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a b s t r a c t

Lateglacial (19.0e11.7 ka ago) paleo-temperature records in the Western European Alps document
several short-term cooling episodes within the general post-Last Glacial Maximum warming trend, in
phase with North Hemisphere climatic oscillations. Alpine paleo-precipitation reconstructions are
instead rare, and further constraints are needed in order to assess whether Lateglacial cold periods were
associated with a modified atmospheric circulation pattern over the European Alps. The Alpine paleo-
glacial record offers a quantitative framework to investigate Lateglacial paleoclimatic conditions and
glacier sensitivity in response to both temperature and precipitation changes. Through the combination
of 10Be surface-exposure dating of glacial landforms and deposits constraining ice front and surface,
together with numerical glacier simulations (iSOSIA), our study aims to reconstruct in space and time the
main Lateglacial ice stages and associated paleo-climatic conditions in three tributary valleys (Valpelline,
Valsavarenche and Val di Cogne) located within the Dora Baltea catchment (north-western Italian Alps).
Our dating-modelling approach reveals in all the three investigated sectors two distinct paleoglacier
stages at ca. 13 and 11 ka, documenting respectively the ice configurations at the transition between the
Oldest Dryas cold period and the Bølling-Allerød interstadial, and between the Younger Dryas cold period
and the early Holocene warming. Numerical ice-simulation outcomes suggest a similar-to-today pre-
cipitation pattern during the two ice stages, with either same absolute or homogeneously decreased
precipitation values over the Dora Baltea catchment, although a unique quantitative solution of paleo-
precipitation magnitudes could not be constrained from our dataset. Using present-day precipitation
pattern and magnitude, our results provide paleo-temperature offsets from present-day between �3.3
and �3.8 �C for the older glacial stage, and �2.7 to �3.2 �C for the younger glacial stage, coinciding with
the upper range of paleo-temperature reconstructions from other paleoclimatic proxies. Finally, Alpine
glaciers’ sensitivity to climate fluctuations differ significantly between the investigated catchments, with
a much higher glacier sensitivity to changes in the Equilibrium Line Altitude in the northern (Valpelline)
compared to the southern (Valsavarenche and Val di Cogne) tributaries, reflecting different topographic
and/or climatic conditions between the three valleys.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Paleoclimate reconstructions in the European Alps suggest
major changes in atmospheric circulation during the Last Glacial
Maximum (LGM, 26.5e19.0 ka ago; Clark et al., 2009), with domi-
nant southwesterly moisture advection from the Mediterranean
).

r Ltd. This is an open access article
(Florineth and Schlüchter, 2000; Kuhlemann et al., 2008; Luetscher
et al., 2015; Becker et al., 2016; Monegato et al., 2017). Such
enhanced precipitation in south-western Europe (Ludwig et al.,
2016) was proposed to result from the topographic anomaly of
the expanding European and Laurentide ice sheets in response to
global temperature cooling, causing a southward migration of the
North Atlantic storm track (Merz et al., 2015), and in turn triggering
the last maximum expansion of Alpine glaciers (Wirsig et al., 2016;
Monegato et al., 2017; Gribenski et al., 2021).
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Post-LGM gradual retreat of the North Hemisphere ice sheets
and associated northward migration of the North Atlantic storm
track induced the re-establishment of north-westerly circulation
over the Alps, with modern dominant moisture coming from the
Atlantic (Merz et al., 2015) already in place at ca. 22 ka (Luetscher
et al., 2015). Reduced moisture supply from the Mediterranean
Sea, together with globally-increasing temperatures (Rasmussen
et al., 2014), initiated general ice-retreat from the Alpine foreland
at 24e19 ka and ice-thinning in the internal Alpinemassifs since ca.
18 ka (Wirsig et al., 2016 and reference therein; Lehmann et al.,
2020). However, overall glacier decay during the Lateglacial
period (19.0e11.7 ka ago) was not continuous but interrupted by
multiple stages of stillstand or re-advance (so-called Alpine Late-
glacial stadials; Ivy-Ochs , 2015 and reference therein; Federici
et al., 2016; Protin et al., 2021; Serra et al., 2022) associated to
short-term periods of climatic deterioration (i.e. general cooling
trend and enhanced climatic variability), recorded by paleoclimate
proxies in the European Alps (see review in Heiri et al., 2014). These
short-term cooling episodes punctuating the Lateglacial were
recognized as analogous to the global stadials (GS) or cold inter-
stadial sub-events (GI) of the Greenland ice core stratigraphy
(Rasmussen et al., 2014). They include (1) a first post-LGM climatic
deterioration associated to the Heinrich 1 ice-rafting event in the
North Atlantic at 17.5e15.4 ka (GS-2.1a; Stanford et al., 2011), (2)
several short cold events interrupting the Bølling-Allerød inter-
stadial between 14.6 and 12.8 ka (~3e4 �C warming equivalent to
GI-1; Heiri et al., 2014) with temperature drops of 0.5e1.5 �C (Older
Dryas or Aegelsee Oscillation at 14.0e13.9 ka, equivalent to GI-1d;
Gerzensee Oscillation at 13.3e13.0 ka, equivalent to GI-1b; Lotter
et al., 2012), and (3) a last and abrupt cooling of 1.5e3 �C during
the Younger Dryas (12.9e11.7 ka; GS-1), before the onset of the
Holocene (11.7 ka-present; Heiri et al., 2014).

While detailed paleo-temperature records are available for the
Lateglacial (Heiri et al., 2014 and reference therein), Alpine paleo-
precipitation reconstructions are rare (Luetscher et al., 2015;
Protin et al., 2019; Baroni et al., 2021) and further constraints are
therefore needed in order to assess whether Lateglacial cold pe-
riods were associated with spatial variations in Alpine paleo-
precipitation. Such a spatial re-organization in atmospheric circu-
lation, similar to the LGM, has been suggested for the Younger
Dryas globally (Bakke et al., 2009) and over Europe (Rea et al.,
2020). The Alpine paleoglacial record offers a quantitative frame-
work to further investigate Lateglacial paleoclimatic conditions and
paleo-precipitation changes (e.g. Kerschner and Ivy-Ochs, 2008;
Davis et al., 2009; Protin et al., 2019; Baroni et al., 2021), since
glacier mass-balance is highly sensitive to both temperature and
precipitation (Oerlemans, 2005) as reflected by the Equilibrium
Line Altitude (ELA; i.e. the elevation to which annual ablation
equals annual accumulation). However, uncertainties still remain
due to the low spatial and temporal resolution of the Alpine Late-
glacial records, and to the difficulty in decoupling the relative
contribution of past temperature and precipitation changes from
paleoglacier fluctuations (e.g. Protin et al., 2019; Baroni et al., 2021).

With the aim of assessing Alpine paleoglacier sensitivity to
Lateglacial paleoclimate and potential changes in paleo-
precipitation, our study focuses on the post-LGM glacial history
of three tributary valleys within the Dora Baltea catchment (north-
western Italian Alps; Fig. 1), namely Valpelline, Valsavarenche and
Val di Cogne. We combined 10Be surface-exposure dating of glacial
landforms and deposits together with numerical glacier simula-
tions in order to constrain the paleoglacier extent and thickness
during Lateglacial ice stages in the three studied tributary valleys.
Using iSOSIA numerical simulations (e.g. Egholm et al., 2011) to
model steady-state paleoglacier configurations, we derived paleo-
climatic estimates (i.e. past changes in precipitation and
2

temperature) and paleo-ELAs from our paleoglacier re-
constructions in order to discuss the sensitivity of different Alpine
paleoglaciers in the Dora Baltea catchment to climate forcing
(Kerschner and Ivy-Ochs, 2008).

2. Study area

Our study focuses on three major tributary valleys of the Dora
Baltea catchment: Valpelline, Valsavarenche and Val di Cogne
(Fig. 1). The Dora Baltea catchment is a large drainage system
(around 3400 km2 and 170 km long) located in the north-western
Italian Alps, with the three studied valleys being situated north
(Valpelline) and south (Valsavarenche and Val di Cogne) of the
catchment, and connecting to the main Dora Baltea stream ~50 km
downstream of its source. The three catchments are around
20e30 km long, with total surface areas of ~150 km2 (Valsavar-
enche) and 260e270 km2 (Val di Cogne, Valpelline). They extend
from the Dora Baltea valley floor downstream (~600 m a.s.l.) to
major 4000-m Alpine peaks in the valley heads (i.e. Dent d’H�erens
and Gran Paradiso massifs; Fig. 1), with an average altitude of
2350e2500 m a.s.l.

Present-day temperature conditions are similar in the three
studied catchments, but with a significant mean annual tempera-
ture gradient across each catchment due to the large elevation
range encompassed, varying from 9 �C (valley floor) to �6 �C
(4000 m-high mountain peaks), and with ~8 �C of seasonal
amplitude variation (Regione Autonoma Valle d’Aosta, 2019).
Annual precipitation is comparatively low at the outlets of all the
three tributary catchments (around 800 mm/yr), while moderately
wetter conditions are observed in the uppermost sectors of Val-
pelline (1480 mm/yr) compared to Valsavarenche and Val di Cogne
(1220 mm/yr; Isotta et al., 2014; Fig. S1A). Modern glaciers cover
10e13% of the studied catchment areas and are concentrated in the
valley heads, above 2000 m a.s.l. (GlaRiskAlp Project, http://www.
glariskalp.eu). Mass-balance data series for the Grand Etr�et
glacier (Valsavarenche, Fig. 4A for location) for the 1999e2019
period document an ELA at around 2900 m a.s.l. (data from Parco
Nazionale del Gran Paradiso, Fig. S2B), in line with other modern
glaciers within the Dora Baltea catchment (Baroni et al., 2021).

Throughout the Quaternary, valley glaciers from Valpelline,
Valsavarenche and Val di Cogne repeatedly fluctuated and con-
nectedwith the extensive Dora Baltea glacial system during periods
of major glaciations, when the Dora Baltea glacier occupied the
entire catchment down to the Po Plain. The Ivrea morainic
amphitheatre is a clear evidence for these periods of maximum ice
extension (Fig. 1) and was lastly abandoned after the LGM (Gianotti
et al., 2015). Following the LGM, the Valpelline, Valsavarenche and
Val di Cogne tributaries were all disconnected from the retreating
Dora Baltea glacier after the Alpine Gschnitz stadial (ca. 15 ka; Serra
et al., 2022). During the Younger Dryas (ca. 12 ka) cooling event,
paleoglaciers remained confined in the upper source catchments
(Baroni et al., 2021). Subglacial deposits and ice-margin morainic
landforms from the Little Ice Age (LIA; 1250e1860 CE), represent-
ing themaximumHolocene extent reached by local glaciers (Baroni
et al., 2021), are well preserved in all the studied catchments and
were mapped within the GlaRiskAlp Project (http://www.
glariskalp.eu, Figs. 3e5).

3. Methods

3.1. 10Be surface-exposure dating

We performed remote-sensing based geomorphological map-
ping (high-resolution DEMs and orthophotos from Regione
Autonoma Valle d'Aosta) cross-checked with fieldwork
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Fig. 1. Study area and sampling locations within the Dora Baltea catchment (mosaic DEM from Regione Autonoma Valle d'Aosta, Regione Piemonte, swisstopo, and Institut
G�eographique National). Black line marks the extent of the Dora Baltea catchment within the mountain front. Solid green, red and blue lines delimit the Valpelline, Valsavarenche
and Val di Cogne tributary catchments, respectively, which are investigated in the present study. Red and yellow dots indicate new sampling locations (glacially-polished bedrocks
and morainic boulders, respectively) from this study. Green dots show morainic boulders from Baroni et al. (2021) used for discussion. Black boxes highlight the extent of Figs. 3e5.
Present-day glaciers (GlaRiskAlp Project, http://www.glariskalp.eu), main topographic peaks and main rivers are indicated. Bottom-left inset shows location of the Dora Baltea
catchment (yellow open box) within the European Alps, with the LGM ice extent (light blue; Ehlers and Gibbard, 2004). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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observations in the upper catchments of Valpelline, Valsavarenche
and Val di Cogne (Fig. 1) to identify potential glacial landforms and
deposits marking past glaciers geometries and suitable for 10Be
surface exposure dating. In total, twenty-four glacially-polished
bedrocks and five morainic boulders were sampled (Fig. 2 and
Table 1). Our sampling strategy was driven both by field access
restrictions and/or preservation of glacial landforms and deposits,
and by our objective to acquire geomorphic constraints on both
glacier extent and thickness. To constrain paleoglacier ice-front
fluctuations where no frontal moraines have been preserved,
such as in Valpelline and Valsavarenche valleys, we targeted
glacially-polished surfaces on bedrock knobs along the valley floor
(VALP01, 03, 11, 12; VSAV14, 15; Figs. 3 and 4). In the upper part of
Valsavarenche, we also targeted erratic boulders on the top of a
high-elevation latero-frontal moraine (VSAV06-11; Figs. 2C and 4),
to complement the existing dating of morainic boulders (Valsa-
varenche and Val di Cogne, Baroni et al., 2021, Fig. 4A and B and 5A).
In addition, glacially-polished bedrock surfaces were sampled
along the valley flanks, following altitudinal transects from the
valley bottom to just below the trimline (Fig. 2A and B)with the aim
to provide ice-thickness constraints (e.g. Wirsig et al., 2016). In
total, five altitudinal transects were performed in the three catch-
ments (VALP04-06; VALP07-11; VSAV01-04; VSAV05, 08, 12, 13;
and COGNE01, 03, 04; Fig. 2A and B, 3e5 and S3).

Samples were collected on sub-vertical polished bedrock sur-
faces distant from soil coverage or on top of >1-m height morainic
3

boulders. Coherent surfaces with evidence for minimal weathering
were selected. Crushing and sieving were performed in order to
separate the 250e400 mm grainsize fraction, from which pure
quartz was isolated by following modified procedure based on Kohl
and Nishiizumi (1992). Quartz purification was performed at the
Institute of Geological Sciences (University of Bern, Switzerland).
For 10Be extraction through ion-exchange chromatography, con-
ventional chemical treatments from Brown et al. (1991) and
Merchel and Herpers (1999) were adapted and performed at the
GeoThermoChronology platform (ISTerre - University Grenoble
Alpes, France). 10Be/9Be ratios were measured at the ASTER French
National AMS facility (CEREGE, Aix-en-Provence, France; Arnold
et al., 2010) and calibrated against the in-house Be standard
(isotope ratio 1.191 � 1011; Braucher et al., 2015). Full process blank
10Be/9Be ratios of 5.4 ± 0.6 � 10�15 and 5.5 ± 1.0 � 10�15 were used
to correct 10Be concentrations of VALP and VSAV/COGNE samples,
respectively.

The online CREp program (Martin et al., 2017; https://crep.otelo.
univ-lorraine.fr/#/init) was used in order to calculate the 10Be
surface-exposure ages of our samples (Table 1), and to re-calculate,
for consistency, previously-published 10Be surface-exposure ages
(Baroni et al., 2021; see Figs. 4 and 5 for locations and Table S2 for
details). A 10Be production rate by neutron spallation at sea-level
and high-latitude (SLHL) of 4.16 ± 0.10 at g�1 yr1 (Claude et al.,
2014) was used and scaled at the sampling location with the
LSDn scaling scheme (Lifton et al., 2014). Corrections for
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Fig. 2. Field photographs of sampling locations for 10Be surface-exposure dating. A) Glacially-polished bedrock altitudinal transect targeted in Valpelline tributary catchment (right
valley side; Fig. 3B for location). Light blue dashed line represents mapped trimline. B) Glacially-polished bedrock altitudinal transect targeted in Valsavarenche tributary catchment
(left valley side; Fig. 4B for location). Light blue dashed line represents mapped trimline. C) Latero-frontal moraine of Valsavarenche tributary catchment (Fig. 4B for location; orange
dashed line shows the morainic ridge) with sampled morainic boulders. D) Highest-elevation polished bedrock from the altitudinal transect targeted in Val di Cogne tributary
catchment (Fig. 5 for location). Sample altitudes are indicated, and sample colour code is same as in Fig. 1. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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atmospheric pressure according to the ERA-40 reanalysis data set
(Uppala et al., 2005) and for geomagnetic field fluctuations ac-
cording to the Lifton-VDM2016 geomagnetic database (Lifton,
2016) were integrated in the scaling scheme. Field measurements
were used to calculate topographic shielding correction at each
sampling location based on Dunne et al. (1999). 10Be surface-
exposure ages were corrected for an erosion rate of 0.1 mm ka�1

on the basis of field observations of surface striations and low
intergranular relief, suggesting low erosion rates and consistent
with previous works conducted in the Dora Baltea catchment
(Wirsig et al., 2016; Serra et al., 2022). No snow correction was
applied due to the uncertainties in estimating temporal and spatial
variability of snow accumulation in mountainous settings. While
snow-cover shielding for glacially-polished bedrock samples is
likely negligible, as these are sub-vertical bedrock surfaces
collected along steep valley sides, 10Be surface-exposure ages from
morainic boulders and valley-bottom bedrock knobs might be
influenced by long-term snow shielding, and need therefore to be
considered as minimum exposure ages. Calculated 10Be surface-
exposure ages will be reported in the following with external un-
certainties, given the large spatial distribution of our samples be-
tween the three different tributary valleys.

In order to identify potential distinct glacial stages, we assessed
correlation between ice-front and ice-surface constraints based on
4

clusters from normal kernel density estimates (KDEs; based on
Lowell, 1995) of individual 10Be surface-exposure ages, and on
sample elevation and geomorphic/stratigraphic information. For
each identified cluster, individual 10Be age KDEs were summed
(Lowell, 1995), with mode and standard deviation of the summed
KDE defining the time period of the glacial stage. Samples at
different locations along the valley and/or different elevations
(especially glacially-polished bedrock surfaces), but grouped in one
10Be age cluster, would show the magnitude of glacier retreat/
thinning shortly after the ice stage. We also considered that the
upper age range of each cluster represents the onset of glacier
retreat/thinning and thus a minimum time estimate for the glacial
stage.
3.2. Paleoglacier modelling

3.2.1. Ice-flow model
Our paleoglacier simulations are based on the ice-flow model

iSOSIA (depth-Integrated Second Order Shallow Ice Approxima-
tion), a finite volume solver with explicit time integration that al-
lows the computation of ice flow and subglacial hydrology under
climate forcing (Egholm et al., 2011, 2012). The numerical integra-
tion of “higher-order” effects ensures the preservation of good ac-
curacy compared to Full-Stokes model predictions for steep and



Fig. 3. 10Be surface-exposure ages from Valpelline tributary catchment (location in Fig. 1; modified 2 m-resolution DEM from Regione Autonoma Valle d'Aosta; LIA glacier extent
from GlaRiskAlp Project, http://www.glariskalp.eu). A) Glacially-polished bedrock sample locations in the upstream part of Valpelline. The most downstream valley floor polished-
bedrock knob is indicated (VALP01) with its respective 10Be surface-exposure age. Black box highlights the extent of the zoom presented in Fig. 3B, green line depicts the extent of
the studied catchment. B) Locations and 10Be surface-exposure ages of samples collected along the valley floor and altitudinal transects. C) Individual (dashed lines) and summed
(continuous lines) kernel density estimates (KDEs) of 10Be surface-exposure ages. The modes and uncertainties of the summed KDEs are reported in bold black font. Colour code
(valid also for sample names and ages reported in panels A and B) highlights the two age clusters (red and blue labels, see main text for details). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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rugged topography (Egholm et al., 2011), while allowing large-scale
simulations for paleoglacial questions. The ice dynamics is based on
Glen's flow law (stress exponent n ¼ 3) and depth-averaged hori-
zontal flow velocities depend non-linearly on ice thickness, ice-
surface gradients and horizontal stress gradients in the longitudi-
nal and transverse directions of ice flow (Egholm et al., 2011). In our
simulations, we followed the approach adopted by Ugelvig et al.
(2018) for modelling ice sliding and subglacial hydrology,
although we ignored short-term daily transients in water pressure
and considered only steady-state solutions for subglacial hydrology
and effective pressure (see details and parameters in Magrani et al.,
2022).

In iSOSIA, the climatic input is based on a simple mass-balance
approach using a Positive-Degree-Day model (PDD), which is a
function of the mean-annual temperature, the amplitude of the
annual temperature variation, and the mean annual precipitation
rate. Snow avalanching in iSOSIA (Scherler and Egholm, 2020)
transports new accumulated snow downwards based on a given
threshold in ice-surface slope. Any change in ice thickness is
therefore computed as a balance between ice flow, ice ablation and
accumulation, while mass conservation assumes a constant ice
density spatially and at depth. Ice fluxes are computed by
vertically-integrating horizontal ice-flow velocities at cell
boundaries.
3.2.2. Modelling set-up
In the present study, we performed numerical simulations to

assess the climatic conditions (temperature and precipitation)
associated with the glacial stages reconstructed from geochro-
nology and paleoglacier spatial configuration (section 3.1). We first
calibrated the PDD mass-balance model against modern mass-
balance observations from two glaciers (Fig. S2): the Argenti�ere
glacier (north-western side of Mont Blanc massif; 1976e2019 data
5

series from Glacioclim network, https://glacioclim.osug.fr) and the
Grand Etr�et glacier (Valsavarenche, Fig. 4A; 1999e2019 data series
from Annual Glaciological Surveys of Parco Nazionale Gran Para-
diso).We imposed in the PDDmodel modern sea-level temperature
of 14.8 �C (NOAA, 2016), annual precipitation rates of 2 m/yr and
1.2 m/yr for Argenti�ere and Grand Etr�et, respectively (Isotta et al.,
2014), annual temperature variation amplitudes (dTa) of 8 �C and
atmospheric temperature lapse rate of 0.0065 �C/m (as in Protin
et al., 2019). We then performed a trial-and-error process to best
fit the observed modern mass-balance data (Fig. S2). By simulta-
neously fitting the two mass-balance datasets, we obtained a
melting positive degree day factor (mPDD) of 5.6 mmw. e. �C�1 d�1

that was adopted in the subsequent iSOSIA simulations.
Simulations were run using the ice-corrected bedrock DEM of

the Dora Baltea catchment with a resolution of 60 m (Viani et al.,
2020), and a critical snow accumulation slope (i.e. minimum
slope for avalanching) of 0.7, which was found to best reproduce ice
accumulation in cirque glaciers during preliminary tests. We ran
simulations with fixed climate forcing until steady-state conditions
(i.e. maximum one grid cell oscillations in ice extent), generally
attained after 1 ka simulation time. In a first series of test simula-
tions, we used the present-day precipitation grid from Isotta et al.
(2014) (downscaled to 60-m resolution; Fig. S1A) for computing
locally maximum snow accumulation rate, and varied sea-level
temperatures from 14.1 to 14.5 �C (0.1 �C increment), with the
aim to model the LIA glacier extents (Fig. S4). These initial simu-
lations allowed to set a reference sea-level temperature for the LIA
(Fig. S4) for comparison with subsequent simulations of older
paleoglacial stages.

Based on Lateglacial paleo-temperature estimates from inde-
pendent Alpine proxies (Heiri et al., 2014 and references therein),
we then tested different ice simulations by varying sea-level tem-
peratures from11.4 to 14.4 �C (0.2 �C increment).We first computed

https://glacioclim.osug.fr
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Fig. 4. 10Be surface-exposure ages from Valsavarenche tributary catchment (location in Fig. 1; modified 2 m-resolution DEM from Regione Autonoma Valle d'Aosta; LIA glacier
extent from GlaRiskAlp Project, http://www.glariskalp.eu). A) Sample locations and (re-)calculated 10Be surface-exposure ages of morainic boulders (yellow: present study; green:
after Baroni et al., 2021) and polished bedrocks (red) in the valley head. Orange lines represent Lateglacial morainic ridges (after Baroni et al., 2021). Black box highlights the extent
of the zoom presented in Fig. 4B, red line depicts the extent of the studied catchment. B) Zoom on the polished-bedrock altitudinal transects and on the latero-frontal moraine
sampled in this study. C) Individual (dashed lines) and summed (continuous lines) KDEs of 10Be surface-exposure ages. The modes and uncertainties of the summed KDEs are
reported in bold black font. Colour code (valid also for sample names and ages in panels A and B) highlights the two age clusters (red and blue labels, see main text for details). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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paleo-temperature scenarios for which simulated ice configura-
tions best fitted paleoglacier front and thickness constraints for the
glacial stages identified in all the three catchments. In a second
experiment, we conducted ice simulations for only one glacial stage
(the most recent; i.e., the Younger Dryas, cf. section 4.1) using the
same sea-level temperature range but different precipitation in-
puts: (1) uniformly decreased precipitation across the three
catchments by 25% and 50% compared to present-day conditions, or
(2) spatially-variable precipitation pattern across the Dora Baltea
drainage system, estimated from large-scale climate models for the
Younger Dryas (PaleoClim data downscaled to 60-m resolution;
Brown et al., 2018; Fig. S1B). This latter scenario was only tested for
Valpelline and Valsavarenche catchments.
4. Results

4.1. 10Be surface-exposure dating

10Be surface-exposure ages newly-acquired (Table 1) or recal-
culated (Table S2) are shown in Figs. 3e5 and S5. Two distinct age
populations clustering around ca. 13 and 11 ka are observed in all
the three tributary valleys, based on KDE distributions and
coherent past glacier geometries (cf. section 4.2).

In Valpelline, the summed KDEmode of the first age cluster is at
13.0�0.5þ1.1 ka (red, Fig. 3C) and includes the furthest downstream
polished-bedrock knob in the valley floor (VALP01, ~16 km from the
6

LIA ice limit; Fig. 3A), together with the two lowest samples from
the left valley side transect (VALP04-05, 2344e2447 m a.s.l.;
Fig. 3B) and the highest sample from the right valley side and most
upstream transect (VALP07, 2524 m a.s.l.; Fig. 3B). The latter is also
the oldest age of the cluster (13.9 ± 0.6 ka) and is located just below
the glacial trimline (Fig. 2A). The second age population has a
summed KDE mode of 10.6�0.4þ1.2 ka (blue, Fig. 3C) and includes all
valley-bottom samples upstream of VALP01 (VALP03, 12, 11, ~7-
3 km from the LIA ice limit), the highest sample from the left valley
side transect (VALP06, 2521 m) and the samples along the right
valley side transect below VALP07 (VALP08-10, 2334 to 2177 m
a.s.l.; Figs. 2Ae3B). The oldest and highest sample of the cluster is
VALP06 (12.0 ± 0.6 ka).

In Valsavarenche, the distribution of 10Be surface-exposure ages
(including new and literature data from Baroni et al., 2021) also
indicates two populations with summed KDE modes of 13.1�0.6þ1.2
and 11.2�1.3þ0.6 ka (Fig. 4C). The oldest population includes the two
polished-bedrock knobs sampled along the main valley floor
(VSAV14-15; Fig. 4A), at ~6 and 3.5 km from the LIA ice limit, all but
one (lowest) samples from the left-side altitudinal transect
(VSAV01-03, 2297e2659 m a.s.l.; Figs. 2B and 4B), and all bedrock
samples from the right valley side (VSAV05, 08, 12e13,
1997e2663 m; Fig. 4B). In addition, this cluster also includes two
morainic boulders deposited by tributary glaciers expanding on the
right side of Valsavarenche (GP34.18 and 31.18, Baroni et al., 2021,
Fig. 4A). The oldest age of the cluster is obtained for a valley-floor

http://www.glariskalp.eu


Fig. 5. 10Be surface-exposure ages from upper Val di Cogne tributary catchment (location in Fig. 1; modified 2 m-resolution DEM from Regione Autonoma Valle d'Aosta; LIA glacier
extent from GlaRiskAlp Project, http://www.glariskalp.eu). A) Sample locations and (re-)calculated 10Be surface-exposure ages of morainic boulders (green, after Baroni et al., 2021)
and polished bedrocks (red, this study) in the upper valley. Orange lines represent Lateglacial morainic ridges (after Baroni et al., 2021). B) Individual (dashed lines) and summed
(continuous lines) KDEs of 10Be surface-exposure ages. The modes and uncertainties of the summed KDE are reported in bold black font. Colour code (valid also for sample names
and ages in panel A) highlights the two age clusters (red and blue labels, see main text for details). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
10Be surface-exposure dating for new samples collected in Valpelline (VALP), Valsavarensche (VSAV) and Val di Cogne (CONGE) tributary catchments. Sample locations,
topographic shielding, average sample thickness,10Be/9Be blank corrected ratios,10Be concentrations and exposure ages are reported. Sample density is assumed to be
2.65 g cm�3 for all samples. Mass of quartz dissolved, mass of Be carrier and non-blank corrected10Be/9Be ratios are reported in Table S1. 1 Topographic shielding correction
according to Dunne et al. (1999). 2 10Be/9Be ratios of batch-specific analytical blanks used for the correction are 5.4 ± 0.6� 10�15 (VALP samples) and 5.5 ± 1.0� 10�15 (VSAV and
COGNE samples). 3 Ages are reported with external uncertainties (i.e. including both analytical errors and production-rate uncertainties). Ages were calculatedwith a SLHL10Be
production rate of 4.16 ± 0.10 at g�1 yr1 (Claude et al., 2014) and the LSDn scaling scheme (Lifton et al., 2014) and considering an estimated surface erosion rate of 0.1 mm ka�1

(consistent with Wirsig et al., 2016 and Serra et al., 2022). No snow-cover correction was applied.

Sample
Name

Location WGS 84
(�N/�E)

Elevation (m
a.s.l.)

Topographic
shielding1

Sample
thickness (cm)

10Be/9Be blank corrected
(10�14)2

10Be/9Be
uncertainty (%)

10Be concentration
(105 at g�1)

10Be exposure
age (ka)3

VALP01 45.8499/7.3863 1471 0.959 4 14.3 3.30 1.89 ± 0.06 13.8 ± 0.5
VALP03 45.8952/7.4752 1834 0.930 2 6.5 5.79 1.85 ± 0.11 10.9 ± 0.7
VALP04 45.8973/7.5069 2344 0.915 2.5 24.3 3.35 3.11 ± 0.10 12.7 ± 0.5
VALP05 45.8956/7.5071 2447 0.946 2.5 26.4 3.39 3.50 ± 0.12 12.8 ± 0.5
VALP06 45.8941/7.5082 2521 0.935 6 25.9 3.98 3.33 ± 0.13 12.0 ± 0.6
VALP07 45.9217/7.5142 2524 0.950 2.5 27.1 3.31 4.06 ± 0.13 13.9 ± 0.6
VALP08 45.9214/7.5169 2334 0.851 2.5 17.2 3.34 2.31 ± 0.08 10.2 ± 0.4
VALP09 45.9209/7.5176 2270 0.848 2.5 13.3 3.31 2.25 ± 0.08 10.5 ± 0.4
VALP10 45.9197/7.5192 2177 0.959 2.5 18.9 3.31 2.42 ± 0.08 10.7 ± 0.4
VALP11 45.9171/7.5243 1982 0.955 2 14.8 3.23 2.07 ± 0.07 10.6 ± 0.4
VALP12 45.9092/7.5100 1990 0.798 2 5.11 5.3 1.92 ± 0.10 11.6 ± 0.7
VSAV01 45.5027/7.1958 2659 0.961 2.5 26.4 3.19 4.16 ± 0.13 13.0 ± 0.5
VSAV02 45.5036/7.2027 2446 0.968 2.5 23.7 3.17 3.60 ± 0.12 13.0 ± 0.5
VSAV03 45.5098/7.2021 2297 0.933 2 21.1 4.13 3.40 ± 0.14 14.1 ± 0.7
VSAV04 45.5113/7.2026 2212 0.817 2.5 15.8 3.39 2.37 ± 0.08 12.0 ± 0.5
VSAV05 45.5117/7.2063 1997 0.822 2 15.9 3.17 2.28 ± 0.07 13.5 ± 0.5
VSAV06 45.5140/7.2231 2638 0.987 2.5 22.8 3.40 3.65 ± 0.13 11.3 ± 0.4
VSAV07 45.5133/7.2258 2675 0.990 3 21.5 3.26 3.70 ± 0.12 11.1 ± 0.4
VSAV08 45.5191/7.2238 2663 0.984 2.5 26.7 3.23 4.53 ± 0.15 13.7 ± 0.5
VSAV09 45.5160/7.2212 2580 0.988 2.5 22.2 3.16 3.53 ± 0.11 11.4 ± 0.4
VSAV10 45.5156/7.2211 2578 0.992 2 22.9 3.37 3.76 ± 0.13 12.0 ± 0.5
VSAV11 45.5155/7.2207 2576 0.992 2 20.1 3.74 3.32 ± 0.13 10.7 ± 0.5
VSAV12 45.5142/7.2160 2400 0.952 2.5 21.0 3.15 3.36 ± 0.11 12.8 ± 0.5
VSAV13 45.5145/7.2106 2204 0.966 2.5 21.7 3.18 3.30 ± 0.11 14.2 ± 0.6
VSAV14 45.5145/7.2106 1958 0.957 2 19.3 6.35 2.80 ± 0.18 14.6 ± 1.0
VSAV15 45.5453/7.2119 1841 0.945 2 13.9 3.28 2.30 ± 0.08 13.3 ± 0.5
COGNE01 45.5684/7.3432 2468 0.983 2 23.7 8.84 3.80 ± 0.34 13.3 ± 1.2
COGNE02 45.5705/7.3428 2434 0.984 2 27.9 3.56 4.19 ± 0.15 14.9 ± 0.6
COGNE04 7.3428/7.3398 1919 0.930 2 14.8 4.65 2.26 ± 0.11 12.6 ± 0.7
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bedrock knob at 14.6 ± 1.0 ka (VSAV14), while the highest sample
(VSAV01) has an age of 13.0 ± 0.5 ka. The second and younger age
cluster comprises the lowest bedrock sample from the left-side
transect (VSAV04, 2012 m a.s.l.; Fig. 4A), five morainic boulders
sampled in this study (VSAV06-11; Figs. 2Ce4B) and additional five
morainic boulders from Baroni et al. (2021) (GP24.18, 36.18, 37.18,
05.17 and 11.17; Fig. 4A and B). All sampled boulders are located on
morainic ridges deposited by tributary glaciers nested on the right
slopes of the Valsavarenche upper catchment, and which at that
time reached 200e800 m downstream the LIA extent (Fig. 4). The
oldest age of this second cluster, at 12.0 ± 0.5 ka, corresponds to
both the lowest bedrock sample in the Valsavarenche main valley
(VSAV04) and a morainic boulder sample from a right-side tribu-
tary (VSAV10).

Lastly, in Val di Cogne, all bedrock samples from the righ-side
altitudinal transect (COGNE01, 02, 04, 1919e2468 m a.s.l.;
Fig. 2DeFig. 5A), and one morainic boulder from a left-side tribu-
tary (GP16.18, 2350 m a.s.l.; Baroni et al., 2021, Fig. 5A), can be
grouped in one age cluster around 12.8�0.5þ2.1 ka (Fig. 5B). The
oldest age is at 14.9 ± 0.6 ka (COGNE02, 2434 m), while the highest
sample (COGNE01, 2468 m, Fig. 2D) has an age of 13.3 ± 1.2 ka. A
younger age cluster (10.2�0.8þ1.7; Fig. 5B) consists of two morainic
boulders in the valley bottom, around 5 km from the LIA ice limit
(GP01.17, 02.17; Fig. 5A), and another morainic boulder from a left-
side tributary (GP19.18, 2659 m a.s.l.; Fig. 5A). For this cluster, the
oldest age is at 11.8 ± 0.5 ka from the valley-floor morainic boulder
(GP01.17).

4.2. Paleoglacier simulations

From our calibrated iSOSIA simulations, we identified multiple
climate scenarios (pairs of temperature and precipitation; Table 2)
allowing to best match paleoglacier extent and thickness for the
two identified glacial stages at ca. 13 and 11 ka, both recognized in
all the three tributary valleys (Figs. 6e8). We acknowledge that,
when polished bedrock exposure ages were used as ice front and
thickness constraints due to the absence of morainic ridges (i.e. for
the older stage in all investigated catchments, as well as for the
younger stage in Valpelline), the obtained paleoglacier re-
constructions provide only a minimum extent/thickness reached
during a phase of glacier retreat. This implies that the obtained
paleo-temperature and precipitation couples represent the paleo-
climatic conditions at the transition between full stadial (cold) and
interstadial (warm) periods (cf. section 5.2).

In Table 2, for each paleo-precipitation input (i.e. present-day
pattern, homogeneously-decreased precipitation, or PaleoClim
data, Figs. S1AeB), the corresponding paleo-temperatures are
indicated as temperature offsets (DTLIA) from the reference LIA sea-
level temperature (14.5�; Fig. S4). For the old glacial stage (ca. 13
Table 2
Temperature and precipitation inputs for paleoglacier simulations in the three
studied tributary catchments. Temperature offsets are compared to the model-
calibrated LIA temperature (Fig. S2, DTLIA in the text). We report DTLIA values for
the YD/EH (young) glacial stage, and in brackets in italics DTLIA values for the OD/BA
(old) glacial stage (obtained only with same precipitation as today). Spatially-
variable precipitation pattern across the Dora Baltea drainage system is based on
PaleoClim data (Brown et al., 2018; Fig. S1B) and output results are reported for
Valpelline and Valsavarenche catchments. See text for details and discussion.

Ratio of present-day precipitation Best-fitting temperature anomaly (�C)

Valpelline Valsavarenche Val di Cogne

1 �1.7 (-2.5) �1.7 (-2.3) �1.7 (-2.3)
0.75 �2.3 �2.3 �2.3
0.5 �3.1 �2.9 �3.1

Spatially-variable (PaleoClim) �2.9 �2.1 /

8

ka), simulations were conducted only with present-day precipita-
tion, therefore only one set of precipitation rate and temperature is
shown in Table 2.

When using the present-day precipitation pattern, the best-
matching scenarios for the reconstructed ice extent/thickness
were obtained by applying a DTLIA of 2.5 �C (Valpelline, Figs. 6A) and
2.3 �C (Valsavarenche and Val di Cogne; Figs. 7Ae8A) for the older
glacial stage, and aDTLIA of 1.7 �C for the younger glacial stage (same
in all three valleys; Figs 6B, 7B and 8B). As illustrated by the lon-
gitudinal and cross-section profiles along the Valpelline catchment
(Fig. 9), different temperature inputs are primarily reflected by
changes in glacier extent, while glacier thickness is less sensitive to
colder conditions (i.e. �2.3 to �2.7 �C; Fig. 9B). For the older glacial
stage, ice reconstructions based on the longitudinal profile
(matching our ice extent markers; Fig. 9A) are thus more easily
constrained than based on ice-thickness differences from the cross-
section profiles (Fig. 9B). While for the younger glacial stage, both
ice-thickness (altitudinal transect) and ice-extent constraints allow
to distinguish the best-matching paleo-temperature scenario.

For the younger glacial stage, different temperature offsets
(Table 2) allow the best-matching between modelled and recon-
structed ice extent/thickness, depending on applying homoge-
neously lowered present-day precipitation (regional decrease in
precipitation by 25 and 50%) or imposing a different precipitation
pattern (PaleoClim data; Brown et al., 2018). Similar temperature
offsets for the three catchments were able to reproduce the
reconstructed ice configurations when using a similar to present-
day precipitation pattern decreased by a factor of 25% (�2.3 �C)
and 50% (�2.9 to �3.1 �C; Table 2). Significantly different temper-
ature drops were instead obtained between Valpelline and Valsa-
varenche catchments (~0.8 �C difference, Table 2) when applying
the PaleoClim precipitation pattern. The PaleoClim dataset suggests
highly-variable precipitation difference compared to present-day
conditions within the three investigated catchments (Fig. S1B). In
Valpelline, a 40e50% decrease in precipitation is observed mostly
in the accumulation zone, while the precipitation decrease is more
homogeneous across the Valsavarenche and Val di Cogne catch-
ments. Among the best-matching climatic scenarios, obtained with
the different precipitation patterns (Table 2), our paleoglacier
simulations do not allow to discriminate between the different
scenarios as the ice configurations do not vary significantly (Fig. S6).

Paleo-ELA estimates were inferred based on our simulations
(Table 3). The reconstructed LIA paleo-ELAs are 3112 m for all the
three valleys, resulting in ELA depressions (DELA) of 385 m (Val-
pelline) and 354 m (Valsavarenche and Val di Cogne) for the older
glacial stage, and of 262 m in all three tributary valleys for the
younger glacial stage.

5. Discussion

5.1. Lateglacial paleoglacial stages

Based on our 10Be surface-exposure age datasets (Figs. 3e5,
Table 1) together with numerical ice simulations (Figs. 6e8), we
propose the spatial reconstructions of two main Lateglacial paleo-
glacier stages at ca. 13 and 11 ka (Fig. S5). These two stages, present
in all the three investigated tributary valleys of the main Dora
Baltea catchment, are consistent with Lateglacial stadials identified
across the European Alps (Ivy-Ochs, 2015), and also correlated with
North Hemisphere climate oscillation records (Rasmussen et al.,
2014).

The first recorded stage (old glacial stage at ca. 13 ka) is mainly
derived from polished bedrock surfaces, and therefore rather re-
flects a phase of ice retreat and thinning which started at least ~14
ka ago, as suggested by 10Be exposure ages at the highest elevations



Fig. 6. Valpelline paleoglacier simulation results obtained with present-day precipitation and temperature drop of �2.5 �C (A) and �1.7� (B) compared to the model-calibrated LIA
temperature. Red and blue dots represent polished-bedrock samples used to fit the modelled ice extent and thickness. Colour code distinguishes samples from the older (red) and
younger (blue) glacial stages (sample ages and clusters in Fig. 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 7. Valsavarenche paleoglacier simulation results obtained with present-day precipitation and temperature drop of �2.3� (A) and �1.7� (B) compared to the model-calibrated
LIA temperature. Red and blue dots represent morainic boulders and polished-bedrock samples used to fit the modelled ice extent and thickness. Colour code distinguishes samples
from the older (red) and younger (blue) glacial stages (sample ages and clusters in Fig. 4). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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or furthest downstream along the three investigated valleys. We
relate this constrained timing to the beginning of the Bølling-
Allerød interstadial (BA, 14.6e12.8 ka; Heiri et al., 2014), which
indicates a phase of general warming following the Oldest Dryas
cold period (OD, 19e14.6 ka; Ivy-Ochs et al., 2008). It is interesting
to note that a significantly earlier onset of Lateglacial ice thinning,
at ca. 18 ka, has been recorded in other locations of the High Eu-
ropean Alps (Wirsig et al., 2016 and references therein; Lehmann
et al., 2020). We cannot however certify whether the time
9

difference for our study area indicates an actual delay in ice thin-
ning compared to the other sectors of the High Alps, reflecting
differences in glacier sensitivity to post-LGM climate change, or if
the delayed onset in glacier thinning is related to the locations of
our sampling sites (i.e., upper catchment area and close to the
trimline). Our numerical ice experiments (Fig. 9) also show that
glacier variations in response to temperature changes are primarily
reflected in glacier extent (Fig. 9A), while glacier thickness in the
upper catchment is only weakly sensitive to different temperature



Fig. 8. Val di Cogne paleoglacier simulation results obtained with present-day precipitation and temperature drop of �2.3� (A) and �1.7� (B) compared to the model-calibrated LIA
temperature. Red and blue dots represent morainic boulders and polished-bedrock samples used to fit the modelled ice extent and thickness. Colour code distinguishes samples
from the older (red) and younger (blue) glacial stages (sample ages and clusters in Fig. 5). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 9. Modelled Valpelline paleoglacier longitudinal (A) and cross-section (B) profiles obtained with present-day precipitation and different temperature offsets from the model-
calibrated LIA conditions. The longitudinal profile has been taken along the modern Valpelline valley floor, and the cross-section profile has been selected at the location of the
altitudinal transect of VALP07-11 (Fig. 3B). Red and blue dots represent polished-bedrock samples used to fit the modelled ice extent and thickness. The samples which are not
located along the longitudinal profile (see Figs. 3e6 for sample locations) were projected (Fig. 9A) for better visualization. Colour code distinguishes samples from the older (red)
and younger (blue) glacial stages (sample ages and clusters in Fig. 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 3
Summary of the paleo-ELAs and DELA values (compared to the LIA) obtained in the
three studied tributary catchments, based on numerical simulations with present-
day precipitation. Three different ice stages have been investigated: LIA, OD/BA
and YD/EH. Similar ELA and DELA values were obtained when fitting the same ice
front/thickness constraints with different temperature/precipitation couples.

Paleo-ELA (m a.s.l.) DELA (m)

LIA OD/BA stage YD/EH stage OD/BA stage YD/EH stage

Valpelline 3112 2727 2850 385 262
Valsavarenche 3112 2758 2850 354 262
Val di Cogne 3112 2758 2850 354 262
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scenarios (Fig. 9B). We therefore cannot exclude that an earlier
onset in ice lowering may have been recordedmore downstream in
our studied valleys (Magrani et al., 2022) but has been delayed at
10
our sampling locations. Such delayed timing for ice thinning is also
consistent with 10Be exposure ages from bedrock surfaces close to
the trimline in upstream Alpine catchments (Kelly et al., 2006;
B€ohlert et al., 2011; Hippe et al., 2014; Wirsig et al., 2016), associ-
ated with the persistence of thick valley glacier at high elevations
despite the general post-LGM retreat of glaciers from the piedmont
areas. Further investigation of the above hypotheses (i.e. actual
delay in post-LGM ice thinning vs. location of sampling sites) would
require detailed sampling around the trimline at different catch-
ment locations, which is beyond the scope of this study. Additional
investigation could exclude potential late-exhumation (Wirsig
et al., 2016) of high-elevation samples and/or late ice persistence
of small tributary cirque glaciers (e.g. potentially for VALP04, 05
and COGNE02; Figs. 3 and 5).

In Valsavarenche and Val di Cogne, three erratic boulders on
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moraine ridges also present 10Be exposure ages around 13 ka
(GP31.18, 34.18, 16.18, Baroni et al., 2021, Figs. 4 and 5). Based on
their elevation and orientation, we interpret these morainic ridges
to have been built during a short cooling interval within the
Bølling-Allerød interstadial (Older Dryas or Aegelsee Oscillation at
14.0e13.9 ka, or Gerzensee Oscillation at 13.3e13.0 ka; Lotter et al.,
2012). These morainic ridges could therefore correspond to the
Alpine Daun glacial stage (Ivy-Ochs, 2015), also recognized in the
Mont Blanc sector of the Dora Baltea catchment (Serra et al., 2022).
Based on ice simulation results (Fig. 8A), we also propose that the
latero-frontal moraine along the Val di Cogne was possibly built
during the Daun ice re-advance/stillstand, despite its apparent
younger age based on boulder 10Be exposure dating (GP01.17, 02.17;
Fig. 5). Our ice simulations could only match this moraine location
when applying temperature/precipitation conditions in agreement
with other 10Be ages of 13e14 ka in Val di Cogne (Fig. 8A) as well as
in Valsavarenche and Valpelline. Although such observation may
require further dating constraints in Val di Cogne, we propose that
the apparent young 10Be exposure ages from the latero-frontal
moraine along the Val di Cogne may result from late exhumation
following post-depositional moraine degradation.

For the second glacial stage, all three tributaries suggest a
common timing at ca. 11 ka that we relate to the Younger Dryas cold
phase (YD,12.9e11.7 ka; Heiri et al., 2014) and its transition into the
early Holocene warming (EH, 11.7e8.0 ka; Heiri et al., 2014). In
Valsavarenche and Val di Cogne (Figs. 4 and 5), this paleoglacial
stage is mainly recorded frommorainic boulders with 10Be surface-
exposure ages of 11e12 ka (new samples VSAV06-11, and recalcu-
lated ages of GP11.17, 05.17, 19.18 from Baroni et al., 2021). We
interpret this age cluster as documenting ice stillstand/re-advance
in response to the YD, being described in the Alps as the Egesen
stadial (Ivy-Ochs , 2015). Ice simulation results also suggest that the
Valsavarenche moraine with younger 10Be surface-exposure ages of
9e10 ka (GP36.18, 37.18; recalculated from Baroni et al., 2021) may
belong to the YD paleoglacier configuration (Fig. 7B). Thus,
apparent younger ages might result from small ice fluctuations of
similar extent occurring at the YD-early Holocene transition
(Baroni et al., 2021; Protin et al., 2021) or from sample late exhu-
mation. A YD re-advance of a southern tributary cirque glacier is
also suggested in Valpelline by our ice simulation results, in
agreement with the 10Be surface-exposure age of sample VALP06
around 12 ka. All the other polished bedrock samples with 10Be
surface-exposure ages around 12e11 ka in Valsavarenche and
Valpelline (Figs. 3 and 4) record the phase of ice withdrawal
induced by rapid warming following the end of the YD. Post-YD ice
decay was most probably abrupt, as indicated in Valpelline (Figs. 3
and 9) where polished bedrock samples collected over a longitu-
dinal distance of ~5 km and an altitude range of ~350 m present
similar 10Be surface-exposure ages of ca. 10e11 ka (Figs. 3 and 9).

In summary, our combined results from 10Be exposure dating
and numerical simulations support two main distinct Lateglacial
paleoglacier configurations (1) at the transition between the Oldest
Dryas (OD) cold period (based on the polished bedrock sites) and
the Bølling-Allerød (BA) interstadial (stage OD/BA hereafter;
Figs. 6e8A), with potential minor influence of the Older Dryas or
Gerzensee Oscillation short cooling interval (from three morainic
samples), and (2) at the transition between the Younger Dryas (YD)
cold period and the early Holocene (EH) warming (stage YD/EH
hereafter; Figs. 6Be8B). In the following section, we investigate the
potential climatic conditions (precipitation/temperature input
scenarios in ice simulations) for these two glacial stages, in order to
discuss glacier sensitivity to climate forcing in the three investi-
gated valleys.
11
5.2. Paleoclimatic interpretation and glacier sensitivity

We combined our paleoglacier reconstructions from geomor-
phological mapping and 10Be surface-exposure dating with the
iSOSIA ice-flow model to numerically investigate the variability in
sensitivity of Alpine glaciers to climate forcing. The modelling
approach applied in this study was chosen as best trade-off that
allows for catchment-scale computation of paleoglacier extents
using high-resolution bedrock topography (60-m resolution in our
simulations). However, our modelling approach also needed some
simplifications, including steady-state subglacial hydrology (e.g.
Ugelvig et al., 2018) but without transient meltwater fluctuations or
other factors that may accelerate basal sliding in transition periods
and differ between catchments. Also, the complex physics con-
trolling ice melting (i.e. solar radiation or heat transfer at the ice
surface and within the ice) that has been rather empirically cali-
brated on modern mass-balance observations is lumped into one
single PDD factor in our mass-balance model (Fig. S2). Moreover,
we used the ice-corrected bedrock DEM of the Dora Baltea catch-
ment (Viani et al., 2020) as glacier bed input, whichmay present up
to 30% uncertainties in bedrock elevations for currently glaciated
zones (Linsbauer et al., 2012) and may differ from Lateglacial
topographic conditions (e.g. different valley sediment or lake
infills). However, we consider that small changes in topographic
conditions would only have a minor influence on the ice simulation
outputs and would not change the first-order paleoclimatic inter-
pretation from our paleoglacier reconstructions and simulations.
Lastly, we had to assume glacier steady-state conditions to model
paleoglacier configurations, which rather represent post-stadial ice
retreat stages, given our chronology on mostly polished bedrocks.
We therefore acknowledge that the obtained paleo-temperature
and precipitation couples represent the paleoclimatic conditions
at the transition between full stadial (OD and YD) and interstadial
(BA and EH) periods. Hence, potentially colder or warmer paleo-
temperatures could have been in place during the full stadials
and interstadials, respectively.

The reconstructed DELAs (compared to the LIA, Table 3) for both
the OD/BA and the YD/EH stages, based on numerical simulations
with present-day precipitation pattern, are in good agreement with
values obtained from previous paleoglacial studies in nearby Alpine
sectors (Protin et al., 2019; Serra et al., 2022) and in the Gran
Paradisomassif (Baroni et al., 2021). TheDELA depressions of 354m
(Valsavarenche and Val di Cogne) and 385 m (Valpelline) for the
OD/BA stage, fit within the range of DELA reported for the Daun
glacial stage in the Mont Blanc sector of the Dora Baltea catchment
(365e478 m; Serra et al., 2022). For the YD/EH stage, our DELA
estimate of 262 m obtained in all three valleys is in agreement with
previous DELA estimates for the Egesen stadial from Valsavarenche
and Val di Cogne (~200 m; Baroni et al., 2021) and from the
Argenti�ere glacier on the north-western side of the Mont Blanc
massif (100e300 m; Protin et al., 2019).

Output paleo-temperatures for the OD/BA and YD/EH ice stages,
assuming present-day precipitation (Figs. 6e8), are analogous in
Valpelline, Valsavarenche and Val di Cogne (Table 2) and are
hereafter discussed in comparison to Alpine paleo-temperature
reconstructions from other paleoclimate records. For the OD/BA
transition, our temperature anomaly compared to the model-
calibrated LIA temperature (DTLIA) is �2.3 �C for Valsavarenche
and Val di Cogne and �2.5 �C for Valpelline. According to data
collected in the HISTALP project (http://www.zamg.ac.at/histalp/;
Auer et al., 2007), LIA temperature depression in the Alps compared
to modern value are between �1 and �1.5 �C. Therefore, based on
our LIA-calibrated simulations, output paleo-temperature anomaly
compared to present-day (DTPresent) for the OD/BA stage would
range between �3.3 and �3.8 �C.

http://www.zamg.ac.at/histalp/
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Chironomid assemblages in other Alpine regions record
distinctly the OD cold period from the BA warming, with recon-
structed OD/present-day difference in mean summer temperatures
between �3� and �8 �C (Heiri and Millet, 2005; Laroque and
Finsiger, 2008; Samartin et al., 2012). We can estimate an in-
crease in seasonal amplitude of up to 2 �C compared to present-day,
due to larger drop in paleo-winter temperature compared to
summer temperature around the YD period, as suggested by pollen
reconstructions in SW and SE Europe (Davis et al., 2003). As a
consequence, our DTPresent estimates of �3.3 to �3.8 �C would be
then on the upper limit of the summer temperature decrease
indicated from chironomids during the OD period.

For the YD/EH transition, we obtained a DTLIA of �1.7 �C for all
the three studied catchments, corresponding to DTPresent
around �2.7 to �3.2 �C. As for the OD/BA transition, this is within
the upper range of paleo-temperature reconstructions from
chironomid Alpine records (between �2� and �6 �C summer
temperature anomaly compared to present-day; Samartin et al.,
2012; Ilyashuk et al., 2009; assuming up to 2 �C increase in sea-
sonal amplitude; Davis et al., 2003) and pollen regional tempera-
ture reconstruction (around �3 �C of area-average mean annual
temperature anomaly compared to today; Davis et al., 2003). When
comparedwith paleo-temperature estimates from the nearbyMont
Blanc massif (Argenti�ere glacier; Protin et al., 2019), our DTLIA
(�1.7 �C) differs from the estimates of Protin et al. (2019) who
proposed DTLIA of �2.8 �C for the Argenti�ere glacier. Although we
used similar combined dating-modelling approach as Protin et al.
(2019), our ice model and calibration approaches differ, which
may explain the output differences in estimated paleo-
temperatures. Our DTPresent estimates are also lower than esti-
mates from treeline records (around �5 �C; Heiri et al., 2014).
However, it cannot be excluded that differences between our DT
estimates and from other records could be due to spatial variability
in temperature anomalies across the European Alps (Bartlein et al.,
2011).

At last, only a small difference in DTLIA/present (i.e. ~0.8 �C) be-
tween the OD/BA and YD/EH periods is observed from our paleo-
glacier reconstructions, despite very different ice configurations
(Figs. 6e8). Such temperature difference between the OD/BA and
YD/EH periods is in overall agreement with data trends from the
chironomid records (Heiri and Millet, 2005; Laroque and Finsiger,
2008; Samartin et al., 2012), indicating that the rapid warming of
the BA interstadial resulted in ~3 �C temperature increase
compared to the OD cold period (Heiri et al., 2014), subsequently
followed by cooling of similar magnitude (1.5e3�C; Heiri et al.,
2014) at the end of the BA. This would have led to the re-
establishment of cold stadial conditions during the YD, as also
shown by data from Greenland ice core stratigraphy (Rasmussen
et al., 2014), but resulted in significantly different paleoglacier ex-
tents between OD and YD (Figs. 6e8).

Simulation results from the YD/EH stage using different pre-
cipitation scenarios do not support a spatially-variable precipita-
tion pattern during the YD across the Dora Baltea catchment, as
suggested from PaleoClim reconstructions (Fig. S1B). Indeed, when
imposing spatially-variable precipitation rates with significantly
wetter YD conditions in Valsavarenche than in Valpelline (Paleo-
Clim data; Brown et al., 2018; Fig. S1B), different paleo-temperature
anomalies are needed in order to fit to the YD paleoglacier con-
figurations in the two valleys (i.e. 0.8 �C difference; Table 2), which
appears unrealistic considering the spatial proximity of the two
tributary valleys. We therefore favour, from our combined paleo-
glacier reconstructions and ice simulations, YD paleoclimate sce-
narios with a similar-to-today precipitation pattern (i.e. wetter
condition in Valpelline than in Valsavarenche/Val di Cogne;
Fig. S1A), as supported by the good agreement in paleo-
12
temperature anomaly estimates between the three tributary
catchments when assuming modern or homogeneously-decreased
precipitation (Table 2). It is however difficult to quantitatively
assess which precipitation scenario (similar or decreased compared
to present-day) was potentially in place during the YD, since our
range of different paleoclimatic inputs (temperature-precipitation
couples; Table 2) provide similar ice extents/thicknesses, which all
satisfactorily fit the geomorphological constraints in the three
valleys, with only minor changes in glacier extent and thickness
(Fig. S6). Similarly, all the DTLIA/present based on uniformly-decreased
YD precipitation (Table 2) are within the range of estimated paleo-
temperatures inferred from independent Alpine paleoclimatic
proxies (between �2� and �6 �C, see discussion above). We how-
ever note that our DTLIA/present when assuming present-day pre-
cipitation lie in the upper range limit of paleo-temperature
anomalies compared to chironomids archives or other re-
constructions from paleoglaciers or global climate model outputs
such as PaleoClim (averaged temperature depression of around 5 �C
between present-day and the YD, within our study area), which
hence may argue in favour of scenarios with reduced precipitation
(and larger DT) compared to present-day.

While our simulation results suggest similar precipitation
pattern compared to today across the Dora Baltea (central) catch-
ment, they however do not provide evidence neither in favour nor
against the hypothesis of a larger regional spatial re-organization in
atmospheric circulation with south-westerly moisture advection
over the European Alps during the YD, as suggested from previous
studies using paleoclimatemodelling and glacier ELAs-atmospheric
temperature proxies compilation at the scale of the entire southern
Europe (Rea et al., 2020 and references therein). Our investigated
Dora Baltea tributary catchments are most certainly too spatially
close to capture any potential signal of regional-scale change in
atmospheric circulation. On the other hand, the observed larger
DTpresent estimates for the Argenti�ere glacier (north-western side of
the Mont Blanc massif, ~40e50 km west/north-west of our study
area; Protin et al., 2019), would support the idea of YD atmospheric
re-organization with precipitation decrease along an East-West
gradient as proposed from other paleoclimatic studies (Brown
et al., 2018; Rea et al., 2020).

Finally, we observe a clear difference in glaciers' sensitivity to
Lateglacial and Holocene climate variations between the three
investigated catchments. When assuming present-day precipita-
tion, the spatially-uniform change in paleoclimate between OD/BA
and YD/EH (þ0.8 �C difference between the two paleoglacial
stages), and between YD/EH and LIA (þ2 �C difference between YD
and LIA), resulted in a much larger ice-front retreat along the main
valley in Valpelline (around 8 and 7.5 km retreat, respectively;
Fig. 6) than in Valsavarenche (around 4 and 3 km retreat, respec-
tively; Fig. 7) and Val di Cogne (around 2 and 3 km retreat,
respectively; Fig. 8). Such discrepancy in glacier response to uni-
form regional climate change can highlight different topographic
and/or local climatic conditions between the three investigated
catchments. Catchment hypsometry analyses for Valpelline and
Valsavarenche indicate significantly larger catchment area above
the paleo-ELA estimates in Valsavarenche compared to Valpelline
(Fig. S7). As such, for a similar change around these paleo-ELA es-
timates, the different catchment hypsometric distributions would
result in larger paleoglacier fluctuations in Valpelline compared to
Valsavarenche. Additionally, the present-day precipitation distri-
bution across the Dora Baltea catchment (Fig. S1A), shows
moderately-wetter conditions over the northern tributaries (Val-
pelline) compared to the southern tributaries (Valsavarenche and
Val di Cogne). This spatial difference in precipitation, if stable over
the Lateglacial-Holocene period as suggested from our simulation
outputs, had likely played a significant role in governing glaciers’
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sensitivity across the Dora Baltea catchment. Indeed, (paleo)gla-
ciers from the wetter Valpelline catchment (Fig. S1A) are more
sensitive to climate change (i.e. higher potential to accumulate
snow depending on temperature conditions), therefore being more
responsive to change in (paleo-)ELAs than in the drier Valsavar-
enche/Val di Cogne catchments.

6. Conclusions

In this study, we combined paleoglacial reconstructions from
10Be surface-exposure dating of glacial landforms and deposits
together with numerical glacier simulations in three tributary
valleys of the Dora Baltea catchment (north-western Italian Alps).
Our results allowed to provide quantitative constraints on the
timing, ice configuration and potential paleoclimatic conditions for
two Lateglacial ice stages in this Alpine area, while illustrating the
benefits of the integrated dating-modelling approach.

In all the three investigated valleys (Valpelline, Valsavarenche
and Val di Cogne), we constrained the onset of post-LGM ice
thinning at ca. 14 ka, in apparent delay compared to other locations
of the High Alps. We propose that this timing difference could be
due to actual delay in ice thinning associated with spatial differ-
ences in glaciers’ sensitivity to post-LGM climate change across the
Alps, or alternatively to our spatial sampling strategy with specific
targets in the upper catchment parts, where numerical ice simu-
lations showed a limited ice-thickness response to early Lateglacial
climate warming.

Our combined geomorphology-dating-modelling approach
revealed in all the three sectors two distinct paleoglacier stages at
ca. 13 and 11 ka, consistent with reported Lateglacial stadials
identified across the European Alps and in correlation with North
Hemisphere climate oscillations. The old ice stage (OD/BA) docu-
ments the ice configuration at the transition between the Oldest
Dryas cold period (19e14.6 ka) and the Bølling-Allerød interstadial
(14.6e12.8 ka), with potential minor influence of the Older Dryas or
Aegelsee Oscillation short cooling intervals (14.0e13.9 ka or
13.3e13.0 ka, respectively). The young ice stage (YD/EH) represents
paleoglacier oscillations at the transition between the Younger
Dryas cold period (12.9e11.7 ka) and the early Holocene warming
(11.7e8.0 ka). For both paleoglacial stages, we estimated paleo-
ELAs in agreement with literature values in nearby alpine sectors,
with DELA (compared to LIA conditions) of around 355e385 m for
the OD/BA stage and 260 m for the YD/EH stage.

Paleoclimatic conditions associated with the reconstructed
glacial stages were assessed based on the temperature/precipita-
tion inputs used in iSOSIA ice-flow simulations to best fit ice surface
and thickness constraints from our geomorphological observations.
Our simulation outcomes suggest a similar-to-today precipitation
pattern (i.e. same absolute values or homogeneously decreased
across the investigated tributary valleys) over the Dora Baltea
catchment for the two glacial stages, leading to analogous tem-
perature anomalies compared to the Little Ice Age (DTLIA) in all the
three valleys. DTLIA anomalies obtained when assuming present-
day precipitation (�2.3/-2.5 �C and �1.7 �C, for the OD/BA and
YD/EH stages respectively) lie in the upper range of paleo-
temperature reconstructions from other paleoclimatic proxies
during the same Lateglacial periods. Although this may result from
our steady-state assumption for paleoglacier reconstructions and
modelling, this outcome may also argue in favour of scenarios with
reduced precipitation compared to today (and thus larger associ-
ated DTLIA), but a priori not for a spatial change in precipitation
pattern over the Dora Baltea area. However, our results do not
exclude changes in precipitation pattern at a larger regional scale
during the YD period, as suggested by previous studies.

Finally, we observed a clear difference in glaciers' sensitivity to
13
Lateglacial and Holocene climate variations between the three
investigated catchments, with much larger ice-front retreats in
Valpelline than in Valsavarenche and Val di Cogne, in response to a
spatially-uniform change in paleoclimatic conditions. We explain
such discrepancy as related to different topographic (hypsometry)
and possibly climatic conditions (precipitation distribution) be-
tween the three investigated catchments: glaciers from the rela-
tively lower-elevation and wetter Valpelline catchment had been
more responsive to change in (paleo-)ELAs than glaciers in the
higher-elevation and drier catchments of Valsavarenche/Val di
Cogne. Our study hence highlights the variability in alpine glaciers’
response to common climate forcing due to local factors, which are
critical to take into account in order to make reliable paleoclimate
inferences from paleoglacier records.
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