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a b s t r a c t

Paleoglacial reconstructions in the European Alps have mainly focused on specific climatic periods such
as the Last Glacial Maximum (LGM) or the Younger Dryas, with few studies investigating post-LGM
Alpine glacier fluctuations encompassing broader temporal periods. In this study, we present a
detailed reconstruction of the post-LGM glacial history of the Dora Baltea catchment, which hosted one
of the main Quaternary glacial systems of the western European Alps. By combining existing and new
chronological constraints from glacial and postglacial landforms/deposits into 2D and 3D ice surface
reconstructions, we quantitatively reproduce the timing and ice-configuration of six LGM to early Ho-
locene paleoglacial stages. Our deglaciation sequence along the Dora Baltea valley can be correlated with
specific Lateglacial to Holocene paleoclimatic periods, in line with post-LGM glacier reconstructions from
other Alpine areas. We estimated paleo equilibrium-line altitudes (ELAs) for each ice stage, using
empirical ice-geometric methods. Our results indicate a low ELA sensitivity to ice decay during the early
stages of deglaciation, despite significant glacier retreat from the piedmont into the massifs, suggesting a
major role of catchment topography in controlling ELA estimates of large glacial systems. Finally, we
provide chronological constraints for two major valley-slope collapse events, both postdating the Dora
Baltea glacier withdrawal but implying different landscape response time to deglaciation as well as
different triggering factors.
© 2022 The Authors. 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

Fluctuations of mountain glaciers in response to modern or past
climate variations have beenwidely recognized worldwide. Glacier
mass-balance is highly sensitive to climate, with temperature and
precipitation as main factors governing ice accumulation and
ablation (e.g. Oerlemans, 2005; Mackintosh et al., 2017). For this
reason, paleoglacier reconstructions and inferred fluctuations (i.e.
advance/retreat) have often been investigated as first-order proxy
for changes in paleoclimatic conditions (e.g. Kerschner and Ivy-
Ochs, 2008; Davis et al., 2009). However, mountain glacier
aximum; LIA, Little Ice Age;
Amphitheatre; KDE, Normal
de Ratio; AAR, Accumulation

).

Ltd. This is an open access article u
response to climate variations is modulated by additional factors
(i.e. topography, debris cover, subglacial ice thermal regime and
substrate etc.; Anderson and MacKintosh, 2012; Turrin et al., 2014;
Lovell et al., 2015). There is therefore an increasing interest in
investigating mountain glacier fluctuations under relatively known
climate records (Federici et al., 2016; Wirsig et al., 2016b), in order
to improve our understanding of glacier-climate interactions in
alpine settings. Furthermore, slope processes are commonly
recorded in formerly-glaciated valleys (e.g. Ivy-Ochs et al., 2017),
but they can be associated to different forcings (glacial debut-
ressing, lithology, hydrological perturbation, earthquake; Cossart
et al., 2008; McColl, 2012; Zerathe et al., 2014; Decaulne et al.,
2016; P�anek et al., 2021). As a consequence, it appears critical to
complement paleoglacier retreat sequences with records of post-
glacial slope activity (Cossart et al., 2012; Schwartz et al., 2017), in
order to further apprehend the post ice-retreat response of alpine
landscapes.

In the European Alps, Late Pleistocene to Holocene climatic
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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variations have been reconstructed by combining multiple
geomorphic and environmental records (e.g. lakes and peats, spe-
leothems, and glacial records; Heiri et al., 2014b and references
therein) with ice dynamics and atmospheric circulation models
(Heiri et al., 2014a; Seguinot et al., 2018). The best quantitative
constraints and paleoclimatic temporal sequences have been ob-
tained for the period from the Last Glacial Maximum (LGM,
26.5e19.0 ka ago; Clark et al., 2009) to the Holocene (11.7 ka-
present; Heiri et al., 2014b). Following the LGM, a general tem-
perature warming trend, interrupted by short-term cooling epi-
sodes, has been recorded in the European Alps (Heiri et al., 2014b
and references therein; Li et al., 2021), similar to Greenland ice-
core records (Rasmussen et al., 2014). The overall temperature in-
crease throughout the Lateglacial period (19.0e11.7 ka ago; Ivy-
Ochs et al., 2007; Schmidt et al., 2012) was first suspended by
climate deterioration probably associated to the Heinrich 1 ice-
rafting event in the North Atlantic at 17.5e15.4 ka ago (Stanford
et al., 2011). Afterwards, rapid warming (Von Grafenstein et al.,
1999; Li et al., 2021) occurred during the Bølling-Allerød intersta-
dial (14.6e12.8 ka; Heiri et al., 2014b) followed by abrupt cooling
during the Younger Dryas (YD, 12.7e11.7 ka ago; Ivy-Ochs et al.,
2007). The onset of the Holocene was characterized by warming
conditions, punctuated by cold events such as the early Holocene
Preboreal Oscillation (11.4e11.3 ka ago; Rasmussen et al., 2007) and
the 8.2-ka event (Tinner and Lotter, 2001), evidenced in several
Alpine records (e.g. Ilyashuk et al., 2011; Schimmelpfennig et al.,
2012; Schindelwig et al., 2012; Nicolussi and Schlüchter, 2012).
Between ca. 8 and 4.2 ka ago, Alpine paleoclimate proxies indicate
relatively stable conditions similar to today, with only minor tem-
perature oscillations (Ilyashuk et al., 2011; Affolter et al., 2019). Cool
and wet conditions were re-established in the Neoglacial period,
starting ca. 4.2 ka ago and culminating with the Little Ice Age (LIA,
1250e1860 CE; Le Roy et al., 2017 and reference therein). Paleo-
climate proxies and ice/atmospheric numerical imulations provide
additional information about Alpine paleo-precipitations, sug-
gesting a shift in atmospheric circulation over the European Alps
during the LGM, in addition to a general decrease in precipitation.
Although the exact timing and magnitude of this shift are still
uncertain, the modern northerly moisture advection from the
Atlantic would have replaced dominant south-westerly pre-
cipitations from the Mediterranean Sea already before the YD
(Florineth and Schlüchter, 2000; Luetscher et al., 2015; Becker et al.,
2016; Monegato et al., 2017; Spagnolo and Ribolini, 2019; Rea et al.,
2020; Baroni et al., 2021).

Paleoglacier responses to post-LGM climatic fluctuations have
already been widely investigated in the European Alps (e.g. B€ohlert
et al., 2011; Cossart et al., 2012; Ivy-Ochs, 2015 and references
therein; Chenet et al., 2016; Wirsig et al., 2016b, 2016a; Federici
et al., 2016; Hofmann et al., 2019; Rolland et al., 2020). Based on
mapping and dating of glacial landforms and deposits, several post-
LGM ice-retreat and re-advance stages have been identified across
the European Alps and tentatively related to the climatic periods.
The so-called Alpine Lateglacial stadials (i.e. stages of ice stillstand
or re-advance; Ivy-Ochs et al., 2007) hence include the Gschnitz
stadial (~17e16 ka), in response to the Heinrich event 1 (e.g. Ivy-
Ochs et al., 2006; Wirsig et al., 2016b), the Daun stadial (~14 ka;
Ivy-Ochs, 2015), in response to a short interval of cooling within the
Bølling-Allerød interstadial (Older Dryas or Aegelsee Oscillation,
14.0e13.9 ka; Lotter et al., 1992; Samartin et al., 2012; Li et al.,
2021), and the Egesen stadial (~13.5e12.0 ka; Ivy-Ochs, 2015), in
response to the YD cooling event (e.g. Federici et al., 2016;
Boxleitner et al., 2019; Protin et al., 2019; Baroni et al., 2021). Alpine
glaciers eventually retreated during the Holocene, following abrupt
warming (Schimmelpfennig et al., 2012) and mostly remained
within the LIA limits during Neoglacial ice re-advances (e.g. Porter
2

and Orombelli, 1985; Holzhauser et al., 2005; Ivy-Ochs et al., 2009;
Le Roy et al., 2017; Badino et al., 2018). Postglacial slope processes
following deglaciation have also been documented during the
Lateglacial and the Holocene (Cossart et al., 2008; Zerathe et al.,
2014; Schwartz et al., 2017; Ivy-Ochs et al., 2017; Serra et al.,
2021), although the causal links for valley slope-failure events
have remained discussed (see details in Ivy-Ochs et al., 2017).

Due to the scarcity of continuous glacial deposits and landforms
along Alpine valleys, only few studies have succeeded in providing
detailed deglaciation sequences from LGM to LIA (Federici et al.,
2016; Wirsig et al., 2016b). In the present study, we investigate
the post-LGM glacial history of the Dora Baltea (DB) catchment
(western Italian Alps; Fig. 1), one of the main glacial systems of the
western European Alps. To this goal, we quantitatively reconstruct
the timing and ice-configuration of several DB glacial stages, by
combining existing and newly-acquired chronological constraints
from glacial landforms and deposits into ArcGIS-based 3D ice-
surface reconstructions. Moreover, we investigate the age of
fluvio-lacustrine and slope-failure deposits along the DB valley to
infer postglacial slope dynamics. Altogether, our results aim to
assess the glacial and geomorphic responses of a large Alpine
catchment to post-LGM climatic fluctuations.

2. Study area

2.1. The Dora Baltea catchment

This study focuses on the Dora Baltea (DB) catchment, a ~3400-
km2 drainage system located in thewestern Italian Alps (Fig. 1). The
DB river flows for around 170 km NW-SE from the Mont Blanc
massif to the Po Plain, and drains several tributary valleys charac-
terised by the presence of major 4000-m Alpine peaks (e.g. Mont
Blanc, Monte Rosa, Matterhorn and Gran Paradiso). The geology of
the DB catchment is complex, with the main structural domains of
the Alpine range (Vezzoli et al., 2004; Dal Piaz et al., 2008; Perello
et al., 2008; Polino et al., 2008). Bedrocks belonging to the Helvetic-
Ultrahelvetic zone outcrop in the Mont Blanc area, composed of the
typical granite of the Mont Blanc external massif and its sedi-
mentary cover. Moving eastwards, Penninic units of increasing
metamorphic grade occur: Briançonnais metasedimentary rocks
(e.g. between Mont Blanc and Matterhorn), crystalline bedrocks of
internal massifs (e.g. Gran Paradiso and Monte Rosa), Piemonte
zone ophiolitic units (e.g. Matterhorn area). Austroalpine meta-
morphic rocks outcrop in the central (e.g. NE of Aosta) and eastern
(e.g. SW and NE of Donnas) sectors of the DB catchment.

Temperate climatic conditions prevail in the DB basin (present-
day mean annual temperature ranges from �10� to 15 �C; Regione
Autonoma Valle d’Aosta, 2009). Modern observations indicate a
moderate spatial variability in precipitation across the DB catch-
ment (Isotta et al., 2014; Mey et al., 2016), with higher precipitation
(~1800 mm/yr at around 4000 m a.s.l.) in the Mont Blanc massif
compared to the north-western and southern sectors of the DB
catchment (~1400 mm/yr for Matterhorn andMonte Rosa area, and
~1150 mm/yr in the Grand Paradiso, at around 4000 m a.s.l.), while
semi-arid conditions prevail in the central part of the DB valley
floor (400e500 mm/yr, between Verbion and Saint Pierre, at
around 800 m a.s.l.; Fig. 1). Modern glaciers cover an area of
119.6 km2 (3.6% of the DB catchment) and are of limited size (<10%
glaciers are larger than 1 km2) with terminus elevations ranging
from 2601 to 2800 m a.s.l. in DB tributary valleys (data from 2005;
Diolaiuti et al., 2012). The most recent mean Equilibrium-Line
Altitude (ELA) estimate is 3015 ± 197 m a.s.l. for the entire DB
catchment (data from 1975; Vanuzzo, 2001).

During the Quaternary, the extensive DB glacial system fluctu-
ated repeatedly from the internal catchment down to ~20 km into



Fig. 1. Study area, with (post-)glacial landforms/deposits (DEM from Regione Piemonte and Regione Autonoma Valle d'Aosta). In bold are the investigated sites, in italic some
toponyms within the DB valley. Symbol colours (circles: this study, triangles: literature) correspond to the five investigated geomorphological categories. Present-day glaciers (light
blue, GlaRiskAlp Project, http://www.glariskalp.eu) and main topographic peaks are indicated. Black lines mark the extent of the DB catchment within the mountain front. IMA:
Ivrea Morainic Amphitheatre (red cross indicates the location where the DB river crosses the IMA). Black boxes highlight locations of enlargements shown in Fig. 4A, B, and 5A. Top-
right inset shows location of the DB catchment (red open box) within the European Alps, with the LGM ice extent (light blue; Ehlers and Gibbard, 2004) and the national borders
(white lines). (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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the Po plain (Gianotti et al., 2008, 2015), building the Ivreamorainic
amphitheatre (IMA; Fig. 1), one of the largest in Europe. While the
most external ridges formed during the Early Pleistocene (based on
paleomagnetic data; Carraro et al., 1991), the DB glacier lastly
reached the IMA during the LGM (Gianotti et al., 2008, 2015). Post-
LGM ice retreat occurred progressively, with the DB glacier per-
sisting and oscillating within the IMA until ca. 19 ka (10Be surface-
exposure ages; Gianotti et al., 2008, 2015; Fig. 1). During the Late-
glacial, the DB glacier retreated behind the mountain front into the
upper catchment, with several non-dated stages of glacier halt or
re-advance (i.e. stadials), as testified by glacial landforms and
sediment deposits identified along the DB valley (Gianotti et al.,
2008, 2015).

Radiometric chronology for the DB glacier history has focused
on the (pre-)LGM maximum extent (IMA; Gianotti et al., 2008;
2015) and only sparse chronological data exist for the post-LGM
glacial history: Lateglacial ice-surface lowering in the Mont Blanc
massif (Wirsig et al., 2016a), and YD glacier re-advances in the Gran
Paradiso massif (Baroni et al., 2021). In addition, Holocene glacial
extents have been constrained in the Mont Blanc massif (Le Roy,
2012; Deline et al., 2015) and for the Rutor Glacier (Porter and
Orombelli, 1985; Badino et al., 2018, Fig. 1). However, no chrono-
logical constraint was so far available for any Lateglacial stadial
along the main DB valley, preventing to establish a continuous
deglaciation sequence for the DB glacial system. In this study, we
aim to fill this spatial and temporal gap by providing new chro-
nological data and ice-geometry reconstructions for the DB Late-
glacial stadials.
3

2.2. Key sites for glacial reconstructions

Along the DB valley, we identified locations with potential sig-
nificance for Lateglacial stadials and postglacial slope processes
(Fig. 1), by combining existing literature constraints with geomor-
phological mapping (field investigations and remote-sensing
mapping based on the high-resolution DEMs and orthophotos
from Regione Piemonte and Regione Autonoma Valle d'Aosta). We
classified the identified landforms and deposits in five categories
(Fig. 1 and Table S1), each providing different constraints for pale-
oglacier reconstructions or postglacial slope dynamics. Glacial
erratic boulders and glacially-polished bedrocks give information
about the glacier position in a deglaciation sequence. (1) In the case
of boulders located on moraine ridges, more precise information
about the glacier frontal position (i.e. frontal moraine) or thickness
(i.e. lateral moraine) during a phase of ice re-advance/stillstand can
be obtained, since moraines are assumed to be built during stages
of ice re-advance/stillstand (Kirkbride and Winkler, 2012; Lukas,
2012). Distinction between ice re-advance or stillstand would
require detailed sedimentological investigations which are outside
of the scope of the present study, due to the scale of the study area
and the lack of sediment outcrops for investigated sites. (2) Erratic
boulder fields and polished bedrocks instead provide timing con-
straints for ice retreat and thinning (when located along the valley
side), as they are interpreted to be respectively deposited and
exposed during ice withdrawal. (3) Glacial tills along the valley
slopes provide information on both the glacier position and mini-
mum thickness, as inferred to derive from debris transported and
deposited at the base/margin of the ice. (4) Trimlines (i.e.

http://www.glariskalp.eu
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geomorphic transition between frost-weathered zone above and
glacially-polished surface below) are assumed to represent the
LGM ice-surface elevation (Coutterand and Buoncristiani, 2006;
Wirsig et al., 2016a). (5) Rockslide, landslide, glacio-fluvial and
fluviolacustrine deposits, are indicative of postglacial slope activity
and thus provide a minimum time constraint for glacier retreat.

In the piedmont area (easternmost sector; Fig. 1), we considered
literature constraints (sites previously dated by Gianotti et al., 2008,
2015; Fig. S1) from glacial erratic boulders on an internal IMA
morainic ridge (indicative of glacier terminal position during the
LGM), and erratics on the Ivrea hills (tracing the early glacier retreat
from the IMA). Moving upstream from the IMA, three additional
sites were retained closely behind themountain front: (1) the 1-km
long Chanton lateral moraine and boulders (DB valley right side,
around 1000 m above the present-day valley floor; described in
Gianotti and Forno, 2017 but undated), testifying ice surface
elevation, (2) two glacially-polished bedrock surfaces ~100e200 m
below the Chanton moraine (undated by previous studies), doc-
umenting glacier thinning, and (3) a glacially-polished bedrock
surface along the DB valley floor at Donnas, marking ice-front
retreat (dated by Gianotti et al., 2008, 2015; Fig. S1). In the mid-
catchment, a fluviolacustrine deposit was investigated in Verbion
(DB valley left side, 20e60 m above the present-day valley floor;
undated by previous studies; Fig. 2A), and characterised by a suc-
cession of laminated silt, turbiditic sand and gravel lenses previ-
ously interpreted as being deposited within a rockslide-dammed
lake (Mont Avi rockslide, DB right valley side, downstream of Ver-
bion; described in Giardino, 2005a but undated). Till deposits
without age constraint were identified on the DB valley slopes at
Chenez and Selva Plana, around 1200e1300 m above the present-
day valley floor (Dal Piaz et al., 2008, Fig. 1), and at a much lower
elevation (50 m above the valley floor) in La Plantaz (Fig. 1). Flu-
vioglacial sediments (gravel, sandy and silty strata laying on top of
lodgment till) were also identified in the investigated section of La
Plantaz (Fig. 2C), previously interpreted as ice-margin contact de-
posits (i.e. kame terrace) deformed by short-term ice margin os-
cillations during the retreat of the DB glacier (Giardino, 2005b;
undated by previous studies).

Saint Pierre location (Fig. 1) is a key site for investigating the
connection between the DB glacier and its tributaries from the Gran
Paradiso massif. In this area, both glacial and postglacial deposits
were investigated. Granitic erratic boulders and a polished bedrock
surface were identified on the Saint Pierre bedrock hill (showing
glacial lineaments, Figs. 3A and 4A), testifying ice-front retreat. Few
kilometers upstream, we mapped a prominent (2-km long) lateral
moraine with micaschist boulders at the entrance of Valgrisenche
(tributary valley from Gran Paradiso massif; Fig. 4B). Finally,
opposite side of Saint Pierre hill, we identified boulders with
gneissic lithologies (Fig. 4A) with proposed rockslide origin. Nearby
this site, at the confluence between the DB river and Grand Eyvia
tributary (Fig. 4A), a fluviolacustrine succession (clayey, silty and
sandy layers) capping a rockslide deposit (diamicton; Fig. 2B) was
logged. This succession was previously related to early Holocene
valley damming by slope failure (Nicoud et al., 1999).

Lastly, in the uppper DB catchment close to Courmayeur (Fig. 1),
several key sites with a rich record of paleoglacial landforms/de-
posits were considered in this study. Trimlines and high-elevation
glacially-polished bedrocks were previously investigated in Val
Veny and Val Ferret (Porter and Orombelli, 1982; Coutterand and
Buoncristiani, 2006; Wirsig et al., 2016a, Figs. 3B and 5A). Erratic
boulders were identified on two lateral moraines at Courmayeur,
with a polished bedrock knob between them (right side of the DB
river; Fig. 3B and C, 5A and B; undated by previous studies). Up-
stream of Courmayeur, erratic boulders and lateral moraine ridges
have also been reported in the literature for the Val Veny (dated by
4

Le Roy, 2012, and Deline et al., 2015, Fig. 5A), as well as for the Val
Ferret (Porter and Orombelli, 1982; undated) where we investi-
gated a small morainic ridge (Chapy; Figs. 3D and 5C).

When not already available in the literature, geochronological
constraints of the above-mentioned landforms and deposits were
obtained in this study, using 10Be surface-exposure (erratic and
rockslide-transported boulders, polished bedrocks) and optically-
stimulated luminescence burial (fluvioglacial and fluviolacustrine
deposits) dating. Temporal and spatial distributions of the inves-
tigated landforms/deposits were then used to (1) reconstruct the
evolution of the DB paleo-glacier from the LGM to the early Holo-
cene, as well as to (2) assess postglacial slope dynamics along the
DB valley.

3. Methods

3.1. Geochronology

3.1.1. 10Be surface-exposure dating
Eighteen erratic/rockslide-transported boulders and four

glacially-polished bedrocks were sampled for 10Be surface-
exposure dating in four sites (Table 1, Figs. 1, 4 and 5). At the
entrance of the DB valley, two micaschist polished bedrocks were
sampled below the Chanton moraine (CHAN20_04 and 05; Fig. S1).
In the area of Saint Pierre (Fig. 4), five granitic erratic boulders
(STP19_01, 03, 04, 05, 06) and one quartz vein from calcschist
polished bedrock (STP19_02) were sampled on Saint Pierre hill
(Fig. 4A). In addition, we collected two gneissic rockslide-
transported boulders (POY19_01 and 02) on the DB valley right
flank (3 km south of Saint Pierre hill; Fig. 4A), and two micaschist
boulders from Valgrisenche lateral moraine (upstream of Saint
Pierre, VGRI19_01, 02; Fig. 4B). Close to Courmayeur, six granitic
boulders on top of the two lateral morainic ridges (VIL18_02, 03, 04,
06, 08, 09) and one polished bedrock knob (VIL18_01) were
investigated (Fig. 5B). Lastly, three erratic boulders (CHA_01, 02, 03)
were sampled on the Chapy moraine (Fig. 5C).

Samples were collected with saw, hammer and chisel from flat
surfaces on top of the boulders (minimum 1-m height) and in the
middle of polished bedrock outcrops. Sampled surfaces with
apparent minimal erosion and absence of soil coverage were cho-
sen (Gosse and Phillips, 2001). Samples were crushed and sieved to
isolate the 250e400 mm grainsize fraction. Modified procedures
based on Kohl and Nishiizumi (1992) were followed to isolate pure
quartz (Institute of Geological Sciences - University of Bern,
Switzerland). 10Be extraction was completed by adapting conven-
tional chemical treatments from Brown et al. (1991) and Merchel
and Herpers (1999) (GTC platform, ISTerre, - University Grenoble
Alpes, France). Measurements of 10Be/9Be ratios were performed at
ASTER French National AMS facility (CEREGE, Aix-en-Provence,
France; Arnold et al., 2010) and calibrated against the in-house Be
standard (10Be/9Be ratio 1.191 � 1011; Braucher et al., 2015).
Calculated 10Be concentrations (Table 1) were corrected for full
process blank 10Be/9Be ratios (see details in Table 1).

Calculation of 10Be surface-exposure ages were performed with
the online CREp program (Martin et al., 2017; https://crep.otelo.
univ-lorraine.fr/#/init). We also re-calculated 10Be surface-
exposure data from the literature (Gianotti et al., 2008, 2015; Le
Roy, 2012; Deline et al., 2015; Wirsig et al., 2016a; see Figs. 1 and
5A and S1 for locations and Table S3 for details). We used a 10Be
production rate by neutron spallation at sea-level and high-latitude
(SLHL) of 4.16 ± 0.10 at g�1 a�1 (from the Chironico landslide,
southern Swiss Alps, closest calibration site to our study area;
Claude et al., 2014), scaled at the sampling sites based on the LSDn
scaling scheme (Lifton et al., 2014). This scaling scheme integrates
corrections for atmospheric pressure and geomagnetic field

https://crep.otelo.univ-lorraine.fr/#/init
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Fig. 2. Luminescence dating sites with field photographs and output feldspar IR50 burial ages (see Fig. 1 for locations within the DB catchment). Colored dots indicate the sample
locations. More detailed pictures of each outcrop are reported in the Supplementary Material (Figs. S2, S3 and S4). A) Outcrop of gravel- and sandy-inclined layers from the Verbion
fluviolacustrine deposit. Red dashed lines enlcose the ~15-cm thick sandy layer (VEosl_01). For indication, the age of nearby sample VEosl_02 (sampling site not visble on this
picture, see Fig. S2) is also shown. B) Outcrop of Saint Pierre rockslide deposit (below the red dashed line) and fluviolacustrine sediments (STPosl_01 and 02, above the red dashed
line). C) Fluvioglacial sedimentary sections of La Plantaz, interpreted as kame terrace deposits. The red dashed line defines the unconformity between the lodgement till at the base
and the fluvioglacial strata on top. The folding of the fluvioglacial strata due to ice contact deformation is visible: from subhorizontal in the top right corner of the picture (samples
PLAosl_02 and 03) to strongly inclined (70� , N 210�) on the left (PLAosl_01). (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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fluctuations according to the ERA-40 reanalysis data set (Uppala
et al., 2005) and the Lifton-VDM2016 geomagnetic database
(Lifton, 2016). Topographic shielding corrections based on field
measurements were used in the calculations (Dunne et al., 1999).
An estimated erosion rate of 0.1 mm ka�1 was applied for 10Be age
correction (Andr�e, 2002; Deline et al., 2015; Wirsig et al., 2016a).
Although temporal and spatial variability in snow accumulation is
likely across the DB catchment, it is challenging to estimate. We
thus chose to maintain a uniform approach for the entire 10Be age
dataset, and did not apply any snow correction. Hence, the 10Be
calculated ages need to be considered as minimum exposure ages.

In order to provide chronological constraints for each landform/
deposit, we first assessed the degree of clustering of the individual
5

10Be ages. Normal kernel density estimate (KDE) of the individual
ages were graphically represented (modified code for synthetic
probability ideograms from https://depts.washington.edu/
cosmolab/pubs/gb_pubs/camelplot.m, based on Lowell, 1995).
Sets of 10Be ages for each landform were then categorized as well-
clustered or poorly-clustered, based on visual assessment. Indi-
vidual ages were sometimes considered as outliers and discarded,
based on the geomorphological and stratigraphic contexts (see
details and discussion in section 4.1.1). For well-clustered datasets,
individual age KDE were summed (Lowell, 1995) and the mode and
standard deviation of the summed KDE were considered as the
landform/deposit age with its respective error (because of the
skewness of the summed KDE, asymmetric errors were obtained).

https://depts.washington.edu/cosmolab/pubs/gb_pubs/camelplot.m
https://depts.washington.edu/cosmolab/pubs/gb_pubs/camelplot.m


Fig. 3. Field photographs of paleoglacial landforms and deposits sampled for 10Be surface-exposure dating (see Figs. 1, 4 and 5 for locations within the DB catchment). A) Granitic
erratic boulder (STP19_01) located on the Saint Pierre hill. B) View from Courmayeur towards the confluence of Val Veny and Val Ferret. VIL18_01 indicates the polished bedrock
knob located between the two morainic ridges, and Cou6-9 show the steep bedrock cliff above. C) Granitic erratic boulder (VIL18_02) sampled on the external moraine of
Courmayeur. D) Granitic erratic boulder (CHA19_01) sampled on the Chapy morainic ridge in Val Ferret (upstream of Courmayeur).
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For landforms with poorly-clustered datasets, individual ages were
considered separately when interpreting the landform/deposit age.

3.1.2. Optically-stimulated luminescence dating
Seven sandy samples were collected for luminescence burial

dating from the fluviolacustrine and fluvioglacial deposits of Ver-
bion (VEosl_01 and 02; Figs. 2A and S2), La Plantaz (PLAosl_01, 02
and 03; Figs. 2C and S3), and Saint Pierre (STPosl_01 and 02; Figs. 2B
and S4). Samples were collected in black plastic tubes and prepared
under subdued laboratory light, following standard procedures
(preparation details in Lowick et al., 2015). Quartz and feldspar
minerals from coarse grain fraction (100e250 mm depending on
samples) were isolated, however, due to the dim luminescence
signal and high feldspar contamination revealed by preliminary
measurements, quartz separates were not used for further analysis.
Feldspar luminescence measurements were conducted using both
small (1-mm) aliquots and single-grain discs in order to better
assess potential heterogeneous bleaching (i.e. incomplete resetting
of luminescence signal before deposition), common in paraglacial
deposits (Duller, 2008; Smedley et al., 2016).

All luminescence measurements were performed using a Risø
TL/OSLDA-20 equipped with a calibrated 90Sr/90Y beta source and a
single-grain attachment (Bøtter-Jensen, 1997; Institute of Geolog-
ical Sciences - University of Bern, Switzerland). Feldspar infrared
stimulation of small aliquots was performed with IR LEDs emitting
at 875 nm. For single-grain measurements, a 140 mW IR laser
emitting at 830 nm fitted with a RG-780 filter was used (Bøtter-
Jensen, 1997). Infrared-stimulated luminescence (IRSL) signals
were detected in the blue wavelength through a Schott BG-39 and
L.O.T.-Oriel D410/30 nm filter combination. Small-aliquot and
single-grain feldspar equivalent doses (De) were measured using
post-IR IRSL protocols (Buylaert et al., 2009; Reimann and
6

Tsukamoto, 2012). For samples VEosl_01e02 and STPosl_01e02, a
pIRIR225 protocol was applied (Buylaert et al., 2009; Tabs. S4A and
C). For samples PLAosl_01, 02 and 03 (PLAosl_02 only small-aliquot
measurements), De estimates were determined with a pIRIR150
protocol (Table S4B), in order to minimize thermal transfer pro-
cesses (Reimann and Tsukamoto, 2012).

Because of its better bleaching properties (Colarossi et al., 2015),
the IR50 signal was used for final age determination. Small-aliquot
and single-grain IR50 De distributions were analysed using the
Central Age Model (CAM; Galbraith et al., 1999) or, in case of partial
bleaching diagnosis, using the Finite Mixture Model (FMM;
Galbraith and Green, 1990). Significant partial bleaching was
considered in case of (1) large discrepancy between the small-
aliquot and single-grain De estimates, and (2) differences be-
tween IR50 and pIRIR225/pIRIR150 De estimates, (3) widely-spread
and multimodal De distributions (overdispersion OD>20% for
small aliquots and OD>30% for single-grain discs; Galbraith and
Roberts, 2012; Gaar et al., 2019). The FMM was run with sigma-b
values (sb; equivalent to expected OD for a well-bleached sam-
ple) of 0.2 for small aliquots and 0.3 for single-grain discs (Gaar
et al., 2019; Gribenski et al., 2018).

U, Th and K concentrations (Table 2) of bulk sediment were
measured using high-resolution gamma spectrometry (Depart-
ment of Chemistry and Biochemistry - University of Bern,
Switzerland; Preusser and Kasper, 2001) and were input in the
Dose Rate and Age Calculator (DRAC; Durcan et al., 2015) for dose
rate determination (Table 2). Fading measurements (g2days) were
conducted for each individual sample on small aliquots (3e10 per
sample) previously-used for De measurements (Auclair et al., 2003;
Kreutzer and Burow, 2020). Fading correction was performed ac-
cording to Huntley and Lamothe (2011) for both small aliquots and
single-grain discs FMM or CAM De estimates with the



Fig. 4. 10Be surface-exposure (color) and luminescence (black) ages from Saint Pierre and Valgrisenche sites (locations in Fig. 1; modified DEM from Regione Autonoma Valle
d'Aosta). A) Sample location and 10Be surface-exposure ages of erratic boulders and glacially-polished bedrock on Saint Pierre hill. At the outlet of the Grand Eyvia tributary, 10Be
surface-exposure ages of rockfall-derived boulders and luminescence ages of fluviolacustrine sediments are shown. B) Sample location and 10Be surface-exposure ages of the two
erratic boulders sampled on the lateral moraine of Valgrisenche. C) Individual (dashed lines) and summed (red continuous line) KDE of 10Be surface-exposure ages from Saint Pierre
hill erratics and polished bedrock (red dashed lines) and from Valgrisenche erratics (blue dashed lines). Only sample STP19_02 was excluded as outlier from the summed KDE (see
text for details). The mode and uncertainties of the summed KDE are reported. D) Individual (dashed lines) and summed (continuous lines) KDE of 10Be surface-exposure and
luminescence ages of postglacial samples at the outlet of Grand Eyvia tributary (rockfall-derived boulders in green, fluviolacustrine sediments in black). Modes and uncertainties of
the summed KDE are reported. (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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Luminescence R package (Kreutzer, 2020) before final age calcula-
tion (Table 2). Finally, the same approach as for 10Be surface-
exposure ages was applied for deriving deposit ages: sample indi-
vidual age KDEs were summed, when possible, and the mode and
standard deviation of the summed KDE were calculated (see sec-
tion 3.1.1 for details).
3.2. Paleoglacial reconstructions and equilibrium-line altitude
(ELA) calculations

Following the identification of distinct paleoglacial stages
within the DB catchment, ice-surface 3D geometry was recon-
structed for each stage, using a semi-automatic ArcGIS routine,
similar to the approach of the GlaRe ArcGIS toolbox (Pellitero et al.,
2016).

First, key landforms and deposits within the DB catchment
(Fig. 1 and Table S1) were grouped to define distinct stages of ice
retreat or stillstand/re-advance, based on their radiometric age
(10Be surface-exposure and luminescence burial dating), spatial
distribution and geomorphological significance. Second, for each
defined ice-front position, 2D ice-surface profiles were generated
7

using the Excel™ spreadsheet program Profiler v.2 (Benn and
Hulton, 2010), which is based on a steady-state solution of a
‘perfectly plastic’ ice model. We propagated the 2D ice profiles into
the DB valley and its major tributaries, using as ice-front and ice-
surface constraints the identified landforms/deposits grouped
into the same paleoglacial stage (Fig. 6, Table S1). Present-day
topography along the main hydrographic channels was used as
input for glacier bed topography (Fig. 6A). Shape-factor (f) values
were calculated along the DB valley and its tributaries as input in
the Profiler v.2model, in order to include the valley side-drag effects
on ice thickness (Benn and Hulton, 2010). We calculated f according
to Eq. (12) from Benn and Hulton (2010) for a total of 62 cross-
sections (13 in DB valley and 49 in tributaries; Fig. 6A). Between
each cross-section, f values along the main flow line were
computed by linear interpolation at 25-m interval. The Profiler v.2
model was run with glacier basal shear stress (t) values varying
between 50 and 100 kPa, selected according to the literature
(Cuffey and Paterson, 2010; Pellitero et al., 2016) and from best-
fitting approach between the modelled ice surface and our ice-
surface geomorphological constraints (Pellitero et al., 2016,
Fig. 6B; Table S1). We obtained 3D ice surfaces for individual



Table 1
10Be surface-exposure dating for samples collected in the present study. Samples are listed moving upstream from the IMA. Sample locations, topographic shielding,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 S2.

Sample
Name

Location WGS 84
(�N/�E)

Elevation
(m a.s.l.)

Topographic
shielding a

Sample
thickness (cm)

10Be/9Be blank corrected
(10�14 at g�1) b

10Be/9Be
uncertainty (%)

10Be concentration
(105 at g�1)

10Be exposure
age (ka) c

CHAN20_04 45.5792/7.7809 1134 0.990 2.5 8.86 3.24 1.49 ± 0.05 14.6 ± 0.6
CHAN20_05 45.5814/7.7800 1043 0.985 2.5 11.1 8.55 1.81 ± 0.15 19.0 ± 1.6
STP19_01 45.7172/7.2428 830 0.989 3.0 7.23 3.63 1.22 ± 0.05 15.4 ± 0.7
STP19_02 45.7158/7.2450 815 0.991 3.0 4.85 4.03 0.80 ± 0.03 10.3 ± 0.5
STP19_03 45.7163/7.2374 845 0.990 3.0 7.67 3.14 1.27 ± 0.04 15.9 ± 0.6
STP19_04 45.7181/7.2486 786 0.990 3.0 3.30 9.10 1.01 ± 0.09 13.3 ± 1.2
STP19_05 45.7178/7.2483 793 0.985 3.0 5.87 5.17 0.97 ± 0.05 12.9 ± 0.7
STP19_06 45.7142/7.2347 862 0.988 3.0 7.30 3.12 1.23 ± 0.04 15.1 ± 0.6
POY19_01 45.6953/7.2381 811 0.980 2.5 4.32 6.96 0.71 ± 0.05 9.4 ± 0.7
POY19_02 45.6953/7.2378 810 0.979 2.5 2.30 5.78 0.70 ± 0.04 9.2 ± 0.6
VGRI19_01 45.6777/7.1241 1601 0.984 3.0 13.17 4.94 2.65 ± 0.13 17.1 ± 0.9
VGRI19_02 45.6789/7.1259 1559 0.976 3.0 12.13 5.46 1.83 ± 0.10 12.8 ± 0.8
VIL18_01 45.7969/6.9649 1242 0.924 3.0 7.21 3.64 1.48 ± 0.06 14.2 ± 0.6
VIL18_02 45.7974/6.9644 1248 0.947 3.0 11.70 3.34 1.55 ± 0.05 14.4 ± 0.6
VIL18_03 45.7979/6.9643 1255 0.906 4.5 10.77 3.57 1.36 ± 0.05 13.3 ± 0.6
VIL18_04 45.7990/6.9643 1277 0.920 4.0 11.1 3.80 1.48 ± 0.06 14.0 ± 0.6
VIL18_06 45.7992/6.9646 1281 0.936 5.0 7.09 3.35 0.92 ± 0.03 8.6 ± 0.4
VIL18_08 45.7985/6.9650 1272 0.918 6.0 9.60 3.31 1.22 ± 0.04 11.8 ± 0.5
VIL18_09 45.7977/6.9653 1261 0.939 5.0 6.05 10.31 0.78 ± 0.08 7.4 ± 0.7
CHAP19_01 45.8225/6.9667 1458 0.966 2.5 2.38 7.68 0.40 ± 0.03 3.2 ± 0.3
CHAP19_02 45.8217/6.9665 1439 0.964 2.5 2.24 2.80 0.32 ± 0.02 2.6 ± 0.2
CHAP19_03 45.8216/6.9666 1432 0.964 2.5 1.60 2.15 0.24 ± 0.03 1.9 ± 0.3

a Topographic shielding correction according to Dunne et al. (1999).
b 10Be/9Be ratios of batch-specific analytical blanks used for the correction are 6.3 ± 0.7 � 10�15 (CHAN samples), 5.4 ± 0.6 � 10�15 (VIL samples), 6.2 ± 0.6 � 10�15

(POY19_01 and STP samples except STP19_04), 5.9 ± 0.6 � 10�15 (STP19_04, POY19_02), and 5.5 ± 1.0 � 10�15 (VGRI and CHAP samples).
c Ages are reported with external uncertainties (i.e. including both analytical errors and production-rate uncertainties). Ages were calculated with a SLHL10Be production

rate of 4.16 ± 0.10 at g�1 a�1 (Claude et al., 2014) and LSDn scaling scheme (Lifton et al., 2014) and considering an estimated surface erosion rate of 0.1 mm ka�1 (Andr�e, 2002).
No snow-cover correction was applied.

Table 2
Details of luminescence dating on single grains (all samples except PLAosl_02) and small-aliquots (PLAosl_02), using feldspar IR50 signal. Analytical details and measurement
protocols are given in Table S4.

Sample Coordinates
(WGS84, �N/�E, and
elevation, m a.s.l.)

Radionuclide concentration Total dose
rate (Gy
ka�1)a

Total
number of
aliquots/
grains

CAMb

uncorrected
De (Gy)

ODa

(%)
FMMc

uncorrected
De (Gy)

g2days
(%/decade)

CAM* or FMM
fading-
corrected De

d

(Gy)

Age (ka)

U (ppm) Th (ppm) K (%)

VEosl_01 45.7425/7.6141/464 1.01 ± 0.11 3.92 ± 0.07 0.61 ± 0.01 2.0 ± 0.2 43 56.0 ± 11.3 96.7 27.2 ± 2.7 1.7 ± 0.8 31.9 ± 4.3 16.0 ± 2.7
VEosl_02 45.7433/7.6134/479 0.94 ± 0.26 4.14 ± 0.15 0.64 ± 0.01 2.0 ± 0.1 109 41.7 ± 2.7 63.3 26.0 ± 1.6 2.8 ± 0.8 34.6 ± 4.1 17.3 ± 2.7
PLAosl_01 45.7407/7.4300/571 1.54 ± 0.23 8.59 ± 0.43 1.14 ± 0.06 2.9 ± 0.2 159 114.3 ± 17.9 86.6 46.0 ± 3.9 3.2 ± 0.6 64.4 ± 7.4 21.5 ± 2.6
PLAosl_02 45.7409/7.4303/580 2.75 ± 0.16 10.26 ± 0.29 1.53 ± 0.02 3.7 ± 0.2 24 32.6 ± 0.7 9.7 / 3.7 ± 0.4 48.1 ± 2.5* 13.1 ± 1.1
PLAosl_03 45.7409/7.4307/584 1.72 ± 0.13 8.39 ± 0.31 1.04 ± 0.01 2.9 ± 0.2 153 155.6 ± 10.8 85.5 46.1 ± 4.6 3.1 ± 0.6 63.9 ± 8.1 21.7 ± 2.9
STPosl_01 45.7042/7.2325/640 3.41 ± 0.23 10.05 ± 0.13 1.27 ± 0.02 3.6 ± 0.2 156 36.7 ± 1.3 42.3 28.1 ± 2.9 2.8 ± 0.6 37.3 ± 4.7 10.2 ± 1.4
STPosl_02 45.7042/7.2325/640 2.92 ± 0.18 9.89 ± 0.21 1.57 ± 0.02 3.8 ± 0.2 118 37.9 ± 1.8 47.8 31.6 ± 1.4 3.1 ± 0.5 43.5 ± 3.2 11.5 ± 1.0

Samples were collected at 0.3e2.5 m depth below the surface. Coarse-grain fraction of 200e250 mmwas isolated for samples VEosl_01, 02, and PLAosl_01, 03, 100e200 mm for
PLAosl_02, 150e200 mm for STPosl_01, 02.

a Dose rate calculations were performed with DRAC (Durcan et al., 2015), assuming water content of 10 ± 5%, an internal K-content of 12.5 ± 0.5% (Huntley and Baril, 1997)
and an alpha efficiency value of 0.15 ± 0.05 (Balescu and Lamothe, 1994).

b CAM ¼ Central Age Model, OD ¼ overdispersion of De distribution (Galbraith et al., 1999).
c FMM ¼ Finite Mixture Model (Galbraith and Green, 1990). It was applied for De distributions with OD > 30%. A sigma-b (sb) value of 0.3 was used. Results obtained with 2

(STPosl_02), 3 (VEosl_02, STPosl_01) and 4 (VEosl_01, PLAosl_01, 03) multiple components were selected. No FMM was run for PLAosl_02, due to the low OD in the De

distribution.
d For all the samples except PLAosl_02, fading-corrected FMM Des are reported. For PLAosl_02, the fading-corrected CAM De is shown.
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paleoglacial stage by interpolating the reconstructed 2D ice sur-
faces along the DB valley and the main tributaries in ArcGIS using
the Topo to Raster tool (Pellitero et al., 2016). In addition, we
included in the interpolation the present-day glaciers as ice-surface
constraints (GlaRiskAlp Project, http://www.glariskalp.eu), based
on the assumption of continuous ice coverage at high elevations
since the LGM.

Lastly, equilibrium-line altitudes (ELAs) were estimated for the
different reconstructed 3D ice extents. Paleo-ELAs have often been
used as paleoclimatic proxy, as ELA (corresponding to the null
8

mass-balance elevation) is primarily controlled by winter precipi-
tation (governing ice accumulation) and summer air temperature
(governing ice ablation) (e.g. Benn and Lehmkuhl, 2000; Pellitero
et al., 2015; Protin et al., 2019; Baroni et al., 2021). In line with
previous studies, we used three different methods to estimate
paleo-ELAs (Benn and Lehmkuhl, 2000): the Toe-to-Headwall
Altitude Ratio (THAR), the Accumulation Area Ratio (AAR), and
the Area-Altitude Balance Ratio (AABR). For all three approaches,
we adopted typical ratio values representative for alpine glaciers.
For the THAR calculation, we assumed that the ELA lies at 40% of the

http://www.glariskalp.eu


Fig. 5. Compilation of 10Be surface-exposure ages in the upstream DB catchment (modified DEM from Regione Autonoma Valle d'Aosta), from this study (circles) and literature
(triangles). A) Sample locations and re-calculated 10Be surface-exposure ages of erratic boulders and polished bedrocks from literature studies. Font colour differentiates landforms/
deposits. In orange and green, respectively, high- (around 2400 m a.s.l.) and low- (around 2000 m a.s.l.) altitude polished bedrocks fromWirsig et al. (2016a). In pink, erratics on till
deposits at the entrance of Val Veny (Deline et al., 2015). In light blue, erratics from the Miage morainic amphitheatre (Le Roy, 2012). Black boxes highlight the two morainic
complexes of Courmayeur and Chapy from the present study (panels B and C, respectively). B) Sample locations and 10Be surface-exposure ages of the polished bedrock knob
(VIL18_01) and the erratic boulders from the external (red) and internal (blue) morainic ridges of Courmayeur. C) Sample locations and 10Be surface-exposure ages of the three
erratic boulders sampled on the Chapy morainic ridge. D) Individual (dashed lines) and summed (continuous lines) KDE of 10Be surface-exposure ages from the upstream DB
catchment. Same colour code as in panels A, B and C. The modes and uncertainties of the summed KDE are reported. Sample VIL18_08 was excluded from the summed KDE of the
Courmayeur internal moraine, and two separated KDEs have been calculated for Miage erratics (see 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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altitudinal range between the lowest and highest altitude of the
paleoglacier (Benn and Lehmkuhl, 2000). AAR and AABR calcula-
tions were computed using the GIS toolbox from Pellitero et al.
(2015) and the reconstructed 3D ice surface as input. For the AAR
approach, a value of 0.67 was assumed for the ratio of the accu-
mulation area to the paleoglacier total area (Pellitero et al., 2015).
For the AABR method, we used a balance ratio (i.e. ratio between
the accumulation and ablation gradients; Osmaston, 2005) of 1.59
(average value for the European Alps; Rea, 2009).

ELA depression (DELA) for each reconstructed paleoglacial stage
was calculated as the difference from the average LIA ELA, deter-
mined from four glaciers in the Val Ferret and Val Veny (Lex
Blanche, Miage, Triolet, and Pr�e de Bard glaciers; Figs. 6A and S5),
9

wich are representative of the upstream DB catchment. 3D ice-
surface reconstructions for LIA glaciers were obtained through
the above-mentioned GIS routine, using the ice-corrected bedrock
DEM (Viani et al., 2020) as glacier bed input, and fitting the ice
extent to the LIA moraines (GlaRiskAlp Project, http://www.
glariskalp.eu).
4. Results

4.1. Geochronology

10Be surface-exposure ages obtained (Table 1) or recalculated
(Table S3) in the present study are shown in Figs. 4, 5, S1 (for the

http://www.glariskalp.eu
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Fig. 6. Inputs and fitting of Profiler v.2 (Benn and Hulton, 2010) for paleoglacial reconstructions. A) Location of modern hydrographic channels (black lines) used as glacier bed input,
and of the cross sections in the DB valley (blue segments) and tributaries (red segments) for which shape factors (f) were calculated. Present-day glaciers (GlaRiskAlp Project, http://
www.glariskalp.eu) are mapped in light blue. In yellow are the LIA extents of glaciers with ELA estimates (Fig. S5). DEM Regione Piemonte and Regione Autonoma Valle d'Aosta,
downscaled to 25-m resolution. B) 2D ice-surface profiles for Stage 1 (ice front at the IMA) obtained for the main DB hydrographic channel (bed topography upstream of the
confluence in Courmayeur was chosen following the Val Veny), for spatially-constant or -varying valley shape factor (f), and different shear stress (t) values. Ice-surface geomorphic
markers for Stage 1 are shown (same legend as for Fig. 1) and helped to constrain shear stress value. (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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specific key sites) and S6 (as a summary for the entire DB catch-
ment). Luminescence dating results are shown for each sedimen-
tary deposit in Fig. 2, with details provided in Table 2 and Fig. 7. We
focus on the De results obtained with the FMM on single-grain
feldspar IR50 measurements (except for sample PLAosl_02 for
which we used small aliquots and the CAM was applied), since
these allowed to identify the best-bleached populations of the
investigated sediments. The full details of luminescence results
(IR50, pIRIR225 or pIRIR150 on both single grains and small aliquots)
are shown in the Supplementary Material (Tabs. S5, S6 and S7). We
report below landform/deposit ages obtained, when possible, as
the mode of summed KDE from individual 10Be surface-exposure
and luminescence ages (see section 3.1.1 for details). For clarity,
we listed the geochronological outcomes in geographical order
from piedmont to the internal DB valley (increasing distance from
the IMA; Fig. 1).

For the piedmont area, four age clusters were distinguished,
between the IMA and the entrance of the DB valley (newly-ac-
quired or recalculated 10Be surface-exposure ages from Gianotti
et al., 2015, 2008; Fig. S1 and Table S3). From one internal IMA
morainic ridge, two boulders provided 10Be surface-exposure ages
between 30 and 40 ka (landform age of 36.0�4.5þ4.9 ka; Fig. S1). For
erratics on the Ivrea hills, an apparent age of 25.8�5.0þ1.6 ka was
obtained (Fig. S1). 10Be surface-exposure ages of 14.6 ± 0.6 and
19.1 ± 1.6 ka were obtained for the two polished bedrocks below
the Chanton moraine (CHAN20_04 and 05, respectively; Fig. S1).
CHAN20_04 provided a relatively young age that may reflect late
exhumation compared to the age of abandonment of the Chanton
moraine or significant erosion, and was not considered further in
the discussion. Finally, a landform age of 19.0�1.4þ1.5 ka was recal-
culated for the Donnas glacially-polished bedrock at the outlet of
the DB valley (Fig. S1).

In the central part of the DB catchment, luminescence burial
ages of 16.0 ± 2.7 and 17.3 ± 2.7 ka were obtained within the flu-
violacustrine succession of Verbion (VEosl_01 and 02, respectively,
summed KDE mode of 16.7�2.8þ2.7 ka; Figs. 2A, 7A-B). Two lumi-
nescence ages around 22 ka (PLAols_01 and PLAols_03, summed
10
KDE mode 21.6�2.7þ2.7 ka) and a younger luminescence age of
13.1 ± 1.1 ka (PLAosl_02) were calculated for La Plantaz deposits
(Figs. 2C and 7C-E).

In Saint Pierre and Valgrisenche areas, two groups of 10Be
surface-exposure and luminescence ages could be differentiated
(Fig. 4). Glacially-polished bedrock and granitic erratics from Saint
Pierre hill (STP19_01e06; Fig. 4A) and micaschist boulders from
Valgrisenche moraine (VGRI19_01, 02; Fig. 4B) cluster around
15.4�2.8þ0.9 ka (Fig. 4C). Sample STP19_02 (10.3 ± 0.5 ka) was not
included in the summed KDE calculation as it appears as an outlier
with a much younger age (confirmed by chronological constraints
upstream in the DB valley, see Fig. 5 for details), potentially due to
post-depositional shielding processes (Heyman et al., 2011).
Petrological investigations suggest a Mont-Blanc origin of the
granitic boulders from Saint Pierre hill, implying deposition by the
main DB glacier and not by the southern tributaries, as for the
micaschist boulders on the Valgrisenche moraine (Fig. 1). The other
age cluster in Saint Pierre area is represented by the rockslide-
derived and fluviolacustrine deposits at the outlet of Grand Eyvia
tributary, showing respectively a 0Be surface-exposure age of
9.3�0.6þ0.7 ka (POY19_01 and POY19_02; Fig. 4A and D) and a
luminescence age of 11.2�1.8þ1.0 ka (STPosl_01 and STPosl_02;
Figs. 3B and 4A and D). Petrological investigations exclude a Mont-
Blanc provenance of POY19_01 and 02 gneissic boulders, and sup-
ports a more local origin.

In the DB upstream catchment, 10Be surface-exposure ages were
grouped in seven landform clusters (Fig. 5). Polished bedrock
samples from Wirsig et al. (2016) are distinguished in two groups,
based on their altitude distribution. Samples at 2400e2500 m a.s.l.
(Cou1-4, 10, 11) have recalculated ages ranging from ca. 13 to 17 ka
(summed KDE mode 14.4�1.0þ2.4 ka; Fig. 5A and D). Recalculated
ages for samples at 1900e2000 m a.s.l. (Cou6-9) cluster at
13.5�0.6þ0.9 ka (Fig. 5A and D). Our new 10Be surface-exposure ages
from the external moraine of Courmayeur (VIL18_01e04, polished-
bedrock knob and erratic boulders; Fig. 5B) are well clustered with
a summed KDE mode at 14.1�0.8þ0.9 ka (Fig. 5B and D). The internal
moraine provided poorly-clustered 10Be surface-exposure ages,

http://www.glariskalp.eu
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Fig. 7. Feldspar IR50 (single-grain for all samples except small-aliquot for PLAosl_02) De distributions. All the data shown are non-fading corrected. FMM summed distributions are
shown with black continuous lines (all obtained with sb ¼ 0.3, except CAM distribution for PLAosl_02). Red and blue vertical bars show the FMM and CAM De, respectively, which
were subsequently fading corrected and used for burial age calculation (Table 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

E. Serra, P.G. Valla, N. Gribenski et al. Quaternary Science Reviews 282 (2022) 107446
potentially reflecting post-depositional moraine degradation as
observed in the field. We thus calculated a summed distribution
only for samples VIL18_06 and 09, providing 8.5�1.5þ0.3 ka (Fig. 5B
and D). However, stratigraphic and geomorphic observations do not
allow to discard sample VIL18_08 (11.8 ± 0.5 ka), which therefore
will be also considered in the further discussion. Recalculated 10Be
surface-exposure ages from Val Veny (erratic boulders BRENVA-9
and 10; Deline et al., 2015) cluster at 10.6�0.4þ0.6 ka (Fig. 5A and
D). Finally, the erratics on the Chapy moraine (CHAP19_01e03)
provided 10Be surface-exposure ages of 2e3.5 ka (2.6�0.8þ0.5 ka;
Fig. 5C and D), similar to recalculated 10Be surface-exposure ages
from two morainic ridges of the Miage amphitheatre (MIA01 from
11
outer moraine at 4.2 ± 0.3 ka; MIA02-04 from inner moraine at
3.1�0.4þ0.2 ka; Fig. 5A and D; Le Roy, 2012).

4.2. Paleoglacial reconstructions and ELA calculations

Based on our geochronological results (section 4.1), glacial
landforms/deposits identified along the DB catchment (Fig. 1) were
sorted in six groups, each defining a DB ice stage from the LGM to
the early Holocene (Fig. 8 and Table S1). In addition, landforms/
deposits with no radiometric dating were associated to a defined
ice stage based on their geomorphology and relative stratigraphy.
Stage 1 (ca. 36 ka) includes landforms and deposits interpreted to
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be associated to the LGM (or pre-LGM) extent of the DB glacier
system: the IMA morainic ridges (Gianotti et al., 2015, 2008;
Fig. S1), the Chanton lateral moraine (this study; Gianotti and
Forno, 2017), the Chenez and Selva Plana till deposits (Dal Piaz
et al., 2008), and the trimlines from Val Veny (Wirsig et al., 2016;
Coutterand and Buoncristiani, 2006). The IMA morainic ridges
provide a constraint for the DB ice front maxima, while all other
landforms/deposits provide minimum estimate for the paleo-ice
surface (Fig. 8A). Erratic boulders on the Ivrea hills and valley-
floor polished bedrock at Donnas (Gianotti et al., 2015, 2008;
Fig. S1) constrain the ice front position of Stages 2 (ca. 25 ka) and 3
(ca. 19 ka), respectively (Fig. 8A). The polished bedrocks below
Chanton (CHAN20_05)were not used as ice-surface constraints, but
interpreted as minimum age for ice-surface lowering (see discus-
sion in section 5.1). Upstream in the DB catchment, Saint Pierre hill
erratics and polished bedrock (Fig. 4A) and Valgrisenche lateral
moraine (Fig. 4B) were correlated to the high-elevation polished
bedrocks in Val Veny (Cou1-4,10,11, Fig. 5A;Wirsig et al., 2016) and
grouped into Stage 4 (ca. 15 ka). The Saint Pierre hill deposits
constrain the paleo-ice front, and the latter two landforms
constrain the paleo-ice surface (Fig. 8B). The external moraine of
Courmayeur (ice-front position; Fig. 5B) and the polished bedrocks
above Courmayeur (ice-surface elevation; Cou6-9, Fig. 5A; Wirsig
et al., 2016) were grouped into Stage 5 (ca. 14 ka; Fig. 8B). Stage 6
(ca. 10 ka) includes the internal moraine of Courmayeur (Fig. 5B)
and erratic boulders at the entrance of Val Veny (Fig. 5A; Deline
et al., 2015), giving constraint to the ice front and surface, respec-
tively (Fig. 8B). The Chapy and Miage moraines (upstream of
Courmayeur), with their late Holocene chronology, were not
included in any DB ice stage but rather used to investigate the
timing of disconnection between the Val Veny and Val Ferret
glaciers.

Fig. 8 shows the six paleo-glacial profiles obtained with Profiler
v.2. A basal shear stress value (t) of 65 kPa was selected, in order to
best fit the ice-front and -surface constraints representative of
Stage 1. The obtained paleoglacial profile precisely matches the
elevation of Chanton moraine and Chenez till deposit, while it
Fig. 8. 2D ice-surface profiles obtained with Profiler v.2 (Benn and Hulton, 2010) for the six i
the confluence in Courmayeur was chosen following the Val Veny), using different glacier
(same legend as for Fig. 1), with their geochronological results, if available. Chronology and
(Chapy moraine and Miage morainic amphitheatre) are not represented, since they were n
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overestimates the two other geomorphic constraints (Selva Plana
till deposits and Val Veny trimlines 5.1). Paleoglacial profiles for
Stages 2, 3, and 6 were also generated with a t value of 65 kPa. For
Stages 4 and 5, an increased t value to 100 kPa was necessary to
best-fit the observed landform/deposit constraints.

3D ice-surface reconstructions (Fig. 9) show the progressive
decrease in both glacier extent and thickness throughout the six
paleoglacial stages. ELA estimates from the AABR, AAR and THAR
methods are shown in Figs. 9e11 and in Table 3. A trend of
increasing ELA values is evident with the THAR method, especially
from Stage 3 on (absolute values vary from 2090 to 2642 m a.s.l.). A
general increasing trend can also be observed for the AABR ELAs
(absolute values vary from 2103 to 2523 m a.s.l.). However, Stages 3
and 6 (2308 and 2473 m a.s.l., respectively) have sligthly lower
values than their preceding Stages 2 and 5 (2322 and 2523 m a.s.l.,
respectively). No clear trend in ELA variation with ice-stage
configuration can be observed for ELAs computed with the AAR
method (absolute values vary from 2203 to 2428 m a.s.l.). For the
LIA, average ELA values of 2888 ± 99, 2851 ± 93, and 2725 ± 139 m
a.s.l. were obtained with the AABR, AAR, and THAR methods
respectively (Fig. S5), leading to the DELA values summarised in
Table 3.

5. Discussion

5.1. Post-LGM deglaciation history

By combining geomorphic and geochronological constraints
with 2D ice-surface reconstructions, we identified a sequence of six
(pre-)LGM to early Holocene ice stages for the DB glacial system
(Figs. 8 and 9). Two assumptions were made when grouping
landforms/deposits into one specific paleoglacial stage. First, for
geomorphic markers without radiometric chronology (e.g. glacial
till, trimline), we associated them to a given paleoglacial stage
based on stratigraphic or geomorphic relationship(s). Second, we
distinguished different ice dynamics for each paleoglacial stage
based on the hypothesis that morainic ridges (e.g. IMA, Chanton,
dentified ice stages in the main DB hydrographic channel (bed topography upstream of
basal shear stress (t) values. Ice front and surface geomorphic constraints are shown
paleoglacial reconstruction for Stages 1e3 (A) and Stages 4e6 (B). Holocene landforms
ot considered in the paleoglacial reconstructions.



Fig. 9. 3D ice-surface reconstructions and ELA estimates of the six (pre-)LGM-Lateglacial ice stages of the DB glacier system (raster files available in the Zenodo online data re-
pository; https://doi.org/10.5281/zenodo.5704342). Ice configurations were obtained through interpolation of 2D ice surface profiles from the DB valley (Fig. 8) and its main
tributaries. Landforms/deposits used as ice-front constraints are represented (same legend as in Fig. 1). Tributary glaciers were not reconstructed after disconnecting from the main
DB glacier. Reported ELAs were calculated with the ABBR, AAR, and THAR methods. Insets in panels E and F show enlargements of Stages 5 and 6 (located by red rectangle in each
panel). (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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Courmayeur; Fig. 1, S1 and 5) indicate a standing/re-advancing
glacier, while erratic block fields (e.g. Ivrea hills, Saint Pierre;
Fig. 1, S1 and 4) and polished bedrocks (e.g. Donnas, Saint Pierre,
Courmayeur; Figs. 1, S1, 4 and 5) evidence ongoing ice retreat/
thinning. In this latter case, steady-state conditions (i.e. perfect
plastic ice rheology) assumed for 2D ice-surface reconstructions are
13
not completely fulfilled, leading to potential ice-surface over-
estimation. However, we tried to compensate this effect by varying
the basal shear stress between different paleoglacial stages (see
section 4.2 for details).

Our six reconstructed paleoglacial stages along the DB valley are
consistent with previously-reported post-LGM glacier history from

https://doi.org/10.5281/zenodo.5704342


Fig. 10. Dora Baltea LGM to early Holocene paleoglacial stages in comparison with Alpine speleothems d18O climatic records. Chronology and ELA estimates of the different ice
stages are based on the landforms/deposits dating constraints and paleoglacial reconstructions (Figs. 8 and 9). For stage 6, two possible chronology estimates are reported as
discussed in section 5.1. ELA estimates (circles, right y-axis) are reported with the AABR and THAR method (orange and green circles respectively; Table 3). d18O record (colored lines,
left y-axis) are compiled from Luetscher et al. (2015; 30.0 to 14.7 ka; green line), Li et al. (2021; 15.2 to 10.2 ka; grey line), and Regattieri et al. (2019; 9.7 to 7 ka; blue line). Black
dotted lines define the temporal limits of the main Lateglacial climatic events (Stanford et al., 2011; Heiri et al., 2014b; Li et al., 2021). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. ELA fluctuations and glacier hypsometry changes between different ice stages of the DB glacier system. A) 2D ice-surface profiles and calculated AABR, AAR and THAR ELA
values, for the six stages (Fig. 9). B) Ice-surface hypsometry together with AABR (orange lines) and AAR (yellow lines) ELA values of Stages 1, 4, and 6. (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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other Alpine regions, as discussed below. Furthermore, when
comparing our deglaciation history with speleothems climatic re-
cords (Luetscher et al., 2015; Regattieri et al., 2019; Li et al., 2021), a
connection appears between DB glacier oscillations and post-LGM
Alpine climatic variability (Fig. 10).

Stage 1 (Fig. 9A) represents a possible maximum-extent of the
DB glacier during the Last Glacial period, slightly pre-dating the
global LGM. From pedostratigraphic investigation (Gianotti et al.,
2008, 2015), the most external ridges of the IMA were already
built during the penultimate glaciation (MIS 6). However, the
recalculated 10Be surface-exposure ages of ca. 36 ka (Fig. S1) from
more internal IMA ridges alternatively suggest a possible ice re-
advance during MIS 3. The IMA might thus result from multiple
14
ice-advance episodes throughout the Late Pleistocene, with latest
ice-maxima reached during the MIS 3, similar to other pre-LGM
maximum ice extents reported in the southwestern Alps (Ivy-
Ochs et al., 2018; Gribenski et al., 2021). Stage 2 (ca. 25 ka;
Fig. 9B), defined by the ice front at the Ivrea hills (Fig. S1), coincides
with the global LGM and represents an intermediary ice configu-
ration during early retreat (Gianotti et al., 2008, 2015). Stage 3 (ca.
19 ka; Fig. 9C), with the ice front located in Donnas (Fig. S1), rep-
resents the post-LGM DB glacier which already abandoned the IMA
and retreated within the mountain front, while other glacial sys-
tems in the Southern and Central Alps were still occupying the
Alpine piedmonts at that time (Ravazzi et al., 2014; Ivy-Ochs et al.,
2018; Braakhekke et al., 2020; Kamleitner et al., 2022). Moreover,



Table 3
Paleo-ELA and DELA estimates from present and literature studies. For each ice stage identified in the present study, ELA and DELA computed with the AABR, AAR and THAR
methods are reported. DELAs were calculated as difference between the average LIA ELA values of Lex Blanche, Miage, Triolet, and Pr�e de Bard glaciers (last row of this table,
Fig. S5 ) and the absolute ELA estimate of each ice stage reconstruction (Fig. 9). Ice front positions are indicated as distance from the IMA (Fig. 1). For each ice stage except Stage
2, a compilation of ELA and DELA values from the literature is reported for comparison and discussion (only ELA or DELA values are indicated when the original reference does
not report both values).

Ice
stage

Potential
Alpine ice stage

Ice front position (km)
and elevation (m a.s.l.)

AABR ELA
(m a.s.l.)
and DELA
(m)

AAR ELA
(m a.s.l.)
and DELA
(m)

THAR ELA
(m a.s.l.)
and DELA
(m)

ELA (m a.s.l.) or DELA (m) from the literature

Stage
1

LGM or pre-
LGM

0/212 2103/
�785

2203/
�648

2090/�635 - Alps DELA compilation ¼ �1000 to �1500 m (AAR method; Ivy-Ochs, 2015)
- Maritime Alps ELA¼ 1845 or 1700m a.s.l. (DELA�996 or�1100m; AABR and AAR
methods, respectively; Federici et al., 2016)

- DB Valley tributary ELA ¼ 1535 m a.s.l. (AAR; Forno et al., 2010)
- Susa Valley (western Italian Alps) ELA ¼ 1600 m a.s.l. (Ivy-Ochs et al., 2018)
- Toce Valley (central Italian Alps) ELA ¼ 1500 m a.s.l. (Braakhekke et al., 2020)
- Durance Valley (southern French Alps) ELA ¼ 1800 m a.s.l. (THAR method; Jorda
et al., 2000)

- Clar�ee Valley (Southern French Alps) ELA ¼ 2100e2200 m a.s.l. (THAR method;
Cossart et al., 2012)

Stage
2

Late-LGM 32/242 2322/
�566

2272/
�579

2071/�654

Stage
3

Early
Lateglacial

52/325 2308/
�580

2258/
�593

2123/-602 - Maritime Alps ELA¼ 1873 or 1733m a.s.l. (DELA�968 or�1077m; AABR and AAR
methods, respectively; Federici et al., 2016)

- Arve glacier (French Western Alps) DELA ¼ �830 m (THAR method; Coutterand
and Nicoud, 2005)

Stage
4

Gschnitz stadial 143/613 2428/
�460

2428/
�423

2405/�320 - Eastern Alps DELA ¼ �600 to �700 m (AAR method; Ivy-Ochs et al., 2006)
- Maritime Alps ELA¼ 1964 or 1809m a.s.l. (DELA�877 or�1001m; AABR and AAR
methods, respectively; Federici et al., 2016)

Stage
5

Daun stadial 187/1195 2523/
�365

2373/
�478

2642/�83 - Alps DELA compilation ¼ �400 to �500 m (AAR method; Ivy-Ochs, 2015)
- Maritime Alps ELA ¼ 2016 or 1956 m a.s.l. m a.s.l. (DELA �825 or �854 m; AABR
and AAR methods, respectively; Federici et al., 2016)

Stage
6

Egesen or early
Holocene
stadial

187/1195 2473/
�415

2273/
�578

2642/�83 - Alps Egesen ELA compilation ¼ 1812e3270 m a.s.l. (AAR method; Baroni et al.,
2021 and references therein)

- Egesen ELA within or close to the DB catchment (Fig. 1):
- Gran Paradiso group: 2160 ± 25 to 3300 ± 20 (DELA 262 m) or 2180 ± 20 to
3270 ± 15 (DELA 280 m) m a.s.l. (AABR and AAR method; Baroni et al., 2021 and
references therein)
- Mont Blanc group: 2523 (DELA 215) or 2648 (DELA 105) or 2442 (DELA 311) m
a.s.l. (AABR and AAR method and ice model; Protin et al., 2019)

- Monte Rosa group: 2750 m a.s.l. (AAR method; Gross, 1977)
- Maritime Alps Egesen ELA: 2217/2368 or 2207/2305 m a.s.l. (DELA -624/-473
or �603/-505 m; AABR and AAR methods, respectively; Federici et al., 2016)

- Maritime Alps early Holocene ELA: 2411/2640 or 2358/2617 m a.s.l. (DELA -420/-
201 or �452/-193 m; AABR and AAR methods, respectively; Federici et al., 2016)

LIA 2888 ± 99 2851 ± 93 2725 ± 139 - Alps LIA ELA compilation ¼ 1973e3310 m a.s.l. (AAR method; Baroni et al., 2021
and references therein)

- LIA ELA within or close to the DB catchment (Fig. 1):
- Entire DB catchment: 2845 ± 165 m a.s.l. (AAR method; Vanuzzo, 2001)
- Gran Paradiso group: 2590 ± 10 to 3300 ± 10 or 2590 ± 10 to 3310 ± 5 m a.s.l.
(AABR and AAR method; Baroni et al., 2021 and references therein)

- Mont Blanc group: 2738 or 2753 or 2753 m a.s.l. (AABR and AARmethod and ice
model; Protin et al., 2019) and 2702 ± 117 m a.s.l. (AARmethod; Vanuzzo, 2001)

- Monte Rosa group: 2903 ± 170 m a.s.l. (AAR method; Vanuzzo, 2001)
- Maritime Alps ELA ¼ 2841 or 2810 m a.s.l. (AABR and AAR methods, respectively;
Federici et al., 2016)
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polished bedrock below Chanton moraine provide a similar 10Be
age as Donnas (ca. 19 ka), suggesting that ice retreat/thinning be-
tween Stages 2 and 3 occurred rapidly during early Lateglacial (i.e.
ice thinning of around 800 m in the downstream DB valley; Figs. 8
and 9).

No paleoglacial reconstructionwas performed between Stages 3
and 4 (Fig. 9C and D), since neither ice-front geomorphic nor
stratigraphic marker could be clearly identified and dated along
this ~90-km long section of the DB valley. The absence of paleo-
glacial record is probably a consequence of the rapid ice retreat
occurring during the early Lateglacial (Ivy-Ochs, 2015) along the
overdeepened DB valley (Nicoud et al., 1999). However, both Ver-
bion and La Plantaz sedimentary deposits provide relative
15
minimum-age constraints on the DB glacier retreat (Fig. 1). In La
Plantaz, fluvioglacial gravel and sandy strata laying on top of
lodgment till were deposited at the end of the LGM (ca. 21 ka;
Fig. 2C), probably at themargin of a decaying DB glacier (Stage 3; no
ice-thickness constraint in La Plantaz). Similar ice-margin contact
deposits (i.e. kame terrace) synchronous to early ice decay were
described along the DB valley flanks (Giardino, 2005; Gianotti et al.,
2008) and in the Eastern Alps (Reitner, 2007). The depositional age
of Verbion fluviolacustrine succession indicates that ice withdrawal
occurred before ca. 17 ka ago at this site (Fig. 2A; further discussion
about Verbion paraglacial slope dynamics in section 5.3). Finally,
we propose a tentative interpretation for La Plantaz fine sediments
(PLAosl_02, 13.1 ± 1.1 ka; Fig. 2C) as aeolian deposits remobilized
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from proglacial outwash and deposited on top of the kame terrace
succesion. Such hypothesis would further support ice retreat well
upstream from La Plantaz already occurring before ca. 13 ka.

Stage 4 represents the DB ice front located in Saint Pierre, ca. 15
ka ago (Fig. 9D or S7). This ice-extent configuration could corre-
spond to the Alpine Gschnitz stadial (ca. 16 ka; Ivy-Ochs et al.,
2006), a Lateglacial stage of glacier stillstand/re-advance poten-
tially associated to the Heinrich 1 cooling event (Stanford et al.,
2011, Fig. 10). At this time, the DB glacier was potentially still con-
nected to the Gran Paradiso southern tributaries (Fig. 9D), as sug-
gested by the similar chronology of the erratic boulders on the Saint
Pierre hill and Valgrisenche moraine (Fig. 4C). Alternatively, the
Gran Paradiso and DB glaciers may have been already disconnected
at the Gschnitz stadial (Fig. S7), but additional age constraints from
the outlet of the southern tributaries would be needed to confirm
this hypothesis. Whereas the lateral moraine in Valgrisenche gives
a precise ice-surface constraint for Stage 4 configuration, the erratic
boulders on Saint Pierre hill rather likely indicate the onset of DB
glacier retreat after the Gschnitz stadial. Likewise, the high-
elevation polished bedrocks upstream of Courmayeur (Fig. 5A)
most probably highlight post-Gschnitz ice thinning, in agreement
with exposed polished bedrocks in the Mont Blanc massif
(Lehmann et al., 2020). Several observations indicate that Saint
Pierre site became ice free by at least ~12e14 ka ago: DB glacier in
Courmayeur for Stages 5e6, Gran Paradiso glaciers in their internal
catchments (Baroni et al., 2021), and active slope processes shortly
following on site (further discussion in section 5.3).

In the Courmayeur area (most internal sector of the DB catch-
ment, Mont Blanc massif), Stages 5 and 6 (Fig. 9E and F) were
reconstructed with similar frontal positions (external and internal
lateral moraines, respectively; Fig. 5B) but different ice thicknesses,
constrained respectively by polished bedrocks and upstream er-
ratics in Val Veny (Figs. 5A and 8). Despite the similar ice-extent
reconstructions, our chronological data indicate at least two
different periods of ice stillstands/re-advances, following the sig-
nificant ice retreat from Saint Pierre (Stage 4). We propose that the
DB glacier retreated from Stage 4 during the early Bølling-Allerød
interstadial (Fig. 10; Heiri et al., 2014b). Potentially, Stage 5 (ca. 14
ka) could record an ice stillstand/re-advance related to a short
cooling interval within the Bølling-Allerød interstadial (Older Dryas
stadial or Aegelsee Oscillation, Fig. 11; Lotter et al., 1992; Samartin
et al., 2012; Li et al., 2021). Within the Alpine Lateglacial chronol-
ogy, Stage 5 could thus correspond to the Daun stadial (Ivy-Ochs,
2015), previously suggested as the “Courmayeur advance” by
Porter and Orombelli (1982) with very similar reconstruction of
paleo-ice extent (Fig. 9E). We suppose that the low-elevation pol-
ished bedrocks above Courmayeur (Cou6-9 from Wirsig et al.,
2016a, Fig. 5A) were ice covered during Stage 4, and exposed dur-
ing the Bølling ice retreat/thinning, with no subsequent covering
during the Daun stillstand/re-advance (i.e. limited ice thickening
during Stage 5; Fig. 8B). The age overlap between Cou6-9 polished
bedrocks and Courmayeur external moraine boulders can possibly
reflect late surface exhumation or sediment cover for Cou6-9
samples (as also proposed by Wirsig et al., 2016a).

The interpretation of Stage 6 (Fig. 9F) is less straightforward,
since our 10Be surface-exposure ages for the Courmayeur internal
moraine are dispersed (two clusters at ca. 12 and 8.5 ka; Fig. 5).
When considering VIL18_08 moraine boulder and Val Veny erratics
(summed KDE at 10.7�0.4þ1.2 ka), Stage 6 appears as a glacier
stillstand/re-advance in response to the Younger Dryas cold phase
(YD, Fig. 10; Heiri et al., 2014b). The Courmayeur internal moraine
would therefore be an example of Egesen stadial (Ivy-Ochs, 2015),
as documented in several Alpine localities including nearby sites in
the Mont Blanc and Gran Paradiso massifs (Protin et al., 2019;
Baroni et al., 2021 and references therein). The Val Veny erratics
16
would instead indicate ice decay following the YD stillstand/re-
advance. Alternatively, based on our second age cluster at ca. 8.5
ka, Stage 6 could represent an early Holocene ice re-advance (e.g.
Schimmelpfennig et al., 2012; Kerschner et al., 2006; Nicolussi and
Schlüchter, 2012). However, distinguishing between these events
remains challenging, considering the resolution and uncertainty of
10Be surface-exposure dating and potential late exhumation for
VIL18_06 and 09moraine boulders. Thus, based on stratigraphy and
geomorphology, none of these two interpretations can be
discarded.

Finally, we propose that Val Ferret and Val Veny glaciers were
still connected during both Stages 5 and 6. Porter and Orombelli
(1982) supposed that during the Egesen re-advance (referred to
as the “Planpincieux advance”) the Val Veny and Val Ferret glaciers
were disconnected, with the Val Ferret glacier building its terminal
moraine at Planpincieux (~1.5 km upstream and 200 m higher than
the Chapy moraine; Fig. 5A), and the Brenva glacier front (Fig. 5A)
reaching Courmayeur. Our Stage 6 ice front fits with this last
proposition, but in the absence of dating of the terminal moraine at
Planpincieux, the hypothesis of Val Ferret and Val Veny glaciers still
connected during Stage 6 cannot be discarded. The only age
constraint obtained in Val Ferret is the late Holocene (~3 ka) age for
the Chapy moraine (Fig. 5C) which could be associated to a Neo-
glacial re-advance of Mont Fr�ety and Rochefort glaciers (small
hanging glaciers above Chapy), similarly recognized for the nearby
Miage glacier (Le Roy, 2012) and for other Alpine sites as G€oschener
I Oscillation (ca. 3.0e2.3 ka; Ivy-Ochs et al., 2009; Schimmelpfennig
et al., 2012, 2014). Alternatively, a late-exhumation hypothesis from
an older Holocene moraine deposited by a larger Val Ferret glacier
cannot be fully excluded, as suggested by the distance between the
Chapymoraine and present-day local glaciers, the apparent smooth
ridge morphology, and the scatter in boulder exposure ages
(Fig. 5C). In this case, the disconnection between Val Ferret and Val
Veny glaciers would be contemporaneous to the Chapy moraine
formation which, even considering a late-exhumation, should
clearly postdate the YD.

5.2. Paleoglacial reconstructions and ELA fluctuations

Our paleo-ELAs, using the THAR, AAR and AABR empirical
methods, present significant variability per paleoglacial stage (up to
~370 m elevation difference) and different trends throughout the
deglaciation sequence (i.e. pronounced ELA increase with the
THAR, moderate increase with the AABR, and almost constant ELAs
with the AAR; Figs. 9 and 11, Table 3). The observed differences are
related to the principles behind the three empirical methods. THAR
paleo-ELA estimates only reflect the ice-front elevation increase
during ice retreat, which becomes especially pronounced from
Stage 4 on, when the ice-front retreats within the steeper and
upper catchment (Figs. 9 and 11A). On the other hand, the AAR and
AABR paleo-ELA estimates depend on the ratio between low-
altitude (ablation) and high-altitude (accumulation) glacier areas.
In our reconstructions, ice retreat and thinning in the low-altitude
area (ablation) is weighted by ice thinning also in the high-altitude
areas (Figs. 8 and 11B), resulting in general moderate to minor
changes in paleo-ELAs using AABR (2103e2523 m a.s.l.) and AAR
(2203e2428 m a.s.l.) methods.

Beyond the ELA inter-method variability, the general moderate
ELA sensitivity compared to the significant ice decay (~180 km of
ice-front retreat; Fig. 11A) during the DB Lateglacial stages is
compelling. We acknowledge that our approaches for ice-surface
reconstruction present potential uncertainties which could in part
explain the observed paleo-ELA trends. First, as explained in pre-
vious sections, our geomorphological approach did not allow for a
distinction between ice stillstand or re-advance for the considered
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paleoglacial stages; however, both stages reflect significant inter-
ruption phases within the overall post-LGM trend DB glacier
withdrawal, likely in response to Lateglacial climatic events. Then,
2D ice-surface profiles were obtained assuming constant shear-
stress and steady state conditions using limited geomorphic
markers as constraints. 3D ice surfaces were realized through
geometric interpolation (with smoothing effect sometimes over-
estimating ice surface at the glacier front; e.g. Stage 1, Fig. 9A) and
assuming synchronous ice fluctuations between the different
tributaries. Lastly, glacier size, geometry and connectivity can also
influence selected AAR values (Nesje, 1992; Pellitero et al., 2015). In
our study, we used a constant AAR of 0.67 (typical for alpine glacier)
for all paleoglacial stages, which might be inaccurate for early
stages (Stages 1e4; Fig. 9). When adopting AAR value of 0.8 (more
typical for large ice caps; Pellitero et al., 2015) for Stages 1e4, AAR
paleo-ELA estimates indeed decrease by 200e400 m. However,
besides the methodological issues highlighted above, we relate the
moderate ELA changes in the DB catchment mainly to (1) the
Lateglacial paleoclimate and to (2) the large size, complex topog-
raphy and connectivity of the DB glacial system.

When compared with paleoclimate speleothems d18O records
used as a proxy for regional climatic evolution (Fig. 10), the trend of
relatively stable ELA during the early stages of deglaciation and
with a clear ELA rise (pronounced for the THAR or moderate for the
AABR) from Stage 4 is consistent with the relatively limited increase
in temperature at the LGM-Lateglacial transition, followed by the
pronounced warming of the Bølling-Allerød interstadial (14.6e12.8
ka; Fig. 11). However, the DELA estimates (~700 m) during the early
deglaciation stages appears significantly smaller compared to other
existing estimates across the Alps (Table 3; DELA values between
1000 and 1500 m a.s.l.) and to estimates from inverse modelling
studies conducted in the European Alps (1200e1700 m; Vi�snjevi�c
et al., 2020), while for Stages 5e6, our paleo-ELA estimates fit
within the range of paleo-ELA and DELA values reported from other
Alpine studies: Daun (Stage 5, AAR DELA ¼ �400 to �500 m; Ivy-
Ochs, 2015), and Egesen to early Holocene (Stage 6, AAR
ELA ¼ 2160e3300 m a.s.l.; Baroni et al., 2021 and references
therein; Federici et al., 2016).

We therefore propose that while DB paleo-ELAs reflect first-
order changes in climatic conditions, external factors exert a sig-
nificant limiting control on this signal, related to the large size,
complex connectivity and topographic settings of the DB glacial
system in the early stages of deglaciation (Stages 1e4). The DB
glacial system is highly branched (i.e. many junctions from tribu-
tary catchments; Fig. 9) and expands across several topographic
domains (i.e. from high-elevation steep reliefs, to low-elevation
flattish valley floor and ultimately into the piedmont area). The
prominent ice-front retreat along the low-lying valley floor (Stages
1e4 Fig. 11A) is associated to a limited change of ice-front elevation.
In addition, ice loss appears similar between low and high eleva-
tions (Fig. 11B), therefore implying limited ELA variations despite
pronounced ice withdrawal. Stage 4 appears as a transition period,
and our proposed ice reconstruction already suggests an ELA rise
(Fig. 10) when considering both the main DB glacier system and
Gran Paradiso tributaries (Fig. 9D). However, as explained in section
5.1, we cannot exclude the potential disconnection between the DB
and Gran Paradiso glacier systems already during the Gschnitz
stadial (Fig. S7), resulting in lower ELA estimates (by 100e150 m)
that would then be similar to Stage 3. On the contrary, Stages 5e6
are characterized by pronounced ice-front changes in elevation
along the steeper topography, with larger ice loss at low elevations
(Fig. 11B), resulting in ELA increase (except when considering AAR
approach). During these late deglaciation stages, the DB glacier,
similar to Alpine glacial systems, has retreated in the internal
massifs and evolved towards simpler mountain valley glacier
17
leading to paleo-ELA results similar to the literature (Table 3). We
compared our paleo-ELA estimates with those from the Maritime
Alps (Federici et al., 2016), providing similar approach for post-LGM
paleo-glacier reconstructions and paleo-ELA estimates (Table 3).
Despite differences in ELA absolute values, the trends in AAR and
AABR paleo-ELAs throughout the successive deglaciation stages are
similar between the DB catchment and the Maritime Alps, with
limited paleo-ELA fluctuations (~150 m) in the early Lateglacial
(LGM to Daun), when the reconstructed Gesso Valley glacier is
highly-branched and retreats along a low-lying valley floor, and
significant increase in paleo-ELA (~800 m) for the simple and steep
valley glacier reconstructed for the Egesen stadial and the Holocene
(Federici et al., 2016). Altogether, these observations suggest that
paleo-ELA estimates for large-complex glacial systems, such as the
LGM-Lateglacial DB glacier, are significantly influenced by the
topography, and their sensitivity as paleoclimatic proxy might
therefore be limited (Nesje, 1992; Pellitero et al., 2015).

We showed and discussed above the potential contribution of
multiple factors (climate, topography, ELA variability across large
and complex catchments) influencing paleo-ELAs reconstructions.
More geomorphic constraints on paleoglacier geometry (both on
ice front and surface), as well as more sophisticated ice-flow
modeling for ice reconstruction and paleo-ELA quantification
(Harper and Humphrey, 2003; Blard et al., 2007; Protin et al., 2019;
Mey et al., 2020; Reixach et al., 2021) are therefore required when
investigating complex glacial systems. Empirical ELA approaches
applied in this study have instead shown to produce good paleo-
ELA estimates when applied to mountain valley glaciers with
simple geometry and connectivity (e.g. Bolch and Loibl, 2017),
whose ELA can therefore be considered as dominantly-controlled
by paleoclimate conditions and used as paleoclimate proxies. In
this latter case, paleo-precipitation could also be estimated, based
on paleo-temperature proxies and on the Ohmura empirical rela-
tionship between temperature and precipitation at the ELA
(Spagnolo and Ribolini, 2019; Rea et al., 2020). However, given the
inferred uncertainties in paleo-ELA estimates and scarcity of paleo-
temperature proxies in the study area, we considered such
approach outside the scope of the present study.

5.3. Post ice-retreat slope dynamics

Slope-failure processes following deglaciation have been docu-
mented in several Alpine localities (Cossart et al., 2008; Zerathe
et al., 2014; Schwartz et al., 2017; Ivy-Ochs et al., 2017; Serra
et al., 2021). However, their causalities still remain debated (e.g.
Bigot-Cormier et al., 2005; McColl, 2012), with slope events
occurring soon after deglaciation being interpreted as paraglacial
processes caused by topographic glacial conditionning and post-ice
retreat debutressing (e.g. Cossart et al., 2008; Gr€amiger et al., 2017;
Serra et al., 2021), while other slope events occurring several ka
after ice withdrawal have been suggested to rather result from
climate warming and permafrost degradation (Cossart et al., 2008;
Schwartz et al., 2017), hydrological perturbation (Zerathe et al.,
2014), or even seismic events (Gr€amiger et al., 2016). Lumines-
cence and 10Be dating results from fluviolacustrine deposits (Ver-
bion and Saint Pierre) and rockslide-transported boulders (Saint
Pierre) give time constraints to two major slope collapse events
occurring in the DB valley. Although both investigated events
postdate the DB glacier withdrawal, they clearly differ in terms of
time elapsed between their occurrence and local deglaciation
timing, implying potentially different triggerring mechanisms
(Sanchez et al., 2010).

The fluviolacustrine succession of Verbion (Figs. 1 and 2A) was
previously interpreted as deposited within a rockslide-dammed
lake (Mont Avi rockslide, DB right valley side, downstream of
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Verbion; Giardino, 2005a). Our luminescence ages suggest sedi-
mentation occurring at ca. 17 ka ago, therefore soon after the early-
Lateglacial DB glacier retreat from Donnas (Stage 3, ca. 19 ka) to
Saint Pierre (Stage 4, ca. 15 ka). This large rockslide event can thus
be interpreted as paraglacial slope collapse, potentially caused by
debutressing of the steep valley sides following deglaciation (e.g.
Cossart et al., 2008; McColl, 2012).

The rockslide-transported boulders and fluviolacustrine de-
posits of Saint Pierre (Figs. 1 and 4A) show instead an early-
Holocene age (ca. 9e11 ka), and fit well with the wood-derived
14C age of 9240 ± 60 years BP from a nearby debris flow deposit,
downstream of the confluence between the DB river and Grand
Eyvia tributary (Nicoud et al., 1999, Fig. 4A). This chronology sug-
gests that landslides from both the left (schist-boulder deposit
underneath the fluviolacustrine succession; Fig. S4A; Nicoud et al.,
1999) and right (POY19_01e02, gneissic boulders) DB valley flanks
would have occurred ca. 4e5 ka after ice withdrawal at this site,
when the DB and Gran Paradiso glaciers had already retreated in
their internal catchments. Therefore, these slope-failure events are
probably not from paraglacial origin, but could have been triggered
by post-YDwarming and associated permafrost degradation, as also
proposed for other Alpine early-Holocene gravitational events (e.g.
Ivy-Ochs et al., 2017). However, other possible causes (e.g. litho-
logical fracturing; Forno et al., 2012) cannot be excluded.

6. Conclusions

By combining existing and newly-acquired chronological con-
straints (10Be surface-exposure and luminescence burial dating)
from glacial and postglacial landforms/deposits into 2D and 3D ice-
surface reconstructions, our study provided a (pre-)LGM to early-
Holocene deglaciation sequence for the Dora Baltea glacial system
(western Italian Alps). We quantitatively reconstructed the timing
and ice-configuration of six subsequent ice retreat and stillstand/
re-advance stages, consistent with post-LGM glacier fluctuations
described in other Alpine sectors and temporally correlated with
Alpine climate oscillations.

Paleo-ELA estimates calculated with different approaches
resulted in some variability for each reconstructed paleoglacial
configuration, and showed contrasting evolution patterns
throughout the successive deglaciation stages, with a general
moderate ELA sensitivity during the early stages of deglaciation.
Besides the uncertainties arising from our ice-reconstruction
approach, we propose that the inter-methods ELA variability and
general ELA-sensitivity trend can relate to the progressive transi-
tion of the DB glacier system in terms of ice configuration (from
large and multi-branched ice system to simple and smaller valley
glaciers) and topographic settings (from open and flat low-
elevation valley floor to steep and constrained upper catch-
ments). More geomorphic constraints on ice geometry as well as
more sophisticated ice-flow modeling for ice reconstruction are
therefore required to obtain more precise and representative ELA
estimates for such large and complex glacial systems.

Finally, we also provided chronological constraints for two
major slope-collapse events, occurring in the DB valley after ice
withdrawal. Potential different triggering mechanisms were pro-
posed for the two events, based on the time difference between
their occurrence and the local deglaciation.
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