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Mountain glaciers are important water resources in Alpine regions and are sensitive to climate change.
Reconstructing glacier oscillations improves our understanding of the amplitude and the frequency of
climate variability and resolves time periods when the climate system was in transition — from glacial to
interglacial conditions at the beginning of the Holocene, and from a naturally controlled system to an
anthropogenically influenced system in the course of industrialization.

With this study, we contribute a new Holocene mountain glacier chronology from the Eastern Euro-
pean Alps. The study area, the Ochsental in the Silvretta Massif, features pronounced Holocene moraine
ridges and is an important catchment for hydropower production. We present 18 new '°Be exposure ages
of bedrock outcrops (n = 2) and boulders (n = 16). We complement the '°Be glacier chronology with
historical records and instrumental time series and correlate it with pre-existing climate proxy records
for capturing ice margin positions at different times during the Holocene. The Ochsental chronology is
compared to cosmogenic nuclide moraine records across the European Alps to provide an Alpine-wide
perspective on the transition from the Younger Dryas (YD; c. 12.9 to 11.7 ka) to the Holocene (c. 11.7
ka to present).

Results show that glaciers in the Ochsental stabilized at the position of a preserved Holocene moraine
€. 9.9 + 0.7 ka after retreating from their Late Glacial position. This Holocene moraine formation interval
is concurrent with a cold spell detected in some climate proxy records in the Swiss and Austrian Alps, the
Central European Cold Phase 1 (CE-1). Glaciers were presumably much smaller during the Mid-Holocene
and readvanced to a position close to the preserved Early Holocene moraine during the Little Ice Age
(LIA; ¢. 1250 to 1850 CE). LIA 1°Be ages range from 390 + 20 yrs to 135 = 5 yrs and point to multiple
advances within this time period with most robust evidence for a culmination during the 18th century.
The °Be record and the historical glacier records overlap and are remarkably consistent, which dem-
onstrates that '°Be surface exposure dating produces reliable ages even for young glacial deposits. Within
the last c. 170 years, Ochsentaler glacier has retreated c. 2.3 km, which highlights the impact of recent
warming on Alpine mountain glaciers.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

seasonal and annual to centennial and millennial time scales (e.g.
Haeberli et al., 2007; Liithi, 2014; Oerlemans, 2005). The vulnera-

Alpine glaciers respond sensitively to climate change, from bility of Alpine glaciers to changing climate conditions is empha-
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sized by substantial losses in length and mass throughout the past
decades, triggered by the current warming trend. Atmospheric
temperatures in the European Alps rose twice as much (c. +2 °C)
from the 19th to the early 21st century relative to the mean tem-
perature increase in the Northern Hemisphere during the same
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time interval (Auer et al., 2007). Alpine environments are highly
susceptible to climate change with glaciers having important
functions for ecology, economy and society in these regions. Un-
derstanding mountain glaciers’ long- and short-term responses to
climate variability is relevant for society and the livelihood of
Alpine communities. Glaciated catchments will experience severe
changes within the upcoming decades. Shrinking and vanishing
glaciers cause shifts in hydrological regimes and have effects on
fresh water supply, energy production, biodiversity, agriculture and
natural hazard mitigation measures (e.g. Brunner et al., 2019;
Dirnbock et al., 2011; Farinotti et al., 2012; Gobiet et al., 2014; Kaser
et al., 2010; Schaefli et al., 2019). Projections regarding the pace and
magnitude of these changes are vital for preparing for these
changes.

The last major and abrupt climate shift, which was purely driven
by natural forcing, occurred c.11.7 ka ago. During the Younger Dryas
(YD; c.12.9 to 11.7 ka; Alley, 2000; Rasmussen et al., 2006), the final
cold lapse at the end of the Late Glacial, glaciers across the Euro-
pean Alps were far outboard their Holocene ice extents, which is
evidenced by numerous dated Egesen moraines, the morphos-
tratigraphical equivalent of the YD (e.g. Federici et al., 2008; Ivy-
Ochs et al., 2006; Reitner et al., 2016). At the beginning of the
Holocene (c. 11.7 ka), glaciers began to abandon their Late Glacial
ice margin along with rising temperatures and retreated to higher
elevations. Holocene climate is relatively stable compared to the
YD, but frequent climate oscillations have caused glacier fluctua-
tions within the past millennia, albeit at smaller amplitudes (e.g.
Magny, 2004; Marcott et al., 2013; Mayewski et al., 2004; PAGES 2k
Consortium, 2013; Wanner et al., 2008; Wanner et al., 2011). While
during the Holocene Thermal Optimum (c. 10 to 5 ka), for instance,
glaciers were smaller than modern glaciers (e.g. Goehring et al,,
2011; Hormes et al., 2001; Ilyashuk et al., 2011; Ivy-Ochs et al.,
2009; Nicolussi, 2010; Nicolussi et al., 2019; Nicolussi et al., 2005;
Nicolussi and Patzelt, 2000; Solomina et al., 2015), a number of
proxy records in the Alps indicate cooling around 5 ka, the onset of
the Neoglacial, which caused glaciers to grow again (e.g. Deline and
Orombelli, 2005; Magny et al., 2006; Patzelt, 1973; Simonneau
et al,, 2014). A prominent expression of this cold phase was the
Little Ice Age (LIA) between c. 1250 and 1850 CE (e.g. Grove, 2004;
Mann, 2002; Matthews and Briffa, 2005; Nicolussi et al., 2006).
Temperatures during the LIA dropped below the average of the
preceding millennia (Luterbacher et al., 2016; Mann et al., 2008;
PAGES 2k Consortium, 2013) and caused glaciers to extend several
hundred of meters beyond the modern ice margin (e.g. Ivy-Ochs
et al., 2009; Solomina et al., 2015; Solomina et al., 2016).
Although the LIA and corresponding glacier responses were
heterogenous across time and space, prominent phases of glacier
advance are documented during the 14th, 17th and 19th century in
the Alps (e.g. Holzhauser et al., 2005; Ivy-Ochs et al., 2009;
Nicolussi, 2013; Nicolussi and Patzelt, 2001; Nussbaumer and
Zumbiihl, 2012; Zumbiihl and Nussbaumer, 2018). Since the
beginning of industrialization, natural climate variability is
increasingly superimposed by anthropogenic impact. Human ac-
tivities have triggered another, man-made and ongoing climate
transition, which has led to a synchronous and global retreat of
most mountain glaciers over the past decades (e.g. Marzeion et al.,
2014; Reichert et al., 2002; Vaughan et al., 2013).

A wealth of proxy records has improved our current under-
standing of Holocene glacier and climate change in the Alps.
Radiocarbon records derived from the dating of various types of
organic material (e.g. charcoal, peat, subfossil wood, human re-
mains, etc.), which was found in (recently) deglaciated catchments,
provide evidence of tree and peat growth, and human activities in
high-mountainous regions (e.g. Bonani et al.,, 1994; Holzhauser
et al, 2005; Nicolussi and Patzelt, 2001; Rothlisberger, 1976;

Schneebeli, 1976). Dendrochronologies that in the European Alps
reach back more than nine millennia allow assigning calendar dates
to tree logs found in glacial deposits or along melting ice margins
(e.g. Joerin et al., 2008; Le Roy et al., 2015; Nicolussi et al., 2009;
Nicolussi and Schliichter, 2012). Sedimentary, palynological and/or
biotic analyses of speleothems, lake sediments and peat cores
inform us on climatic and hydrological conditions in the past (e.g.
Festi et al., 2016; Heiri et al., 2014; Ilyashuk et al., 2009; Luetscher
et al.,, 2011).

Over the last 25 years, Surface Exposure Dating (SED) of mo-
raines has enabled reconstructions of past glacier culminations
with increasing precision and accuracy (e.g. Balco, 2011; Phillips
et al, 2016; Rood et al., 2010). Some pioneering cosmogenic
nuclide studies have addressed the YD and the Early Holocene (EH)
time scale by dating moraines between Late Glacial and LIA mo-
raines and have assigned numerical ages to relative moraine stra-
tigraphies (Ivy-Ochs et al., 2007; Kerschner and Ivy-Ochs, 2008).
However, an Alpine-wide correlation of theses moraines is
complicated: First, there are fewer YD-EH cosmogenic nuclide
moraine chronologies in the Eastern Alps than in the Central and
Western Alps (Fig. 1). A large-scale perspective on the YD-EH
transition is thus challenging. Second, there is age variability
among YD-EH moraines preserved in different Alpine valleys (Ivy-
Ochs, 2015). Uncertainties inherent to the SED method are
manageable today, whereas geomorphological uncertainties are
problematic to control and likely cause temporal variability among
different moraine chronologies. Another explanation for age vari-
ability could be differences in moraine preservation between val-
leys, or inhomogeneity in glaciers’ responses to EH warming.

Some proxy records in the Eastern Alps show that glaciers have
already retreated to positions close to, or even inboard their LIA
maxima around 10 ka (e.g. Koinig et al., 2019; Nicolussi, 2011;
Nicolussi and Patzelt, 2000; Patzelt, 2016; Patzelt and
Bortenschlager, 1973). In turn, a SED study at Kromer- and Klos-
tertal — two valleys neighboring our study site — contradict these
findings. In these valleys, lateral and frontal moraines were iden-
tified some hundreds of meters outboard the LIA maximum and
were dated to c. 10 ka (Kerschner et al., 2006; Moran et al., 2016b).
The controversy of several proxy records indicating significantly
smaller glaciers relative to the Kromer type locality has led up to
the question, if it is possible that glaciers respond differently to
climate change even on a local scale, or if this discrepancy is due to
geomorphological uncertainties.

The main objective of this paper is therefore to contribute a
comprehensive Holocene moraine chronology from the Ochsental,
a glaciated valley in the Silvretta Massif, and to temporally and
spatially constrain Holocene ice margins. We aim to improve our
understanding of glacier and climate systems in transition, and
provide information on the natural baseline of climate variability
prior to industrialization, upon which recent climate and glacier
change has been forced. The moraine chronology includes the first
LIA 19Be exposure ages in the Eastern Alps and overlaps with his-
torical and instrumental glacier data, which we use to evaluate the
validity of the youngest '°Be ages. We discuss our results within the
framework of existing climate and glacier proxy records, the his-
torical record (historical maps and documents) and the instru-
mental time scale (time series of temperature and glacier change),
with the goal to compile an improved record of Holocene glacier
dynamics in the Silvretta Massif. Specifically, we intend to test (1)
whether the timing and magnitude of Holocene glacier advances in
our study area are consistent with patterns reported by comparable
studies conducted in the Central and Western Alps, (2) whether
10Be SED is apt to resolve the fine structure of LIA glacier culmina-
tions, and (3) whether the youngest '°Be ages are in agreement with
ice margin positions inferred from historical documents and maps.
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Fig. 1. Overview of the European Alps; the study area “Ochsental” in the Silvretta Massif is shown in pink. '°Be chronologies (blue dots) and 3°CI chronology (orange dot), which
include moraines deposited during the Younger Dryas (YD)-Early Holocene (EH) transition and/or during the Holocene are numbered from West towards the East: 1. Ecrins-Pelvoux
Massif — Champoléon valley (Hofmann et al., 2019; Le Roy et al., 2017), 2. Clarée valley (Cossart et al., 2012), 3. Argentiere glacier (Protin et al., 2019) 4. Tsidjiore Nouve
(Schimmelpfennig et al., 2012), 5. Triftje- and Oberseegletscher (Kronig et al., 2018), 6. Belalp (Schindelwig et al., 2012), 7. Steingletscher (Schimmelpfennig et al., 2014), 8.
Goschenental (Boxleitner et al,, 2019a) and Meiental (Boxleitner et al., 2019b), 9. Ochsental (this publication) and Kromertal (Kerschner et al.,, 2006; Moran et al., 2016b), 10. Kartell
(Ivy-Ochs et al., 2006), 11. Falgin cirque (Moran et al., 2016a), 12. Upper Peio valley (Baroni et al., 2017), 13. Schwarzkar (Moran et al., 2017a), 14. Lisenser Tal (Moran et al., 2017b), 15.
Rauris (Bichler et al., 2016). Locations of several climate proxy records in the Central and Eastern Alps: Gouillé Rion (Haas et al., 1998; Tinner and Kaltenrieder, 2005), Swiss Plateau
including Gouillé Rion site (Haas et al., 1998), Schwarzsee ob Solden (Ilyashuk et al., 2011), Oberer Landschitzsee (Schmidt et al., 2006) and Katerloch cave (Boch et al., 2009). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2. Background and regional setting

Over the past two decades, SED using terrestrial cosmogenic
nuclides (TCN) has become a powerful tool for reconstructing past
glacier oscillations in the Alps (e.g. Darnault et al., 2012; Dielforder
and Hetzel, 2014; Ivy-Ochs, 2015; Ivy-Ochs et al., 2009; Kelly et al.,
2004; Kerschner and Ivy-Ochs, 2008; Le Roy et al., 2017; Moran
et al., 2016a; Moran et al., 2017b; Schimmelpfennig et al., 2012;
Schimmelpfennig et al., 2014; Schindelwig et al., 2012). The prin-
ciple of SED is the quantification of in situ produced radionuclide
concentrations in glacial deposits such as moraines to derive
exposure ages (e.g. Balco, 2011; Gosse and Phillips, 2001; Lal, 1988).
In the majority of studies, the content of the cosmogenic nuclide
10Be was analyzed to generate exposure ages of glacial deposits.
However, the application of other cosmogenic nuclides such as '4C,
26A] and 36l is becoming increasingly popular for determining
complex exposure and burial histories of rock surfaces (e.g.
Goehring et al., 2011; Hippe et al., 2014; Moran et al., 2017a; Wirsig
et al., 2016). 1°Be moraine chronologies are inherently discontin-
uous given that ice margins of older ages but smaller extents were
removed by younger but more extensive advances. However, 1°Be
moraine records in combination with geomorphological mapping
provide temporal and spatial information on phases when glaciers
were in advanced and stable positions. They are key for directly
capturing glacier culminations and atmospheric changes in the

past.

The Silvretta Massif in the Eastern Alps is an East-West oriented
mountain chain located at the border of Austria and Switzerland.
With an elevation of 3312 m a.s.l,, Piz Buin is the highest peak in the
region. The upper sections of catchments surrounding Piz Buin are
glaciated. Ochsentaler and Vermunt glaciers with areas of c. 2.1 km?
and c. 1.3 km? (in 2017), respectively, are located on the northern
flank of the mountain range and are among the most extensive ice
bodies left in the region (Fig. 2). Both glaciers are draining into the
Ochsental and were converging during colder periods such as the
LIA, when their termini have been in advanced positions. The mean
annual atmospheric temperature between 1981 and 2010 CE
observed at the meteorological station closest to our study site
amounts to 3.1 °C (Galtiir; station number 101949; 1587 m a.s.l.;
BMNT, 2016). The mean annual precipitation rate over the same
reference period was 1087 mm/yr and is generally highest in
August.

Geologically, our study site is part of the Silvretta-Seckau nappe
system, which forms the base of the Upper Austroalpine unit. The
Silvretta nappe itself consists of metamorphic rock, with mainly
variscan and subordinate alpidic deformation ages (Schuster, 2015).
Lithology in the Ochsental is thus dominated by metamorphic rocks
such as amphibolites and orthogneiss with low quartz contents
ranging from c. 1-10% in our samples (Bertle, 1973; Fuchs and
Oberhauser, 1990; Nowotny et al., 1993).
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Fig. 2. Ice margin map of the north-facing central part of the Silvretta Massif with locations of pre-existing geomorphological and geochronological information. An (undated) ice
margin (green) below the Silvretta reservoir is adopted from Hertl (2001), who assigned it to the “Egesen-III", equivalent of the final phase of the Younger Dryas (YD). Kromer
moraines at Kromertal and Klostertal (orange lines) were mapped by Gross et al. (1978) and were dated with '°Be Surface Exposure Dating (SED) by Kerschner et al. (2006) and
Moran et al. (2016b). At Klostertal, subfossil wood was found in peat bogs at altitudes of 2125 m a.s.L. (in the vicinity of the Kromer moraine) up to an elevation of 2200 m a.s.l. (blue
dot). Samples were dated using a combination of dendrochronological and radiocarbon dating (Gross, 2015; Nicolussi, 2010; Nicolussi et al., 2009). Ice margins from the Little Ice
Age (LIA) and from the years 1969 and 2012 are inferred from the Austrian Glacier Inventory (AGI; Fischer et al., 2015, and references therein). New '°Be boulder and moraine ages
presented in this study are located in the upper valley section of Ochsental (white rectangle). Positions of transects shown in Fig. 9 are indicated by black dotted lines. Digital
Elevation Models (DEMs) provided by © Land Vorarlberg — data.vorarlberg.gv.at (resolution 0.5 m), and © Land Tirol (resolution 1 m). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

The Silvretta Massif ridge is a major drainage divide in Europe
and is important with respect to the regional hydrological regime.
While the north-facing side drains into the Rhine catchment and
subsequently into the North Sea, the southern flank is part of the
Danube catchment draining into the Black Sea. Runoff towards the
north is used to generate electricity with multiple reservoirs and
hydropower plants deployed downstream. Hydropower produc-
tion in the northern Silvretta catchment and surrounding glaciated
areas is important for the regional energy supply. In the year of
2017, hydropower plants in the region contributed 7.9% to Austria’s
hydropower production (3056 GWh in 2017), equivalent to 2.1% of
Austria’s total energy production (BMNT, 2018; Vorarlberger
[llwerke AG, 2017). One of the largest reservoirs in the area, the
Silvretta reservoir, is located at c. 2000 m a.s.l,, at the entrance of
Ochsental and adjacent Klostertal (Fig. 2). It stores precipitation and
melt water discharged from both valleys. C. 6 km? of the catchment
area are still glaciated, implying that melt water contributes
significantly to today’s hydropower production. Short-term,
shrinking glaciers cause increased runoff due to melt water, add-
ing to the total runoff. However, on a decadal time scale with
continuously increasing summer temperatures, the water storage
capacity of glaciers during winter seasons and water supply during
summer seasons are expected to diminish (EEA, 2009). Current and

near-future hydrological changes related to retreating Silvretta
glaciers directly influences socio-economy and demand a detailed
understanding of the regional climate system in general, and the
rate of these changes in particular, to inform and optimize adaption
strategies.

3. Geomorphological description

In the Ochsental, footprints of former glacier margins are found
just below today’s Silvretta reservoir, where Hertl (2001) mapped
ice margins, whose age of deposition he placed into the Egesen-III
phase (Fig. 2) corresponding to the final episode of glacier advance
during the YD prior to a phase of rapid ice decay at the beginning of
the Holocene (e.g. Cossart et al., 2012; Darnault et al., 2012;
Hofmann et al., 2019; Ivy-Ochs et al., 2009; Ivy-Ochs et al., 2006;
Schindelwig et al., 2012). Upstream, first unequivocal geomorpho-
logical evidence of a younger Holocene ice margin is found at an
elevation of c. 2165 m a.s.l. in the Ochsental (® in Figs. 3 and 4a).
The terminal moraine is c. 10—12 m wide, is on average c. 2.5 m high
and exhibits two to three sub-ridges in frontal and lateral sections
(Fig. 5a). It is clast-supported, dominated by boulders some of
which have volumes of several cubic meters. Both lateral moraines
have similar dimensions, but the abundance of fine matrix
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Fig. 3. Geomorphological map of Ochsental showing Holocene ice margin positions and '°Be ages. Moraines were identified by ground-truth mapping and by evaluating Digital
Elevation Models (DEMs). Early Holocene (EH) bedrock ages are colored in red, EH boulder ages are green, ages younger than the EH, but older than the Little Ice Age (LIA) are
displayed in black and LIA ages are pink. Based on four consistent EH boulder ages, a landform age of 9.9 + 0.7 ka was determined for the Griine Kuppe (GrK) moraine (®). LIA °Be
exposure ages are largely consistent with geomorphological conclusions in preceding mapping campaigns (Fischer et al., 2015, and references therein; Hertl, 2001; Vorndran, 1968)
with the exception of Griine Kuppe, which according to our '°Be data was not covered with glacial ice during the LIA, hence suggesting an update of the Austrian Glacier Inventory
(AGI) in this section. Early 20th century ice margins are inferred from historical maps and photographs. 1950s and 1980s ice margin positions are derived from aerial pictures. The
1969 and the 2012 ice margins are adopted from the AGI (Fischer et al., 2015). Positions of transects shown in Fig. 9 are indicated by black dotted lines. DEM provided by © Land
Vorarlberg — data.vorarlberg.gv.at (resolution 0.5 m). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

increases uphill. In these sections, the moraine is composed of
matrix-supported diamict with fewer boulders deposited on the
ridge. The left lateral moraine can be tracked up to an elevation of c.
2260 m a.s.l. into an area where hillslope gradients increase. It is

likely that this terrain did not favor sediment accumulation due to
its steepness. Any glacial deposits might have been transported
subsequently downstream gravitationally and/or fluvially. Along its
right lateral section, the moraine is largely preserved up to an
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(6010 + 115 yrs) and OcG-17-17 (270 + 40 yrs) along the main ridge are indicated with arrows. Note the discontinuity in riverbed geomorphology on the glacier-distal versus the
glacier-proximal side of the terminal moraine. On the glacier-distal side of the OcG main ridge, the Il river has eroded several meters into gneissic bedrock as opposed to the glacier-
proximal side, where a braided river system has developed. On the right section of the photo, a bedrock outcrop is visible.

elevation of 2350 m a.s.l. Vegetation on the glacier-distal side of the
ridge differs from the glacier-proximal side. While the valley floor
towards the Silvretta reservoir is covered with a humus layer of
several centimeters thickness and vegetated with characteristic
Alpine flora, the glacier-proximal side of the moraine is dominated
by pioneer plants growing on glacial till. River incision is distinct on
either side of the moraine. On the moraine’s glacier-distal side, the
Il river has carved a channel of several meters depth into the
bedrock, whereas on the glacier-proximal upstream side the river is
braided and does not show significant vertical erosion (Fig. 4c). In
this area, to the left-lateral side of the braided Ill river, several es-
kers are preserved. These deposits consisting of rounded sand and
gravel are remnants of subglacial meltwater channels, which
developed beneath the glacier during the LIA and were exposed c.
150—170 years ago. The moraine, which we refer to as ‘OcG main

ridge’ in the following, was mapped as LIA ice margin of Och-
sentaler and Vermunt glaciers (Fischer et al., 2015, and references
therein; Hertl, 2001; Vorndran, 1968). Nine 10ge samples were
taken from frontal and lateral sections of OcG main ridge boulders.
We also sampled a boulder inside the LIA ice margin, which is
plugged into the left lateral valley side (OcG-17-15).

At position @ in Fig. 3, at an elevation of c. 2210 m a.s.l., the next
terminal moraine sequence is preserved and indicates a phase of
glacier advance younger than LIA culminations. At its left lateral
side, two blocky ridges have formed, which are mirrored towards
the right of the Ill river in the form of linearly oriented boulders.

In the upper part of Ochsental, Griine Kuppe (German for ‘Green
Crest’), a prominent elevated bedrock section partly covered with
vegetated basal till is separating Ochsental (W) and Vermunt (E)
glaciers (® in Figs. 3 and 6). Griine Kuppe is east- and westwards
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Fig. 5. Enlargement of selected '°Be sample locations. a. Frontal section of the Ochsental moraine with multiple sub-ridges branching off the main ridge ®. b. Right lateral section of
the Ochsental moraine, where a double-ridge structure was identified. One '°Be rock sample was collected from the outer more prominent feature.

framed by moraine ridges consisting of barely weathered glacial considerable lichen populations, suggesting a longer period of
debris. In between these young ice margin deposits, a smaller exposure. Four boulders were sampled from this landform (GrK
moraine (‘GrK moraine’) is identified (c. 6 m in width, c. 40 m in sample set). Additionally, we took two adjacent bedrock samples,
length and c. 2.5 m in height). The moraine is matrix-supported and one of them located at the northern edge of Griine Kuppe (GrkB-
features several boulders, which show weathered surfaces with 18-07), and one at a position further uphill, on a higher elevated

OCHSENTALER
GLACIER

dntlypelieg

bedrocks

VERMUNT,
GLACIER S

Fig. 6. Griine Kuppe (® in Fig. 3) a. Frontal view of Griine Kuppe (GrK) moraine in the center and the Little Ice Age (LIA) moraine to the left. An ibex on top of the left moraine serves
as scale. b. Griine Kuppe, which translates to “Green Crest”, was bracketed by former Ochsentaler (W) and Vermunt (E) glaciers. Note the difference in color of young LIA glacial
debris (grey) and older glacial sediments of GrK moraine and its surroundings. Bedrock sample GrKkB-18-07 was taken from the top of the bedrock outcrop (red), four boulder
samples were taken along the Griine Kuppe moraine.(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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level of bedrock outcrops (GrKB-18-08).

At the left lateral side of Ochsental, on a small plateau, a set of
three moraines is identified (@ in Figs. 3 and 4b). The outer, glacier-
distal ridge’s main components are cobbles and boulders, whereas
the inner two ridges are rich in fine sediments with fewer boulders
on top. We sampled two boulders from the outer ridges on the
plateau (0cG-17-12 and OcG-17-14).

4. Material and methods
4.1. Boulder and bedrock sampling for '°Be surface exposure dating

Glacial landforms were first remotely mapped by evaluating
Digital Elevation Models (DEMs) and aerial photos. Ground-truth
geomorphological mapping and the collection of 18 1°Be samples
was carried out in the course of field campaigns in the years of
2015—2018. The sampling year is denoted by the first number in the
sample ID; for instance, OcG-15-01 indicates sample collection in
the year of 2015.

Criteria, which had to be met by boulders and bedrock sections
in order to qualify for sampling are adopted from previous publi-
cations (e.g. Hebenstreit et al., 2011; Ivy-Ochs and Kober, 2008;
Schaefer et al., 2006) and are also summarized in the appendix (S-
Table 1). Sampling was accomplished with an electric saw and with
hammer and chisel. Geographic locations of boulders were deter-
mined using a handheld GPS device with a lateral accuracy of
1—2 m. Sample elevation and topographic shielding were deduced
from a DEM with a lateral and vertical resolution of 0.5 m. Orien-
tation and dip of the sampled surface were measured using a
geological compass. For a detailed documentation of boulders
sampled for '°Be analyses in the Ochsental, we refer to the
appendix — section 4.

4.2. 9Be sample processing and age calculation

Mechanical processing steps of all rock samples were accom-
plished at the Vienna Laboratory for Cosmogenic Nuclides. Whole
rock samples were crushed using a jaw crusher targeting grain sizes
between 75 and 355 pm. All chemical processing steps were carried
out at the Lamont-Doherty Earth Observatory (LDEO) according to
the protocol described in Schaefer et al. (2009). Quartz enrichment
strategies included magnetic separation, froth flotation, multiple
leaches using a mix of 5% HF and 5% HNOs, and ultrasonic leaches
with mixes of 2% HF and 2% HNOs. After isolation and purification of
quartz, a split of each sample was analyzed using ICP-OES in order
to test for the presence of native °Be. In all samples, °Be concen-
trations were at the range of blanks implying that none of the
samples contained native ®Be. Pure quartz samples were spiked
with custom-made LDEO carriers made from deep-mine Beryl and
were then dissolved in concentrated HF. Beryllium was separated
following standard procedures including repeated evaporations
with hydrochloric acid, sulfuric acid and ion exchange columns.
Beryllium oxide was then mixed with niobium and loaded into
stainless steel cathodes. The 18 samples were processed in four
batches, each of them including one to two procedural blanks.
Measurements of °Be/?Be sample ratios were performed at the
Center for Accelerator Mass Spectrometry (CAMS) at the Lawrence
Livermore National Laboratory (LLNL). Samples were measured
against the O07KNSTD3110 standard with a nuclide ratio of
2.85 x 10712,

19Be concentrations are reported corrected for blanks and for
boron, and with 1c¢ analytical uncertainties and uncertainties
related to the carrier concentration (1%). The °Be background in
procedural blanks was subtracted from the total number of 1°Be
atoms in each sample and ranges from 0.02% to 8.90% depending on

the total amount of '°Be atoms measured (appendix — section 2).
10Be ages are calculated using the online calculator formerly known
as the CRONUS-Earth online calculator (v3), and applying the Swiss
10Be production rate calibrated at the Chironico landslide (Claude
et al, 2014). This production rate is in good agreement with
various recent production rate experiments (Balco et al.,, 2009;
Borchers et al., 2016; Fenton et al., 2011; Kaplan et al., 2011; Kelly
et al.,, 2015; Martin et al., 2015; Putnam et al., 2012, 2019; Young
et al.,, 2013) and has been used in previous studies in the Alps
(e.g. Le Roy et al., 2017; Protin et al., 2019). In order to show the
sensitivity of 1°Be ages to the application of different production
rates, we recalculated ages by applying the northeastern North
America (NENA) production rate (Balco et al., 2009) and the
CRONUS default production rate (Borchers et al., 2016). For scaling
production rates to Ochsental’'s geographic location, the time-
dependent ‘Lm’ scheme was used (Lal, 1991; Stone, 2000). We did
not apply any correction for snow cover as we sampled top sections
of boulders and selected windswept locations, if possible. Also,
snow thickness and duration are not well constrained for the Ho-
locene time scale, which complicates a systematic correction for
snow cover (e.g. Schimmelpfennig et al., 2014). Neither did we
correct for erosion as we avoided the sampling of surfaces, which
showed signs of significant weathering. The erosion rate often used
in comparable studies (1 mm/ka; André, 2002) would shift our ages
only marginally (c. 1%) and does not change our age interpretation.

Reported landform ages are the arithmetic means of individual
boulder ages on that landform. Uncertainties of landform ages
include the 1¢ standard deviation associated with analytical un-
certainties, carrier uncertainties (1%), and the production rate un-
certainty (c. 6.3%), which was propagated in quadrature. Potential
outliers were identified following the y2-test implemented in the
online calculator.

4.3. Glacier change reconstructions based on historical and
instrumental data

Glacier fluctuations in the Ochsental since the end of the LIA c.
1850 CE were reconstructed by evaluating historical maps and
complementary historical documents such as paintings and old
photographs (e.g. Gross, 2015; Rutzinger et al., 2013, and references
therein). A pioneering and comprehensive mapping campaign,
which aimed to outline ice margins based on field observations,
was the ‘Franzisco-Josephinische Landesaufnahme’ mandated by
the House of Habsburg and carried out between 1871 and 1887 CE
(K. u. k. Militargeographisches Institut, 1887, Blatt 5244). Updates
were realized between 1908 and 1915 CE (K. u. k.
Militargeographisches Institut, 1908—1915, Blatt 5244) and
1934—-1937 CE (K. u. k. Militargeographisches Institut, 1934—1937,
Blatt 5244) for the region. However, in these updates, it seems as if
ice margin positions were adopted from the 1880s map, which
contradicts records on glacier front variation in the study area
(WGMS, 2018). Therefore, the historical maps from 1908 to 1914 CE
and 1934—1937 CE are discarded from any further consideration. In
general, the quality of the historical maps varies as ice margins are
approximations of glacier configurations in the past. Therefore, our
premise for including historical maps in our reconstruction is the
availability of two independent sources from similar periods, which
show consistent glacier configurations. This condition is met by the
map published in the 1880s (K. u. k. Militargeographisches Institut,
1887) and a panorama sketch of Ochsental from the year of 1888
(Immler and von Siegl, 1888).

Modern glacier change is addressed by evaluating photographs
from the 20th century and aerial pictures, which have been pro-
duced since the 1950s (Kasper, 2013; Landesamt fiir Vermessung
und Geoinformation, 2019). Ice margin reconstructions for the
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years of 1969 and 2012 are based on lidar data and orthophotos
(Austrian Glacier Inventory — AGI; Fischer et al., 2015). Records
describing front variation from 1850 (Ochsentaler glacier) and 1902
(Vermunt glacier) to 2016 and mass balances in the years from 1991
to 1999 are provided by the World Glacier Monitoring Service
(WGMS, 2018). A homogenized summer temperature series from
the nearest meteorological station (Galtiir) from 1896 to 2008 is
adopted from the HISTALP project (Auer et al., 2007) and is com-
plemented with recent atmospheric summer temperature data
from 2009 to 2016 (BMNT, 2019).

5. Results
5.1. Geological glacier record — '°Be surface exposure ages

10Be analytical results and exposure ages are listed in Table 1 and
are put into a spatial context in Fig. 3. The °Be record is presented
in order of decreasing age, from the EH to the youngest historical
ages. Bedrock ages are introduced first, followed by the presenta-
tion of boulder and landform ages. Inferred outliers will be
addressed at the end of this section.

At Griine Kuppe (®), samples from the two bedrock sites yield
EH ages. GrKB-18-07 located at Griine Kuppe’s northern tip dates to
11.1 + 0.2 ka. GrKB-18-08 collected from a bedrock outcrop located
40 m higher relative to the elevation of GrkKB-18-07 gives a 1°Be age
of 11.0 + 0.3 ka. Together, these bedrock ages imply deglaciation of
Griine Kuppe around 11 ka ago.

Boulder ages in the Ochsental fall within two time intervals: the
EH around 10 ka and the historical time period. Boulder ages from
the Griine Kuppe moraine (GrKk-17-01, GrK-17-02, GrK-17-03 and
GrK-17-04) range from 9.6 + 0.2 ka to 10.2 + 0.3 ka with an arith-
metic mean of 9.9 + 0.7 ka. The Griine Kuppe landform age in-
dicates moraine formation during the EH after Griine Kuppe
became ice-free. Two samples from the OcG main ridge (®) also
date to the EH period. OcG-15-01 was deposited on the glacier-
distal side of the ridge and gives an age of 10.3 + 0.2 ka (Fig. 5a).
0cG-17-16 sits on the crest and dates to 9.5 + 0.2 ka. Although we
cannot exclude that these boulders were pre-exposed, we note that
the ages are consistent with the Griine Kuppe landform age.

Historical 1°Be ages agree with assumptions from earlier map-
ping campaigns, which state that moraines featuring these ages
were deposited during the LIA (Fischer et al., 2015; Hertl, 2001;
Vorndran, 1968). Ages range from 390 + 20 yrs (0cG-17-06) to
135 + 5 yrs (OcG-17-12) and are in stratigraphic order (Fig. 7). The
oldest historical age (0cG-17-06 with 390 + 20 yrs) stems from a
boulder on the glacier-distal side of the right-lateral part of OcG
main ridge, in a section, where a small sub-ridge splits off (Fig. 5b).
Based on the boulder age, we speculate that the outer ridge is an
expression of a mid-LIA advance, while the inner feature has
accumulated later during the LIA. A group of four historical ages
clusters in the 18th century (OcG-15-02: 230 + 20 yrs, OcG-15-03:
260 + 15 yrs, 0cG-17-14: 280 + 40 yrs and OcG-17-17: 270 + 40).
The mean age calculated from these four boulders amounts to
260 + 30 yrs. A slightly younger sample, OcG-17-07, is located along
the right lateral side of Ochsental and gives a boulder age of
200 + 10 yrs. Boulder OcG-17-15 was deposited at the left lateral
valley flank inside the OcG main ridge and dates to 160 + 20 yrs.
The youngest '°Be age of the Ochsental record, 135 + 5 yrs, is
assigned to sample OcG-17-12 in the plateau section (®@). The
boulder is embedded in a moraine, which is bracketed by an outer
moraine featuring a boulder age of 280 + 40 yrs (OcG-17-14), and
an inner moraine, which was deposited during the early 20th
century.

14 out of 16 boulder samples in the Ochsental date either to the
EH, or to the LIA period. Two exceptions are OcG-15-04

(1500 + 40 yrs) and 0cG-15-05 (6010 + 115 yrs). Both boulders
might have experienced pre-exposure, which causes an over-
estimation of ages. In the case of OcG-15-05, an inherited nuclide
inventory appears to be likely as the age falls within the Holocene
Thermal Optimum, when glaciers were most likely smaller than
today in the European Alps (e.g. Goehring et al., 2011; Hormes et al.,
2001; Joerin et al., 2008; Nicolussi and Patzelt, 2000, 2001).
Therefore, we reject OcG-15-05 from our moraine chronology. OcG-
15-04 yields a Neoglacial age. Around 5 ka, climate in the European
Alps began to change towards cooler and wetter conditions (e.g.
Magny et al., 2006; Marcott et al., 2013; Simonneau et al., 2014)
evidenced by glaciers readvancing from their Mid-Holocene
minima (e.g. Badino et al., 2018; Deline and Orombelli, 2005;
Holzhauser et al., 2005; Ivy-Ochs et al., 2009; Le Roy et al., 2017;
Moran et al., 2017b; Schimmelpfennig et al., 2012; Solomina et al.,
2015). The age of 1500 + 40 yrs, although isolated, is plausible as it
falls within a time period, when glaciers across the Alps were
growing again.

For testing the sensitivity of ages to different production rates,
we compared results using the Swiss production rate (Claude et al.,
2014), the NENA production rate (Balco et al., 2009) and the default
production rate used in the online calculator formerly known as the
CRONUS-Earth online calculator (Borchers et al., 2016). Ages
calculated with the Swiss and NENA production rate are in good
agreement with a maximum deviation of 0.17%. Ages using the
global production rate are c. 2.50—4.35% younger than the ages
calculated with the Swiss production rate (appendix — section 3).

5.2. Historical glacier record — historical maps, photographs and
temperature time series

The 1880s glacier extents illustrated in Fig. 8a and Fig. 8b are
based on a map published in 1887 (K. u. k. Militargeographisches
Institut, 1887, Blatt 5244), when the ice margin of Vermunt and
Ochsentaler glaciers was c. 350—380 m inboard the LIA terminal
moraine at an elevation of c. 2175 m a.s.l. (Fig. 9a). This position
agrees with a drawing from c. 1888 (Immler and von Siegl, 1888),
which indicates that the head of Il river was located at an elevation
of c. 2172 m a.s.l. (Fig. 8c). During the early 20th century, both
glaciers continued to retreat and split into two individual glaciers.
Around 450 m further upstream relative to the 1880s position,
Ochsentaler glacier deposited a subsequent moraine (Fig. 9a). The
moraine build-up interval is constrained by front variation mea-
surements of Ochsentaler glacier, which suggest a halt in the early
20th century (Fig. 10b). In addition, a photograph taken around
1931 shows configurations of Ochsental and Vermunt glaciers with
the early 20th century moraine visible in the left lateral forefield,
confirming that Ochsentaler glacier had abandoned the moraine by
then (appendix — section 6). The formation of this moraine is
probably related to low global land surface temperatures in the
early 20th century (IPCC, 2014), possibly to a phase of cooler
summer and autumn temperatures around 1920 in the Alps (Bohm
et al,, 2001), which lead to a standstill of many Alpine glaciers (e.g.
Haeberli et al., 2007; Nussbaumer and Zumbiihl, 2012).

5.3. Instrumental glacier record — orthophotos, lidar data and
glacier inventories

In the time period between the 1930s and 1950s, the front of
Ochsentaler glacier retreated c. 450—480 m to an elevation of c.
2260 m a.s.l. in the 1950s (Figs. 3 and 9a). Similar retreat upvalley
occurred between 1950 and 1969. In the late 1970s and early 1980s,
Ochsentaler glacier readvanced (Figs. 9a and 10b), synchronously
with other glaciers in the Austrian Alps such as Gepatsch Ferner,
Goldberg Kees and Vernagtferner (WGMS, 2018). This readvance is



Table 1

19Be analytical data and resulting ages. Samples were measured at the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory (LLNL). All samples were measured against the 07KNSTD3110
standard with a ratio of 2.85 x 10~'? and are corrected for boron. One to two procedural blanks were processed along with each batch of samples, whose ratios range from 5.4 x 10~'® to 7.8 x 10~"". The total numbers of °Be
atoms represent values prior to blank correction; '°Be atom concentrations are corrected for the measured numbers of atoms in the procedural blanks. For details regarding the level of '°Be in blanks relative to the samples, we
refer to the appendix — section 2. Ages were calculated using the online calculator formerly known as the CRONUS-Earth online calculator (v3) and using the ‘Lm’ scaling scheme and the Swiss '°Be production rate reported by
Claude et al. (2014). Ages are calculated relative to the sampling year and are rounded to the nearest 5 years. Uncertainties associated with individual samples are given including the 1c analytical error and the uncertainty on the
carrier concentration (1%). The outlier (OcG-15-05) is denoted in italics.

Sample ID  Latitude Longitude Elevation Av. thickness Shielding factor Quartz weight °Be carrier !°Be/%Be ratio +1c Total '°Be atoms +1¢  '°Be conc. +16  '°Be exposure age ~ Sampling year

[DD] [DD] [masl] [cm] [g] [g] analytical unc. (10'4)  analytical unc. analytical unc.  +10c analytical and
[atoms] [atoms/g qtz] carrier unc. [yrs]

GRUNE KUPPE ®BEDROCK

GrKkB-18-07 46.8616 10.1126 2578 1.1 0.9913 6.7465 0.1806 17.59 + 0.33 (1.9%) 2186384 + 40823 323421 + 6039 11095 + 210 2018
GrKB-18-08 46.8590 10.1137 2617 1.1 0.9913 13.0866 0.1812 3447 + 0.82 (2.4%) 4295601 + 101709 327906 + 7764 10990 + 260 2018
GRUNE KUPPE ®BOULDERS

GrK-17-01  46.8610 10.1127 2561 1.5 0.9830 30.1448 0.1814 60.05 + 1.51 (2.5%) 7532161 + 189905 287196 + 7241 10175 + 255 2017
GrK-17-02  46.8609 10.1126 2560 1.0 0.9833 29.9631 0.1817 32.63 + 0.62 (1.9%) 4100216 + 77386 285109 + 5381 10070 + 190 2017
GrK-17-03  46.8609 10.1128 2559 0.9 0.9840 29.6024 0.1799 29.71 + 0.56 (1.9%) 3696197 + 69051 269786 + 5040 9575 + 180 2017
GrK-17-04  46.8609 10.1128 2556 13 0.9815 294213 0.1811 18.14 + 0.36 (2.0%) 2272029 + 44577 279193 + 5478 9945 + 195 2017
OcG MAIN RIDGE ® and ®

0cG-15-01  46.8802 10.1049 2182 2.8 0.9629 18.7294 0.1819 32.26 + 0.60 (1.9%) 4104640 + 76291 219102 + 4072 10315 + 190 2015
0cG-17-16  46.8775 10.1020 2236 1.0 0.9613 25.5701 0.1784 26.60 + 0.43 (1.6%) 3281874 + 53603 210132 + 3432 9475 + 155 2017
OcG-15-05  46.8792  10.1025 2193 1.2 0.9593 12.7801 0.1824 13.17 + 0.25 (1.9%) 1679721 + 32209 131355 + 2519 6010 += 115 2015
0cG-15-04  46.8800 10.1032 2167 1.2 0.9621 13.9728 0.1825 3.62 + 0.10 (2.8%) 462023 + 13011 32995 + 929 1500 + 40 2015
0cG-17-06  46.8741 10.1104 2328 1.0 0.9605 29.0626 0.1787 1.37 + 0.08 (5.7%) 169351 + 9659 9802 + 559 390 + 20 2017
0cG-17-14  46.8650 10.1039 2480 1.8 0.9405 26.1078 0.1796 0.56 + 0.08 (14.4%) 70138 + 10089 7586 + 1091 280 + 40 2017
0cG-17-17  46.8795 10.1028 2184 1.1 0.9635 25.3906 0.1795 0.48 + 0.07 (14.3%) 59024 + 8439 6127 + 876 270 + 40 2017
0cG-15-03  46.8799 10.1056 2195 1.2 0.9624 19.2613 0.1822 0.91 + 0.06 (6.2%) 116594 + 7173 6002 + 369 260 + 15 2015
0cG-15-02  46.8800 10.1054 2191 2.6 0.9625 204775 0.1818 0.85 + 0.08 (9.5%) 107694 + 10276 5210 + 497 230 + 20 2015
0cG-17-07  46.8774 10.1083 2270 14 0.9570 28.8815 0.1811 1.65 + 0.07 (4.3%) 206855 + 8841 4832 + 207 200 + 10 2017
0cG-17-15  46.8747 10.1027 2251 0.8 0.9185 25.9286 0.1792 0.39 + 0.05 (13.9%) 48479 + 6754 3660 + 510 160 + 20 2017
0cG-17-12  46.8644 10.1042 2488 1.6 0.9455 26.4684 0.1787 0.94 + 0.05 (5.6%) 116646 + 6484 3639 + 202 135+5 2017
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Fig. 7. Probability density function of boulder ages falling within the Little Ice Age (LIA)
period. The plot highlights the stratigraphic order of '°Be ages relative to the OcG main
ridge.

probably caused by a drop of summer temperatures, which is
observed in the study area (Fig. 10c) and which is consistent with
the global temperature record (Blunden and Arndt, 2019; IPCC,
2014). Vermunt glacier has not responded to this climate signal
and continued to retreat during this time period (Fig. 10b). Since the
beginning of the 1990s, Ochsentaler and Vermunt glaciers have
both been retreating with an accelerating rate in the order of tens of
meters per year. Mass balances records are available for the years of
1991—-1999 and are described using water equivalents (w.e.), the
product of the snow height and the vertically-integrated snow
density (Fig. 10a). Vermunt glacier shows a negative mass balance
in all nine years with a maximum value of c. 1544 mm w.e. in 1998
and a minimum of c. 240 mm w.e. in 1995. Ochsentaler glacier has
negative mass balances in seven of nine years, with 1120 mm w.e. in
1992 being the highest negative value. Positive mass balance values
were detected in the years of 1995 and 1997 (maximum c. 50 mm
w.e. in 1995). Total retreat of Ochsental and Vermunt glaciers over
the last decade (2008/09 to 2018/19) amounts to ¢. 190 m and c. 170
m, respectively (Osterreichischer Alpenverein, 2019).

6. Discussion
6.1. Younger Dryas-Early Holocene transition

Proxy records suggest that mean July temperatures were grad-
ually rising in the European Alps during the YD-EH transition (e.g.
Ilyashuk et al., 2009; Larocque-Tobler et al., 2010; Samartin et al.,
2012). Concurrent with this general warming trend, moraines
dating to the time period between c. 12 ka and c. 10 ka have been
observed in a number of cosmogenic nuclide studies across the Alps
(Baroni et al., 2017; Bichler et al., 2016; Boxleitner et al., 2019a,
2019b; Cossart et al., 2012; Hofmann et al., 2019; Ivy-Ochs et al.,
2009; Kronig et al., 2018; Moran et al., 2016a, 2016b, 2017a;
Protin et al., 2019; Schimmelpfennig et al., 2012, 2014, 2019;
Schindelwig et al., 2012). These moraines are located outboard the
LIA moraines, and inboard Late Glacial ice margins, yet at varying
distances relative to the LIA moraines in both lateral and frontal
sections. The presence of these moraines (or moraine sets) between
Late Glacial moraines and the LIA ice margin points to several
phases of glacier stabilization during an interval of general warm-
ing and glacier retreat between 12 and 10 ka (Ivy-Ochs, 2015).

In the Ochsental, °Be bedrock ages indicate ice-free conditions
of Griine Kuppe after 11 ka. We interpret the retreat of Ochsentaler
and Vermunt glaciers from this section as a response to the EH
warming trend. Adjacent to the sampled bedrock outcrop, GrK
moraine accumulated c. 9.9 + 0.7 ka and gives evidence for a stable
glacier position during the EH. The moraine age overlaps within
uncertainties with cold lapses detected in proxy records from the
Alps (locations displayed in Fig. 1). A diatom record from Oberer
Landschitzsee points to cooling centered around 10.2 ka (Fig. 10f),
(Schmidt et al., 2006). A high-resolution oxygen isotope record
from speleothems sampled at Katerloch cave exhibits a drop in 3'80
around 10 ka (Boch et al., 2009). Given that the timing of these
climate perturbations coincides with the moraine formation in-
terval at Griine Kuppe, we propose a relationship between this
climate anomaly, and glacier stabilization in the Ochsental.

The hypothesis of a period of cooler and wetter climate condi-
tions in Central Europe, which has superimposed the general post-
YD warming trend, was first suggested by Haas et al. (1998). The
authors analyzed proxies such as pollen and macrofossils in lake
sediments at four different sites on the Swiss Plateau and found
evidence of vegetation changes as a response to Holocene cooling
events. The onset of the Central European cold phase 1 (CE-1), the
first of eight cold anomalies, occurred c. 10,500 calBP and has lasted
a few hundred years. Another paleobotanical proxy record derived
from lake sediments in the Swiss Alps shows a cold phase c. 11,000
to 10,150 calBP, contemporaneous with CE-1 (Tinner and
Kaltenrieder, 2005). Chironomid-inferred summer temperatures
reconstructed from Swiss lake sediments show a period of cooler
climate conditions to c. 10,700—10,500 calBP (Heiri et al., 2003,
2004). Climatic cooling between 11 and 10 ka appears to be an
Alpine-wide phenomenon also documented by a number of
directly dated moraines (Fig. 10d). Moreover, evidence of syn-
chronous EH glacier advances was recently found in West
Greenland, on Baffin Island, in the French Pyrenees and in Scandi-
navia (Jomelli et al., 2020; Solomina et al., 2015 and references
therein; Young et al., 2020), which might point to EH cooling being
a hemispheric phenomenon, potentially related to a freshwater
pulse in the North Atlantic region (e.g. Jennings et al., 2015; Nesje
et al., 2004; Thornalley et al., 2009).

The location of GrK moraine merely 45 m outboard the subse-
quent LIA crest suggests that glacier margins around 10 ka and
during the LIA were similar at Ochsental. Along the OcG main ridge
— in its frontal and left lateral sections — two boulders yield EH
ages, which overlap with the GrK moraine age within uncertainties
(0cG-15-01: 10.3 + 0.2 ka and OcG-17-16: 9.5 + 0.2 ka). Their po-
sitions amid boulders that were deposited during the LIA suggests
that the OcG main ridge is a Holocene composite moraine marking
a stable terminus position which was occupied repeatedly by
Ochsentaler and Vermunt glaciers during the Holocene. Due to
some age scatter among boulders along the OcG main ridge, we
have less confidence in the ages of OcG-15-01 and OcG-17-16
compared to the robustly dated lateral GrK moraine. However, we
propose that the ages reflect a true moraine deposition interval
during the EH and put forward four lines of argumentation. First,
the amplitude of chironomid-inferred summer temperature vari-
ations during the Holocene and therefore the magnitude of glacier
fluctuations was moderate compared to the transition from the YD
to the EH (e.g. llyashuk et al., 2009; Ilyashuk et al., 2011; Larocque
and Finsinger, 2008). We hypothesize that the termini of Och-
sentaler and Vermunt glaciers retreated from their Late Glacial ice
margin to the OcG main ridge along with rising temperatures
during the YD-EH transition. Around 10 ka, glaciers halted at or
readvanced to the position of today’s OcG main ridge and formed a
moraine. During the LIA and potentially also during other Holocene
cold phases (possibly during the Neoglacial period suggested by a
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Fig. 8. Historical record. a. Georeferenced historical map from c. 1887 (K. u. k. Militargeographisches Institut, 1887, Blatt 5244) with 1880s ice margin (blue dotted line). Little Ice Age
(LIA) exposure ages are added to correlate the °Be data set with historical information. The latero-frontal section of the main ridge is ice-free in 1887 being consistent with LIA
boulder ages. The terminus retreated c. 350—380 m from the OcG main ridge to an elevation of c. 2170—2175 m a.s.l. © BEV — 2020, N2020/73123. b. Digital Elevation Model (DEM)
with 1880s ice margin inferred from (a.). Lateral sections in the historical map indicated by arrows are sketched inaccurately as they are outboard the moraines identified on the
DEM, which is stratigraphically inconsistent. This inaccuracy explains inconsistencies between °Be boulder ages (OcG-17-06, OcG-17-12, OcG-17-14) and the 1880s ice margin. c.
Panorama from Ochsental drawn in 1888 (Immler and von Siegl, 1888). Glacier terminus (="Ill-Usprung”, black rectangle) marked at an elevation of 2172 m a.s.l,, being in line with
the historical map (a.). Sample positions were deduced by overlaying the drawing with a modern photograph taken from the same position (Hohes Rad). According to the '°Be age,
sample OcG-17-12 was exposed 135 + 5 yrs ago corresponding to a time frame between the 1870s and 1890s, which is a plausible timing for deglaciation of this area. The °Be age of
0OcG-17-15 gives a central age of exposure of 160 + 20 yrs (1857 CE +20 years), which is in good agreement with both, the historical map (a.) and the panorama sketch (c.). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

boulder age of 1500 + 40 yrs along OcG main ridge), glaciers
returned to the position of the OcG main ridge, but did not advance
beyond it. Second, the time of exposure influences lichen coloni-
alization on rock surfaces, i.e. boulders with exposure ages of
several thousand years are expected to exhibit more developed
lichen populations than boulders which were deposited some
centuries (or decades) ago. This pattern is visible on the sampled

boulder surfaces including OcG-15-01 and OcG-17-16 (appendix,
section 5) and increases confidence in corresponding EH expo-
sure ages. Third, in a map outlining the ice margins of Ochsental
and Vermunt in the year of 1860, the glacier terminus is located at
the OcG main ridge, while Griine Kuppe is largely ice-free
(Vorndran, 1968; Fig. 11). Given that during the EH, the upstream
lateral GrK moraine is preserved some meters outboard the LIA
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side via Griine Kuppe to Vermunt creek.

ridge (and was not overprinted in the course of LIA culminations),
we cannot exclude that the terminus also extended further down
the valley relative to the LIA ice margin. However, we note that ice
configurations during the EH and during the LIA were similar ac-
cording to the Vorndran map and the new '°Be chronology, which
gives an indication of the order of magnitude of glacier sizes during
these two periods. Fourth, we report some geomorphological de-
tails in the context of the OcG main ridge, which — albeit not
quantitative — might be of interest with respect to a stable EH ice
margin along the OcG main ridge. The Ill river shows a typical
braided channel system at the glacier-proximal side of the OcG
main ridge, whereas downstream, the river has incised several
meters into gneissic bedrock (Fig. 4c). This discontinuity may
indicate a stable glacier terminus over several thousands of years.
According to our geochronology the glacier snout was at, or close to
the position of the discontinuity around 10 ka, perhaps during the
Neoglacial, and certainly during the LIA. Even though it is difficult
to quantify the time required for the river to cut down this deeply
into the bedrock, we estimate the cumulative duration to be in the
order of thousands of years, which is consistent with our age model.
Another geomorphological feature is a bedrock outcrop outboard
the left latero-frontal section of the OcG main ridge, which may act
as a natural barrier for Ochsentaler and Vermunt glaciers (Fig. 4c).
Even though we do not have a cumulative exposure age of the
outcrop, we speculate that a certain threshold of ice volume might
be required to overcome this barrier, which — according to the EH
19Be boulder ages along the OcG main ridge — was not reached
within the last c. 10 ka.

Based on the above arguments, we assume that both EH boul-
ders reflect a plausible moraine deposition age, with more confi-
dence in OcG-15-01 due to is prominent pole position in the frontal
section of the OcG main ridge (see sample documentation in the
appendix — section 4). This assumption has two implications: First,
the OcG main ridge is a Holocene composite moraine, which marks
at least two phases of glacier stabilization and/or readvance during
the Holocene. Second, glaciers at Ochsental had similar extents
around 10 ka and during the LIA, which is corroborated by the age
and position of the GrK moraine. This finding is consistent with
several radiocarbon and dendrochronological records in the
Eastern European Alps, which indicate peat formation and tree
growth and thus ice-free conditions in the forefield of LIA moraines
during the EH (Bortenschlager, 1984; Patzelt, 2015, 2016; Patzelt
and Bortenschlager, 1973). Furthermore, a recent multi-proxy
study on lake sediments in South Tyrol shows that a glacial lake
located at an altitude of c. 2790 m a.s.l. adjacent to the LIA margin
lost its connection to the local glaciers around 10 ka (Koinig et al.,
2019), which is in line with the glacier chronology from Ochsental.

Interestingly, al®Be moraine record from adjacent Kromertal
and Klostertal gives a somewhat different picture, suggesting that
glaciers in these valleys were significantly larger around 10 ka
compared to their LIA extent (Moran et al., 2016b) (Fig. 2). The
discrepancy of coeval moraines indicating distinct glacier configu-
rations in neighboring valleys can be explained by geomorpho-
logical uncertainties or uncertainties related to the °Be SED
method, or by varying conditions for moraine preservation from
valley to valley. Another reason for dissimilarities between the
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Fig. 10. Oscillations of Ochsentaler and Vermunt glaciers on geological and modern time scale put into an Alpine-wide context. Instrumental records: a. Mass balances of Och-
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(1903-2016 CE) (WGMS, 2018). ¢. Mean summer temperature (June-July-August) since 1896 to 2008 adopted from HISTALP (Auer et al., 2007) and time series from 2009 to 2016
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(Schladminger Tauern): Minimum from c. 9.5 to 10.5 ka indicates cooler and wetter climate conditions (Schmidt et al., 2006) and coincides with the Central European cooling period
(CE-1) (Haas et al., 1998). g. Chironimid-inferred July air temperature from Schwarzsee ob Solden in Tyrol, Austria (Otztal) (Ilyashuk et al., 2011) indicating a cool period coinciding
with moraine formation in the Ochsental (GrK moraine). h. 3'®0 in Greenland ice core GISP 2 (Rasmussen et al., 2006).
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records could be different glacier responses in the catchments, for
instance due to local bed topography, distinct shading situations or
glacier hypsometry (e.g. Strelin et al., 2014). One potential way to
reconcile results from the Kromer- and Klostertal with results
presented in this study is the systematic modeling of Equilibrium
Line Altitudes (ELAs), which will be subject of future work.

6.2. Mid-Holocene

According to a trend observed in numerous different paleo-
climate proxies, climate in the European Alps underwent a transi-
tion towards warmer temperatures in the time period between c. 10
ka and c. 5 ka (e.g. Ivy-Ochs et al., 2009 and references therein;
Joerin et al., 2006; Luetscher et al., 2011; Nicolussi et al., 2005;
Nicolussi and Patzelt, 2001; Solomina et al., 2015, and references
therein). Mid-Holocene climate conditions prompted glaciers to
recede to sizes smaller than today over extended periods of time
(e.g. Goehring et al., 2011; Hormes et al., 2001; Joerin et al., 2008).
This pattern of glacier retreat is consistent with high treelines
during the Mid-Holocene documented at Klostertal and Fimbatal in
the Silvretta region. Nicolussi (2010) calendar-dated subfossil tree
logs recovered at Klostertal at elevations of c. 2125—2200 m a.s.l.
(Fig. 2). The record makes a case for the paleo-treeline being c.
100—200 m above the maximum treeline elevation typical for the
20th century. Trees above the modern timberline were growing as
early as c. 9320 calBP (7370 calBC) until 4535 calBP (2585 calBC) at
Klostertal, implying ice-free conditions during this time period
inboard the Kromer moraine (Figs. 2 and 10e). Dendrochronological
data in combination with radiocarbon ages from Fimbatal located c.
20 km SE of Ochsental paint a similar picture with tree logs found at
even higher elevations (2200—2360 m a.s.l.), yielding ages of c.
8480 calBP (6530 calBC) to 6690 calBP (4740 calBC) (Nicolussi,

2010; Remy, 2012). These findings are consistent with geochrono-
logical and palynological results gained from a peat core drilled at
Fimbatal adjacent to the site where subfossil wood samples were
found (Dietre et al., 2014). The core reaching back to 10,400 calBP
shows pollen assemblages, which indicate an open forest with
extensive stands of Pinus cembra above 2370 m a.s.l. from c. 10,400
to 5000 calBP.

Warm climate conditions in the Silvretta region during the Mid-
Holocene are corroborated by archeological evidence. Shrinking
glaciers allowed passage across mountain chains, which were
glaciated during the YD and the EH. Evidence of fireplaces as well as
tools and arrowheads found on both, the north- and south-oriented
side of the Silvretta Massif at elevations between 2000 and 2500 m
a.s.l. point to human presence at high altitudes as early as c. 10,580
calBP (8630 calBC), although the majority of artifacts dates to c.
8450 calBC (6500 calBC) and younger (Reitmaier, 2012; Reitmaier
and Walser, 2016). Throughout the Holocene Thermal Optimum,
human impact along the timberline increased, which is reflected in
charcoal horizons found in soil profiles and peat cores, and changes
in pollen assemblages indicating pasture and grazing at high
elevation sites at Fimbatal (Dietre et al., 2014). In parallel to climatic
and environmental changes during the Mid-Holocene, a shift of
subsistence strategies from hunting to herding is estimated to c.
4800 to 4500 calBP in the Silvretta Massif (Dietre et al., 2020;
Kothieringer et al., 2015).

Our review of complementary paleoclimate studies makes a
strong case for Silvretta glaciers having been smaller than today
during the Mid-Holocene, which is consistent with comparable
studies across the European Alps (e.g. Badino et al., 2018; Bonani
et al.,, 1994; Festi et al., 2014; Hafner, 2012; Joerin et al., 2006;
Nicolussi et al., 2005; Nicolussi and Patzelt, 2001; Spindler, 1994).
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6.3. Neoglacial period

At the onset of the Neoglacial cooling period c. 5 ka (Deline and
Orombelli, 2005; Haas et al., 1998; Luetscher et al., 2011; Magny
et al, 2009; Simonneau et al., 2014), glaciers in the European
Alps became more active again (Grove, 2004; Ivy-Ochs et al., 2009;
Luetscher et al., 2011; Solomina et al., 2015, and references therein).
Even though the onset of the Neoglacial cooling appears to be
variable across time and space, calendar dated subfossil wood
found in moraine deposits of Gepatschferner and of Mer de Glace
provide strong evidence for the glaciers advancing during the 17th
and 16th century BC (Le Roy et al., 2015; Nicolussi and Patzelt,
2001), which is consistent with the timing of the Lobben oscilla-
tion postulated by Patzelt and Bortenschlager (1973). Recently
published moraine chronologies and proxy studies are in agree-
ment with this timing and indicate glacier growth around 3.8 to 3.4
ka (Badino et al., 2018; Le Roy et al., 2017; Moran et al., 2017b;
Schimmelpfennig et al., 2012). Due to the inherent incompleteness
of moraine records, this climate perturbation is not preserved in
Ochsental’s geomorphology. Moraine deposits older than the LIA
and younger than the EH were likely removed by LIA advances or
are incorporated in the LIA ridge. However, a boulder age of
1500 =+ 40 yrs (0cG-15-04) along the OcG main ridge coincides with
a cool climate episode, when summer temperatures across Europe
were below the average of the past 2500 years (Biintgen et al., 2011,
2016). The boulder age is also consistent with glacier culminations
detected in other parts of the Alps (Holzhauser et al., 2005; Kronig
et al,, 2018; Le Roy et al., 2015; Wipf, 2001), which allows specu-
lations about glaciers at Ochsental readvancing to the OcG main
ridge around 1500 yrs ago (c. 500 CE).

6.4. Little Ice Age (LIA)

Historical exposure ages at Ochsental show that glaciers reached
the OcG main ridge, during this most recent cold lapse. Youngest
boulder ages inboard the OcG main ridge overlap with the historical
record, which allows us to test the robustness of the Ochsental '°Be
moraine chronology.

In two consistent historical sources from the 1880s, the glacier
terminus is depicted at an elevation of c. 2170—2175 m a.s.l,, ca.
350—380 m inboard the OcG main ridge, while Griine Kuppe is not
glaciated (Fig. 8). Hence, we consider the glacier’s terminus posi-
tion and ice-free conditions at Griine Kuppe at that time as reliable
information. Along the latero-frontal sections of the OcG main
ridge, all exposure ages are older than 200 yrs (1817 CE), which is in
line with the retreated 1880s ice-margin in both, the map and the
sketch. Boulder OcG-17-15 located inboard the OcG main ridge, but
outboard the 1880s ice margin, dates to 160 + 20 yrs (c. 1857 CE
+20 yrs) and is in good agreement with the retreated and lowered
ice margin in the 1880s (Fig. 8a and c). The consistency among
historical sources and the '°Be record highlights that inheritance
had no significant effect on the historic 1°Be age group and is, if
present, limited to a few decades.

While configurations of the glacier terminus and the Griine
Kuppe section in the sketch and the map are convincing, we have
less confidence in lateral ice margin positions. In sections, where
exposure ages are inconsistent with the historical (1880s) ice
margin in the map (OcG-17-06, OcG-17-12 and OcG-17-14), the
latter is located outboard the OcG moraine ridge, which is strati-
graphically impossible (Fig. 8b). However, exposure ages in these
sections are consistent with ice margins in the panorama sketch
and are in stratigraphic order (OcG-17-12 and OcG-17-14) (Fig. 8c).
We hence argue that '°Be exposure ages are realistic estimates for
moraine deposition in these sections.

Four historical 1°Be ages (OcG-15-02, 0cG-15-03, 0cG-17-14 and

0cG-17-17) indicate a glacier advance in the mid to late 18th cen-
tury. Chironomid-inferred summer temperature reconstructions
from glacial lake sediments in the Stubai Alps (Schwarzsee ob
Solden, Fig. 1), c. 80 km East of Ochsental, indicate a cooling during
the 18th century with a temperature minimum of 1.5 °C below the
long-term mean from 1300 to 2000 CE during the 1780s (Ilyashuk
et al,, 2019). This period coincides with cold peaks in comple-
mentary temperature proxies (e.g. Corona et al., 2010; Esper et al.,
2007; Osborn and Briffa, 2006) and homogenized temperature time
series from the Austrian Alps (Bohm et al., 2001). Also, glaciers at
Zemmgrund in the Zillertal Alps, and Vernagtferner in the Otztal
Alps — located close to the Stubai Alps and Ochsental — advanced
during this LIA cold peak (Nicolussi, 2013; Pindur and Heuberger,
2010). We propose that the clustering of LIA boulder ages in the
Ochsental represents the response of Ochsental and Vermunt gla-
ciers to the temperature drop during the 18th century. One boulder
age along the OcG main ridge pre-dates this cluster (OcG-17-06:
390 + 20 yrs) and possibly points to an earlier culmination of
Ochsentaler and Vermunt glaciers, concurrent with advances of
other Austrian glaciers such as Gepatschferner and Pasterze
(Nicolussi and Patzelt, 2001).

In summary, the LIA '°Be record suggests that glaciers in the
Ochsental have come close to their EH moraine during the mid to
late 18th century, and perhaps also during the 17th century and the
early 19th century. The LIA ice margin marked by the OcG main
ridge is constrained by eight °Be ages, it is consistent with
geomorphological observations and it is in line with results from
preceding mapping campaigns (Fischer et al., 2015; Hertl, 2001;
Vorndran, 1968). A cross-check between the youngest '°Be expo-
sure ages and historical documents supports the validity of these
ages and shows that inheritance of '°Be is negligible in the Och-
sental samples.

7. Summary and conclusions

The glacier chronology from Ochsental in the Silvretta Massif in
Austria compiles information on glacier fluctuations as a response
to climate change throughout the Holocene. Four different types of
records were synthesized in order to link the geological with the
modern time scale: (i) a new °Be moraine record, (ii) pre-existing
complementary paleoclimate proxy records, (iii) historical docu-
ments, and (iv) instrumental time series on glacier variations and
temperature change.

i. Our new cosmogenic nuclide moraine chronology comprises
the first '°Be exposure ages of LIA glacier culminations in the
Austrian Alps and includes some of the youngest 1°Be ages in
the European Alps. Results indicate that glaciers in the
Ochsental stabilized during the EH and had similar ice
margin configurations during the LIA.

ii. An evaluation of complementary climate proxy records
suggests that the treeline in the Silvretta Massif was above
2100 m a.s.l. (or higher) during the Mid-Holocene, implying
that glaciers had retreated to higher elevations between c. 10
ka and 5 ka.

Historical documents show that glaciers in the Ochsental had

retreated from their LIA maximum c. 350 m inboard the

Holocene composite moraine in the 1880s. During the early

20th century, a brief cold lapse led to the stabilization of
Ochsentaler glacier, evidenced by moraine formation c. 800

m inboard the Holocene composite moraine (OcG main

ridge).

iv. Instrumental time series on glacier extents and mass balance
changes were correlated with temperature series and high-
light the rapidity of modern glacier change along with

=

iii.
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increasing atmospheric temperatures. Glaciers in the Och-
sental were steadily retreating since the end of the LIA with
two exceptions, the early 20th century and in the 1970s and
1980s, paralleling temperature minima in the temperature
record. On average, Ochsentaler and Vermunt glaciers
retreated 17 and 19 m/yr within the past 10 years.

Finally, we address the objectives of this study by answering the
following questions:

1. Are the timing and magnitude of Holocene glacier advances in
the Ochsental comparable to the Central and Western Alps?

Glaciers across the European Alps retreated from their Late
Glacial extent between c. 12 and 10 ka, responding to warming
temperatures during the transition from the YD to the EH. In several
Alpine valleys, moraines between the LIA and the YD ice margin are
identified, which document phases of glacier stabilization and
punctuations of the general warming trend. The GrK moraine in the
Ochsental yields an age of 9.9 + 0.7 ka and is interpreted as
geomorphological expression of an EH cold snap between c. 10.5
and 10 ka, the CE-1 detected in a number of proxy records across
the Alps. The age of the GrK moraine in combination with the °Be
LIA ages suggest that glaciers in the Ochsental had similar config-
urations around 10 ka and during LIA. This finding is consistent
with several paleoenvironmental studies in the Alps, which suggest
that glaciers have retreated within the LIA margin around 10 ka.
19Be moraine chronologies from the adjacent Kromertal and Klos-
tertal indicate that glaciers were in advanced positions relative to
the LIA margin around 10 ka. Discrepancies among the Ochsental
record presented in this study and the Kromer- and Klostertal re-
cords may be caused by geomorphological and/or dating un-
certainties, or could be explained by different glacier response
times, which may be attributed to the influence of local factors such
as bed topography, shading, or debris cover, or a combination of all
three points. The application of a comparative ELA model across the
Silvretta region, which will be subject of future work, will help to
test these hypotheses and will increase our understanding of
glacier responses to climate change in the region, and beyond.

2. Is '°Be SED apt for dating LIA deposits and for detecting the fine
structure of LIA culminations?

LIA exposure ages are stratigraphically consistent and suggest
multi-phased glacier advances in the Ochsental with strong evi-
dence of a culmination in the 18th century. This time period co-
incides with a temperature minimum in paleoclimate proxy
records from the Austrian Alps and is synchronous with well-
documented advances of other glaciers in the Austrian Alps

3. Are the youngest °Be ages consistent with historical records?

The late 19th century and early 20th century are challenging to
capture with '°Be exposure due to limits inherent to the dating
method. However, in the European Alps, systematic recording of
glacier and meteorological data goes back many decades and begins
in the second half of 19th century in the Silvretta Massif. The
overlap of these meteorological time series and other historical
sources with historical '°Be ages of the Ochsental record provides a
unique opportunity to test the robustness of these ages indepen-
dently. The youngest 1°Be ages of the Ochsental record (central age
<160 yrs) are in good agreement with historical documents and
indicate that there is no significant signal of pre-exposure in the
historical samples.
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