediment samples from the Carinthian Lake Jeserzersee
located in the tongue area of the former Drau glacier suggest
that the Klagenfurt Basin (Fig. 2) has been ice free since ca.
19-18 ka (Schmidt et al., 2012). The inner-Alpine valleys
were suggested to be ice free as early as ~19 ka (van
Husen, 1997; Reitner, 2007) but little chronological control is
available. For the Zillertal Alps (Tauern Window), Wirsig
et al. (2016b) presented '’Be exposure ages for bedrock
samples taken at different altitudes. Exposure ages from the
samples at the highest altitudes revealed that the lowering of
ice surfaces in the high Alpine regions occurred between ca.
18.6 and 17.0 ka and hence somewhat delayed with
respect to the downwasting of the glacier tongue (Wirsig
et al., 2016b). Samples from lower elevations yielded
exposure ages of 16.4-14.8 ka, indicating that some ice
patches persisted through the Gschnitz stadial (17-16 ka;
Ivy-Ochs et al., 2006b) until the Bolling-Allerad interstadial
(Wirsig et al., 2016b). During the following Egesen (Younger
Dryas) stadial, glaciers advanced again (lvy-Ochs
et al., 2006a; van Husen, 2011). In the Hohe Tauern
Mountains, a Lateglacial glacier advance is documented by
a sediment sequence, to which '°Be and '*C dating as well as

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

pollen analyses were applied (Bichler et al., 2016). The
results showed that the sediment sequence consists of
landslide deposits from the Bglling-Allergd interstadial over-
lain by glacial till and moraine material from the Egesen
stadial, which, in turn, is overlain by landslide deposits from
the Preboreal (Bichler et al., 2016). In the Klagenfurt Basin,
the cold period of the Younger Dryas is documented by an
increase in the Alpine pine pollen content in a sediment
record from Lake Langsee (Fig. 2) (Schmidt et al., 2002).

Data and methods
"°Be exposure dating

Terrestrial cosmogenic nuclides including '°Be are continuously
produced in the uppermost metres below the Earth’s surface by
the interaction of cosmic rays (primary and secondary high-
energy particles) with rocks (Dunai, 2010; Gosse and
Phillips, 2001; Lal, 1991; Niedermann, 2002). The production
rate of cosmogenic nuclides varies with altitude and latitude
between a few atoms and several hundred atoms per gram per
year and is determined from scaling-models for individual
sampling sites (e.g. Balco et al., 2008). Underground, the
production rate decreases exponentially and becomes negligi-
ble (<5%) at a depth of >2m (e.g. Niedermann, 2002). The
exposure age of a bedrock surface can be computed from the
measured '°Be concentration and the local production rate,
taking into account the thickness of the sample, its density, and
the shielding of the sampling site from cosmic rays by the
surrounding topography. Additional factors that can affect the
exposure age are the erosion of the bedrock surface, which
decreases the cosmogenic nuclide concentration, and potential
shielding by snow, which lowers the local production rate. Both
erosion and snow shielding result in apparent exposure ages
that are younger than the true exposure age (e.g. Gosse and
Phillips, 2001; Schildgen et al., 2005).
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Here, we apply '°Be exposure dating to glacially polished
quartz veins to constrain the timing of deglaciation. This
approach assumes that at least the upper 2-3 m of bedrock
have been eroded during the last glaciation, which removes
the cosmogenic nuclide content inherited from prior periods of
exposure (Balco, 2011; Dielforder and Hetzel, 2014;
Diuihnforth et al. 2010; Fabel et al., 2004). Quartz veins can
preserve extremely smooth glacially polished surfaces, which
indicates that postglacial erosion is zero (e.g. Dielforder and
Hetzel, 2014). Our sampling sites are located at about 2 km
elevation in an Alpine environment with seasonal snow cover.
To account for snow shielding, we estimated the length of the
snow period (December—April) and average snow depths
(70-100 cm) from nearby climate stations. The respective

a Gurktal Alps

Nock Mountains

b Lavantal Alps northern Saualpe

19NOC15
22. 8+/.8 ka

southern Saualpe

shielding factors were calculated following equation 3.76 in
Gosse and Phillips (2001) and using a snow density of
0.3gcm’3 (Jonas et al., 2009) and an effective attenuation
length of 160 gcm™.

Sampling strategy

We took samples in three different areas (Figs. 2 and 3; Table 1).
The main set of samples was collected in the Gurktal Alps (Nock
Mountains), which were covered by the LGM ice sheet,
as indicated by mapping of glacial landforms (van Husen,
1997, 2011) and numerical modelling of the last glacial cycle in
the European Alps (Seguinot et al., 2018). Three additional
samples were taken from the Saualpe and Koralpe, which are

19NOCS8
14.9£0.5 ka

19NOC8

Figure 3. Field photographs of sampling sites (with obtained '°Be exposure age) in (a) the Gurktal and (b) the Lavantal Alps. [Color figure can be

viewed at wileyonlinelibrary.com]
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part of the Lavantal Alps (Figs. 2 and 3; Table 1). For both
Saualpe and Koralpe, mapping indicates that the sampling sites
were located outside the extent of the LGM ice sheet (van
Husen, 1997, 2011), whereas the ice-sheet models predict that
they were covered by LGM ice until ~15 ka (Seguinot
et al. 2018). All samples were collected at sites where a former
cover by soil and vegetation can be considered unlikely.

Sampling preparation and '’Be analysis

All samples were crushed, washed and sieved. Subse-
quently, the 250-500 pm grain-size fraction was split into
a magnetic and non-magnetic fraction using a Frantz
magnetic separator. The non-magnetic fraction was etched
once in 6 M HCI at 80°C followed by four etching steps in
diluted HF/HNO3 in an ultrasonic bath at 80°C. For Be
extraction, the purified quartz was dissolved in 40% HF after
addition of 0.3 mg of Be carrier. After complete dissolution,
all samples were converted into chloride form using 6 M
HCI. Beryllium was separated by ion exchange column
chemistry and precipitated as Be(OH), at pH 8-9. Following
the transformation to BeO at 1000°C, targets were prepared
by mixing the BeO with Nb powder. All samples were
analysed at the Centre for Accelerator Mass Spectrometry at
the University of Cologne, Germany (CologneAMS; Dewald
et al., 2013).

Analysis of high-resolution DEMs for identification
of glacial landforms and lineations

For the identification of glacial landforms and lineations in
our study area, we used DEMs with a spatial resolution of
1 m. The DEMs were derived from Lidar (light detection and
ranging) point cloud data and provided by the Austrian
federal states Carinthia, Styria and Salzburg for download
from the website https://www.data.gv.at (accessed March
2021). Among the geomorphological features that may be
identified in high-resolution DEMs as indicators of former
glaciations and ice flow directions are macroscale glacial
striations, streamlined ridges such as drumlins, and roches
moutonnées (e.g. Kelly et al., 2004; Jansson and Glasser,
2005; Sookhan et al., 2021).

Results
'9Be exposure ages

'%Be exposure ages were calculated with version 3 of the
CRONUS-Earth '°Be-?°Al online calculator (http://hess.ess.
washington.edu; Balco et al., 2008) using the time-dependent
scaling model of Lifton et al. (2014), which is referred to as
LSDn in the online calculator. For all calculations, we
considered a rock density of 2.65gcm™, zero erosion, and
topographic shielding. All '°Be exposure ages were calculated
with and without snow shielding (Table 1). In the following,
we report the snow-corrected exposure ages.

The '°Be exposure ages from the Gurktal Alps range from
13.9+0.5 ka to 17.3 + 0.6 ka, whereas the three samples from
the Lavantal Alps yielded ages of 22.8 + 0.8 ka, 39.1 + 1.3 ka
and 118.9 + 3.8 ka (Fig. 2, Table 1). The exposure ages from
the Gurktal Alps are hence consistent with a deglaciation after
the LGM, while the ages from the Lavantal Alps imply a longer
exposure history. Below, we discuss the '°Be exposure ages
from the two regions in more detail.

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Glacial landforms and lineations in the study area

The analysis of the high-resolution DEMs revealed that
landforms indicative of former glaciation are abundant in the
valleys and pass regions in the Gurktal Alps (Fig. 4). In the Mur
valley, a swarm of drumlins occurs at the valley bottom
(Fig. 4a). Macro-glacial striations can be identified along the
valley bottom and the flanks of the adjacent mountains.
Together, these features indicate former ice flow directions to
the east (Fig. 4a). Glacial striations also occur along both flanks
of the NNE-SSW-trending valley that marks the boundary
between the Tauern Window and the Nock Mountains.
Figure 4b shows the striations in the central section (called
Katsch Valley) as an example. In the southern prolongation of
the valley (called Lieser Valley), the glacial striations change
their orientation and join the SE-trending lineations of the Drau
Valley (Fig. 4e). A former south-eastward ice flow direction in
the Drau valley is further indicated by elongated ridges at the
valley bottom. In the Nock Mountains, macroscale glacial
striations occur mainly in Alpine pass regions, including
the areas around sampling sites 14NOC2 and 14NOC4
(Fig. 4c, d). At these passes, roches moutonnées indicate ice
flow in south-western and south-eastern directions, respec-
tively. For the Lavantal Alps, the DEM shows small glacial
cirques (not shown in figure) but no signs of major glacial
striations or glacially streamlined ridges.

Discussion

Our ""Be exposure ages, which are the first data of this kind
from the regions east of the Tauern Window, and our DEM
analysis point to marked differences in the glacial history of the
Gurktal and Lavantal Alps. Six of the seven '°Be exposure ages
from the Nock Mountains (Gurktal Alps) fall into the narrow
range of ca. 16-14 ka (Fig. 2, Table 1), which indicates that
erosion during the LGM and Lateglacial was sufficient to reset
the 'Be nuclide content. We therefore interpret the '°Be ages
from the Nock Mountains to reflect the timing of deglaciation
when the glacially polished quartz veins became exposed due
to melting of the ice cover. The slightly older age (17.3 +0.6
ka) of sample T9NOC1, which is located at an altitude of
2150 m and hence ca. 50 m higher than the nearby sample
T9NOC2 (15.6 + 0.6 ka) (Fig. 2), may reflect either an earlier
thinning of the ice cover at this locality or a minor inherited
'9Be component due to insufficient erosion or brief exposure
between the LGM and Oldest Dryas (Gschnitz stadial).
Otherwise, our data do not show a correlation between
exposure age and altitude of the sampling sites, which is in
contrast to the findings by Wirsig et al. (2016b) in the Zillertal
Alps. Compared with the Gurktal Alps, the three samples from
the Lavantal Alps yielded higher and markedly different
exposure ages (22.8 +0.8 ka, 39.1 +1.3 and 118.9 +3.8 ka),
which imply a longer and probably more complex exposure
history. In the following, we discuss the implications of our
1%Be exposure ages and DEM analysis for the glacial history of
the Gurktal and Lavantal Alps.

Gurktal Alps

Our '°Be exposure ages from the Nock Mountains (Gurktal
Alps) show that this region was deglaciated between 16 and 14
ka (Fig. 5), i.e. at the transition from the Oldest Dryas to the
Bolling-Allerad interstadial. In Carinthia, the Oldest Dryas to
Balling-Allerad transition was associated with a trend toward a
warmer and wetter climate, as documented by the record from
Lake Jeserzersee (Schmidt et al., 2012). A comparison with the
'“Be age data from Wirsig et al. (2016b) further shows that the
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Figure 4. Topographic maps derived from high-resolution DEM showing examples of glacial lineations (traces indicated by dashed light blue lines)
in the Gurktal Alps. (a) Mur Valley. (b) Katsch Valley. Area around sampling sites (c) 14NOC2 and (d) 14NOC4 in the Nock Mountains. (e) Drau
Valley. [Color figure can be viewed at wileyonlinelibrary.com]
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deglaciation of the Nock Mountains occurred concurrently
with the melting of the ice patches in the Zillertal Alps that had
persisted through the Gschnitz (Oldest Dryas) stadial. Finally,
our data are consistent with a spatially continuous ice
coverage of the Nock Mountains from the LGM to ca. 15 ka
(Fig. 5), as predicted by the ice-sheet model of Seguinot et al.
(2018). Based on this comparison with Wirsig et al. (2016b)
and Seguinot et al. (2018), our preferred interpretation is that
the ice cover of the Nock Mountains persisted until deglacia-
tion at ca. 15 ka, although this does not exclude the possibility
that glaciers readvanced during the Gschnitz stadial following
a brief retreat after the LGM. The ice flow directions indicated
by the orientation of the glacially streamlined ridges and
glacial lineations in the Gurktal Alps (Fig. 4) compare well with
the modelled ice flow directions obtained by Seguinot et al.
(2018). Both the glacial lineations in the DEM and modelled
ice flow lines indicate that the glaciers followed and
shaped the Drau, Mur and Katsch-Lieser valleys, whereas the
ice flow across the Nock Mountains was more distributed
with flow directions ranging from south-west to south-east
(Figs. 4 and 5).

With respect to the LGM ice extent, we argue that the LGM
ice covered a larger area in the Gurktal Alps than that mapped
by van Husen (2011) for the following reasons. As mapped, the
LGM ice margin would have been located only a few
kilometres east of our sampling sites (Fig. 5), which would
imply that the position of the ice margin along the eastern
boundary of the Nock Mountains was almost stable from the
LGM to ca. 16 ka. We consider this scenario unlikely because
sediment records from the Klagenfurt Basin, i.e. the former
Drau glacier tongue area (Fig. 2), and sites in the northern
foreland of the eastern Alps (Fig. 1) indicate a fast retreat of
glaciers over distances of up to 50-60 km from their LGM
maximum position between 19 and 18 ka (van Husen, 1977;
Schmidt et al., 2002, 2012; Reuther et al., 2011, Starnberger
et al., 2011). A comparison between the mapped LGM ice

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Figure 5. Map of the Gurktal Alps (Nock
Mountains) showing the '°Be data and macroscale
glacial striations (this study, dashed blue lines)
together with the mapped LGM ice extent (white
dashed line; van Husen, 2011) and modelled LGM
ice flow directions (solid blue lines) and Lateglacial
ice margin positions (Seguinot et al., 2018). LM:
Lake Millstétter See. [Color figure can be viewed at
wileyonlinelibrary.com]

margin (van Husen, 2011) and the modelled ice margin at ca.
16 ka (Seguinot et al., 2018) rather suggests that the ice margin
mapped along the eastern boundary of the Nock Mountains
and in an east-west direction toward the Saualpe represents
the ice extent during the Gschnitz (Oldest Dryas; 17-16 ka)
stadial (Fig. 2). A position of the LGM ice margin farther to the
east of the Nock Mountains also appears more likely when
considering that the glaciers must have reached a thickness
sufficient to erode 2-3 m of bedrock, as indicated by the
consistency of our '’Be exposure ages.

Lavantal Alps

In contrast to the Gurktal Alps, the three '°Be exposure ages
obtained from samples in the Lavantal Alps are LGM in age or
older (Table 1), i.e. these ages do not date the deglaciation
after the LGM but record longer and probably more complex
exposure histories. This finding argues against a thick, spatially
continuous LGM ice cover of the Saualpe and Koralpe and a
position of the LGM ice margin east of the Koralpe, which
were predicted by the ice-sheet model (Fig. 1; Seguinot
et al., 2018). Rather, our data support Seguinot et al. (2018)’s
conclusion that their ice-sheet model overestimates the ice
extent in the easternmost Alps.

The youngest of the three exposure ages (22.8 +0.8 ka;
19NOC15) was obtained from the northern Saualpe. Our
preferred interpretation of this age is that during the LGM, this
site was at least partially covered by ice that was capable of
eroding and reducing the '°Be content that may have been
accumulated before the LGM. Alternatively, if glacial erosion
during the LGM was sufficient to eliminate all inherited '°Be,
the exposure age would indicate that the ice cover may have
melted earlier than at sites along the northern eastern Alps
(Fig. 1). In any case, the '°Be exposure age of ca. 23 ka implies
that the ice cover on the northern Saualpe may have been
more extensive than mapped (Fig. 2), although presumably not
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as extensive as modelled. In marked contrast to the northern
Saualpe, the exposure age obtained from the southern Saualpe
(118.9 + 3.8 ka; T9NOC14) falls into the Eemian warm period
(Marine Isotope Stage (MIS) 5e). We interpret this age to reflect
the fact that the southern Saualpe was virtually ice free during
the LGM. Considering that some erosion may have affected the
sampling site would increase the age of sample T9NOC14 to
132 ka or 141 ka if we assume an erosion rate of 1 or 1.5 mm
ka”', respectively (e.g. Dielforder and Hetzel, 2014). This
would shift the age toward the end of the penultimate
glaciation (MIS 6). A higher age than the obtained minimum
9Be age seems even more likely when taking into account that
the exposure history most likely comprised cold periods during
which the shielding from snow cover may have been larger
than today. As the sampling site still shows indications of ice
moulding (Fig. 3b), our preferred interpretation therefore is that
the quartz vein was exposed during deglaciation after the
penultimate glacial period and that the age of sample
1T9NOC14 results from the combined effect of minor erosion
and snow shielding. Our interpretation that the southern
Saualpe was glaciated during MIS 6 (but not during the LGM)
is consistent with observations indicating that the penultimate
glaciation in the Alps was presumably more extensive than the
last glaciation (Schliichter, 2004; van Husen, 2011; Bickel
et al., 2015). Notably, similarly high exposure ages between
60-107 ka ('°Be) and 73-123 ka (*'Ne) were reported from
erratic boulders deposited on a ridge in the Jura Mountains
(Graf et al., 2007). Considering erosion of the boulders that
resulted in pre-Eemian exposure ages, Graf et al. (2007) argued
that the boulders were deposited during the penultimate
glacial period (MIS 6), which corresponds to the Rissian
glaciation. Both findings, i.e. the position of the boulders
above the LGM ice surface in the Jura Mountains and our '°Be
exposure age from the southern Saualpe, support the notion of
an ice extent larger than at the LGM during the penultimate
glacial period (Schliichter, 2004; Preusser et al., 2011; van
Husen, 2011; Bickel et al., 2015).

The exposure age of sample T9NOC23 (39.1 + 1.3 ka) from
the Koralpe falls into the Middle Wiirmian warm phase, which
has been correlated with MIS 3 (lvy-Ochs et al., 2008). During
this period, the foreland of the Alps was probably ice free
(Schltichter et al., 1991). Although the extent of glacier
advances during the previous Middle Wirmian cold period
(MIS 4) and the Early Wirmian (MIS 5d) remains controversial
(Ivy-Ochs et al., 2008), we consider it unlikely that the age of
T9INOC23 reflects the timing of ice retreat after these periods
because the LGM (Late Wirm) was presumably more
extensive than the Early and Middle Wirmian glaciations
(Ivy-Ochs et al. 2008). Therefore, we interpret this site to have
experienced a more complex exposure history, with, for
example, a first exposure after MIS 6 and a subsequent partial
ice coverage during the LGM, which was, however, not
sufficient to fully reset the '°Be content. A minor LGM ice
cover may be supported by the maximum elevation of the
Koralpe (2140 m), which is ca. 240 m lower than the northern
Saualpe where the ice was presumably thicker and more
extensive.

Implications for ice extent in the eastern Alps
during the LGM and Lateglacial

Although the number of '°Be exposure ages from the Gurktal
and Lavantal Alps is still limited, our data already provide
important constraints on the LGM and Lateglacial ice extent in
these parts of the eastern Alps. For the Gurktal Alps, our data
document deglaciation at ca. 16-14 ka and a position of the
LGM ice margin considerably farther to the east than mapped
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(Fig. 2). Based on our data and a comparison with the ice-sheet
model of Seguinot et al. (2018), we hypothesise that the ice
margin mapped north of the former Drau glacier tongue area
marks the ice extent at ca. 16 ka (Gschnitz stadial) (Fig. 2).

The two markedly different exposure ages from the Saualpe
suggest that the LGM ice margin was located between its
higher northern and lower southern parts rather than running
northward along the western edge of the Saualpe (Fig. 2).
Glaciers on the Koralpe may have been more extensive than
mapped but whether they were isolated ice bodies or
connected to the main LGM ice mass remains unresolved.
To better constrain the position of the LGM and Lateglacial ice
margins in this part of the eastern Alps, additional age data are
required. With respect to ice-sheet models, our findings
highlight that the model results provide a valuable framework
for evaluating the age data. To improve the predictions about
the evolution of ice bodies and glaciers in the Alps, the
incorporation of hitherto neglected east-west gradients in
temperature and precipitation would be highly desirable.
Palaeoclimate reconstructions indicate that the northern Alps
received less precipitation than the southern Alps during the
LGM (Kuhlemann et al., 2008; Monegato et al., 2017), which
resulted in a north-south gradient in temperature and/or
precipitation that should also be considered in addition to an
east-west gradient (Seguinot et al., 2018; Visnjevic et al., 2020).
Together, more age data and refined ice-sheet models will
enable an improved assignment of mapped glacial features to
the different glacial periods.

Conclusions

Our results show that the deglaciation of the Gurktal Alps
(Nock Mountains) occurred between 16 and 14 ka, which is in
very good agreement with the timing indicated by the ice-sheet
model of Seguinot et al. (2018) and suggests that the
easternmost Alps have been longer and more extensively
covered by LGM ice than indicated by mapping (Ehlers
et al., 2011). Such a greater ice cover is further supported by
our analysis of high-resolution DEMs, which reveal glacially
streamlined ridges and macroscale glacial striations consistent
with modelled ice flow directions (Seguinot et al., 2018).
In contrast, the Lavantal Alps were ice free (southern Saualpe)
or not massively glaciated (northern Saualpe, Koralpe) during
the LGM. The contrasting exposure ages from the northern and
southern Saualpe may indicate that the LGM ice margin was
located between these two regions.

Our study underlines the importance of obtaining more age
data for the largely undated glacial features and sedimentary
sequences in the eastern Alps, from which LGM and
Lateglacial ice extents have been reconstructed (Ehlers
et al., 2011, and articles therein). As the evolution of Alpine
ice cover is linked to variations in precipitation and
temperature, such tighter age constraints would also be
essential for studies assessing the glacial-interglacial climate
evolution of the European Alps (e.g. Kuhlemann et al., 2008;
Monegato et al., 2017; Visnjevic et al, 2020). A better
knowledge of the LGM ice extent would also be crucial for
models of postglacial isostatic rebound (e.g. Stocchi
et al., 2005; Norton and Hampel, 2010; Sternai et al., 2020)
because the position of the eastern LGM ice margin controls
the ice volume and the crustal response to deglaciation in the
easternmost Alps.
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