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ABSTRACT

We present new chronological data and Equilibrium Line Altitude (ELA) information for palaeoglaciers in the
Maritime Alps during the Last Glacial Maximum (LGM) and the early deglaciation. Three relatively small
catchments were investigated to test if the response of small (1-10 km?) glaciers to LGM climatic forcing was
distinguishable from that of larger glacial systems. Palaeoglacier geometries and ELAs were reconstructed using
geomorphological evidence and toolboxes in a geographic information system. Chronological control was pro-
vided through 1°Be surface exposure dating of erratic boulders located on frontal and lateral moraine ridges. Our
data indicate two phases of glacier advance or stabilisation in the Maritime Alps, the first occurring at ca. 25 to
24 ka and the second at ca. 20.5 to 19 ka. This is consistent with ages that have been reported from larger outlet
lobes along the south-western Alpine fringe, where the second LGM advance is usually preserved in the form of a
recessional moraine. Within the uncertainty of the dating technique, there are no distinguishable differences
between the responses of small and large Alpine glaciers to the LGM climate. The reconstructed ELAs for
palaeoglaciers in the Maritime Alps indicate a considerable variability, which appears to be linked to differences
in received solar radiation, from ca. 1600 m a.s.l. for north-facing cirque glaciers to almost 2000 m a.s.l. for
glaciers with a southerly aspect. We argue that such influence of solar radiation needs to be considered when
using ELAs for palaeoclimatic inferences at regional scales. The calculated ELAs are up to 450 m higher than
those in the northern Apennines or the Corsican mountains, indicating a relatively dry LGM climate on the Italian
side of the Maritime Alps.

1. Introduction

implications for studying glacier fluctuations in a palaeoclimatic context
(Kirkbride and Winkler, 2012), with smaller glaciers potentially repre-

Mountain glaciers respond dynamically to climatic changes, as their
mass balances and Equilibrium Line Altitudes (ELAs) are controlled by
variations in temperature and precipitation (Ohmura et al., 1992;
Ohmura and Boettcher, 2018). The response of a glacier to a change in
climate, however, can depend on its size and hypsometry. Short and
steep mountain glaciers can adjust to a climatic forcing in a matter of a
few years to decades (Johannesson et al., 1989; Oerlemans, 2007; Raper
and Braithwaite, 2009). Larger glacial systems such as ice caps, on the
other hand, may take much longer to transfer a change in accumulation
into a terminus advance (Johannesson, 1986; Paterson, 1994). This has
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senting a preferred target to constrain the chronology of past climatic
changes (Reuther et al., 2011).

The Last Glacial Maximum (LGM) can be defined as the period be-
tween ca. 26.5 and 19 ka, during which globally many glaciers and ice
sheets were at their largest extent (Clark et al., 2009). During the LGM,
the European Alps (from hereon: the Alps) saw the evolution of a
complex palaeoglacier network with ice domes in the inner parts of the
Alps that fed large outlet glaciers, some of which advanced beyond the
Alpine front (Ehlers and Gibbard, 2004; Bini et al., 2009; Seguinot et al.,
2018; Ivy-Ochs et al.,, 2022; Monegato et al., 2022). The LGM
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Fig. 1. Location of the Maritime Alps with respect to the western Alpine arc and the Mediterranean Sea. The dashed white line represents the outline of the Maritime
Alps according to Marazzi (2005). The extent of Fig. 2 is marked with a red rectangle. Underlying elevation data: EU-DEM v. 1.1. (https://land.copernicus.eu/).
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chronology in the Alps is mainly based on the study of end-moraine
systems that were built by these advancing glaciers, with surface
exposure (Gianotti et al., 2008; Reber et al., 2014; Federici et al., 2017;
Ivy-Ochs et al., 2018; Braakhekke et al., 2020; Kamleitner et al., 2022,
2023; Ribolini et al., 2022a; Roattino et al., 2022), radiocarbon (Jorda
et al., 2000; Ivy-Ochs et al., 2004; Monegato et al., 2007, 2017; Ravazzi
et al., 2012), or luminescence dating (Preusser et al., 2007; Gaar et al.,
2019; Gribenski et al., 2021), providing absolute age control. These
studies have demonstrated that, with few exceptions (e.g., Gribenski
et al., 2021), glaciers across the Alps reached their maximum extent
between ca. 28 and 19 ka, in line with the global LGM during Marine
Isotope Stage (MIS) 2.

Smaller valley glaciers and ice caps also existed marginal relative to
the largest ice masses, such as in the pre-Alpine mountains along the
southern fringe of the Alps (Baratto et al., 2003; Forno et al., 2010;
Monegato, 2012; Rettig et al., 2021, 2023). The geomorphological evi-
dence (i.e., lateral and frontal moraines) related to these marginal gla-
ciers contains important palaeoclimatic information, as it can be used to
reconstruct palaeoglacier 3D-geometries and ELAs (Pellitero et al.,
2015, 2016), the latter providing quantitative information on temper-
ature and precipitation at the time of moraine formation (e.g., Chandler
and Lukas, 2017; Rea et al., 2020; Rettig et al., 2023). So far, however,
moraines in the pre-Alpine mountains along the southern Alpine fringe
have been attributed to the LGM only through stratigraphical and
morphological means. Due to the lack of absolute age control, it has
remained unclear if marginal glaciers responded synchronously to the
larger Alpine outlet lobes, or if they adjusted more rapidly to changes in

/\» Moraines (maximum extent

(
/\» Moraines (
/.- Catchment outlines

. [ Study sites

-

8
400 ey — M

)

recessional phase)

3300 M\~ Rivers

Elevation (m a.s.l.)

Quaternary Science Reviews 325 (2024) 108484

the LGM climatic forcing, as it is suggested by data from the northern
face of the Alps (Reuther et al., 2011). A systematic comparison between
the chronologies of large and small Alpine palaeoglaciers in a defined
geographical area remains to be tested.

The Maritime Alps are located at the south-westernmost end of the
Alpine arc (Fig. 1). As a result of their geographic location, close to the
Gulf of Genoa, the climate in this region is influenced not only by
westerly circulation but also by cyclogenesis in the Mediterranean Sea
(Ribolini et al., 2022a), which was likely a key driver for the evolution of
LGM glaciation in the Alps (Florineth and Schliichter, 2000; Luetscher
et al., 2015; Monegato et al., 2017; Kamleitner et al., 2022). A better
understanding of the chronology and ELAs of palaeoglaciers in the
Maritime Alps can therefore also help to decipher the regional LGM
climate and precipitation patterns.

The aims of this study are: (1) to constrain glacier advances in three
small catchments across the Maritime Alps by means of '°Be surface
exposure dating, strengthening the regional LGM chronology; (2) to
evaluate if smaller glaciers reacted to the LGM climate forcing in the
same way/at the same time as did larger glacial systems in the south-
western Alps; and (3) to reconstruct the 3D-geometries and ELAs of
these glaciers to gain further insights into the LGM climate in the Alpine
and Mediterranean regions.
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Fig. 2. Topographic map of the north-eastern part of the Maritime Alps. In the Gesso and Stura valleys, the positions of moraine ridges, related to the LGM maximum
extent (ca. 25 to 24 ka) and a late LGM recessional phase (ca. 19 ka), are indicated following Federici et al. (2012, 2017), and Ribolini et al. (2022a). The black
rectangles refer to the extents of the geomorphological maps for the present study sites: (1) Costa Ganola (Fig. 3), (2) Caramagne (Fig. 4), and (3) Limonetto (Fig. 5).

The location of the Palanfre weather station (for reference meteorological data) is also indicated. Underlying elevation data: RIPRESA AEREA ICE 2009-2011 - DTM
5 (https://www.geoportale.piemonte.it/cms/) and RGE ALTI DTM (https://geoservices.ign.fr/).
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2. Study area
2.1. Geographical overview

The Maritime Alps (Italian: Alpi Marittime; French: Alpes Mari-
times) represent the south-westernmost extent of the European Alps
(Fig. 1). Their main divide follows the border between the Italian
region of Piemonte and the French department of Alpes-Maritimes
and reaches elevations of over 3000 m a.s.l. (highest peak: Cima
Argentera, 3297 m a.s.l.). The Maritime Alps represent the watershed
between the tributaries of the Tanaro River and the upper Po Plain in
the north (draining towards the Adriatic Sea) and the Ligurian Sea
(Gulf of Genoa) in the south. The northern (Italian) side comprises
three main fluvial catchments (Fig. 2): the Stura di Demonte Valley
(from hereon: Stura Valley), the Gesso Valley, and the Vermenagna
Valley. The southern (French) side encompasses the Roya, Vésubie,
and Tinée valleys. The large-scale morphology and drainage pattern
of the Maritime Alps are a result of late Alpine tectonics with major
fault systems oriented in a NW-SE direction (Ribolini, 2000; Musu-
meci et al., 2003; Ribolini and Spagnolo, 2008). Bedrock lithologies
comprise both crystalline rocks of the Argentera Massif (granites,
gneisses, migmatites) and a late Carboniferous to Cenozoic sedi-
mentary cover including limestones, dolomites, quartzites, and
sandstones (Malaroda et al., 1970).

Mean annual air temperature at the ARPA Piemonte (https://www.
arpa.piemonte.it/) automatic weather station Palanfre (1625 m a.s.l.,
see Fig. 2) was 6.7 °C for the period 2002-2022, with July being the
hottest (mean of 15.6 °C) and January the coldest (mean of —0.8 °C)
month. Precipitation is bimodal with peaks in spring (April/May) and
autumn (November). Mean annual precipitation (1971-2008) is around
1300-1500 mm yr_1 (Alpine Precipitation Grid Dataset, Isotta et al.,
2014), which is lower than in other parts of the south-western Alps and
the northern Apennines (Isotta et al., 2014; Crespi et al., 2018). In the
mountains, above 1500 m a.s.l., much of the winter (December-April)
precipitation falls as snow and snow accumulation can exceed 0.5 m in
those months (ARPA Piemonte).

2.2. Glacial history

The Maritime Alps have been shaped by Pleistocene glaciations,
resulting in the widespread presence of glacial landforms such as cir-
ques, parabolic-shaped valleys, polished bedrock, and moraine ridges
(see Federici et al., 2003 for a detailed geomorphological map). Surface
exposure ages exist for a number of glacial oscillations including the
LGM, which was dated for the Stura and the Gesso palaeoglaciers, the
two largest valley glaciers on the Italian side of the Maritime Alps
(reconstructed surface areas: ca. 399 km? and ca. 204 km?). Both gla-
ciers reached their maximum LGM extent at around 25 to 24 ka,
recorded by moraines ridges in the lowermost valley tracts (Fig. 2;
Federici et al., 2012; Federici et al., 2017; Ribolini et al., 2022a). In both
valleys, a second generation of moraines can be found a few kilometres
upstream. These moraines were dated to ca. 19 ka, indicating a later
phase of glacier advance or stabilisation at the end of the LGM (Federici
etal., 2017). During the Late Glacial period, the Stura and Gesso glaciers
receded into the upper reaches of their catchments interspersed with
temporary advances such as during the Egesen Stadial (Federici et al.,
2008; Spagnolo and Ribolini, 2019). Further retreat followed after the
Little Ice Age (Federici and Stefanini, 2001) and presently only small
niche glaciers and firn patches remain at altitudes above 3000 m a.s.L.,
predominantly in shaded, north-facing cirques (Federici and Pappa-
lardo, 2010).

Fewer chronological data exist for the LGM on the French side of the
Maritime Alps, partly due to the lack of clear frontal moraines in the
Tinée and Vésubie valleys (Rolland et al., 2020). According to Julian
(1980), the LGM Vésubie Glacier reached Saint-Martin while the Tinée
Glacier extended past the gorge downstream of Isola (see Fig. 2;
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Bigot-Cormier et al., 2005). No numerical ages constrain the maximum
glacier expansion, but the onset of deglaciation after the LGM likely
occurred between 22 and 18 ka, as suggested by bedrock exposure ages
in the upper Tinée Valley (Darnault et al., 2012; ages recalculated by
Rolland et al., 2020).

Smaller LGM glaciers, in the order of 1-10 km?, existed marginal to
the main valley glaciers and also in the lower-elevated Vermenagna and
Roya valleys, where LGM glaciers remained confined to the upper parts
of their catchments (cf. Julian, 1980). The first surface exposure ages for
a landform related to these marginal glaciers (Bergemolo moraine, Stura
catchment) were recently published by Ribolini et al. (2022a). They
point to a glacial maximum around 22 ka; however, the three reported
ages display a relatively large spread, and more data is needed to
construct robust chronologies at the regional scale.

3. Methods
3.1. Geomorphological survey

A geomorphological survey, aided by topographic maps, aerial
photographs, and LiDAR-based digital elevation models (DEMs, ground
resolution of 5 m, acquired 2009-2011), was carried out to identify
potential study sites in the French and Italian Maritime Alps. The data
were retrieved from the geoportals of the Piemonte Region (htt
ps://www.geoportale.piemonte.it/cms/) and the French National
Institute of Geographic and Forest Information (IGN, https://geoservice
s.ign.fr/). Existing geomorphological maps were used to identify glacial
deposits and landforms in the Gesso, Stura, and Vermenagna valleys
(Spinicci, 1994; Federici et al., 2003). The geological map by Malaroda
et al. (1970) was consulted to evaluate which catchments contained
quartz-bearing lithologies, suitable for the application of °Be surface
exposure dating. Based on this initial survey, the three field sites of Costa
Ganola (Gesso catchment), Caramagne (Roya catchment), and Limo-
netto (Vermenagna catchment) were chosen for a more detailed inves-
tigation (see Fig. 2). These sites are characterised by the presence of
well-preserved moraine ridges, marginal to the larger LGM glacier sys-
tems. Field work at the sites was carried out in October 2021 both to
obtain ground control for the geomorphological survey and to collect
samples for surface exposure dating.

3.2. Surface exposure dating

A total of 15 samples were collected from erratic boulders located on
lateral and frontal moraine ridges at all three sites for °Be surface
exposure dating. The boulders were selected according to a range of
criteria, most importantly their size (protruding at least 1 m from the
ground) and a central and stable position on the moraine crestline
(Ivy-Ochs and Kober, 2008). The sampling was restricted to lithologies
that contained macroscopic quartz grains in sufficient quantity, which
included both migmatites and quartzites (Malaroda et al., 1970). Flat
boulder surfaces without evidence of spalling or anthropogenic
reworking were chosen for sampling and depressions were avoided to
preclude extensive snow cover. In several instances, the presence of
quartz veins protruding from the surrounding rock demonstrated that
the surfaces have been subject to prolonged periods of weathering. The
material was collected from the boulder surfaces either with an angle
grinder or manually using a hammer and chisel. Details on the sampled
boulders are listed in Table 1.

The rock samples were crushed and dry-sieved to a grain size of
<800 pm using a mechanical jaw crusher (Retsch BB 50) at the
Department of Geosciences, University of Padua. Subsequently, they
underwent chemical treatment at the Laboratory of Ion Beam Physics,
ETH Zurich, according to standardised methods (see Kohl and Nishii-
zumi, 1992; Ivy-Ochs, 1996). This included selective dissolution of the
material in hydrochloric acid (HCl) and several times in weak (4%)
hydrofluoric acid (HF) to isolate quartz grains from the mineral


https://www.arpa.piemonte.it/
https://www.arpa.piemonte.it/
https://www.geoportale.piemonte.it/cms/
https://www.geoportale.piemonte.it/cms/
https://geoservices.ign.fr/
https://geoservices.ign.fr/

L. Rettig et al.

assemblage. For each sample, approximately 15-20 g of purified quartz
was then dissolved in concentrated (48%) HF along with 250 pg of a
°Be-carrier. The dissolved samples were passed through exchange resins
to remove unwanted ions and Be was isolated via pH-selective precipi-
tation (Kronig et al., 2018).

10Be concentrations were measured with accelerator mass spec-
trometry (AMS) in the 0.3 MV MILEA system at the Laboratory of Ion
Beam Physics, ETH Zurich (for details see Christl et al., 2013). The
measurements were performed against the in-house standard S2007N
(calibrated against the 07KNSTD, Nishiizumi et al., 2007) and recalcu-
lated with a blank correction of (2.98 + 1.24)*1071°. Exposure ages
were then computed with the CRONUS-Earth Calculator (Balco et al.,
2008) using the Northeastern North America (NENA) calibration dataset
with a constant 1°Be production rate of 3.87 + 0.19 atoms g~ ! a™?
(Balco et al., 2009), a rock density of 2.7 g cm’s, and the scaling scheme
for spallation of Lal (1991) and Stone (2000). All ages are reported with
1o errors, including both internal uncertainties (related to AMS mea-
surements only) and external uncertainties in brackets (also considering
uncertainties in the nuclide production rate, Balco et al., 2008).

The exposure ages were corrected assuming a postglacial surface
erosion rate of 1 mm ka '. This rate was adapted in several previous
studies in the region (e.g., Baroni et al., 2018; Ivy-Ochs et al., 2018;
Braakhekke et al., 2020; Kamleitner et al., 2022) and represents a
maximum value for crystalline rocks (André, 2002). The erosion
correction increased ages by 1.1-2.5%, which is, except for one boulder
(AMLM-4), lower than the respective internal 1c errors. Additionally, a
snow cover correction (following Kronig et al., 2018) was tested using
2002-2022 snow cover data from the Diga del Chiotas automatic
weather station (ARPA Piemonte, https://www.arpa.piemonte.it/). This
significantly increased exposure ages by ca. 10%. However, in the
following, exposure ages will be reported without snow cover correc-
tion, because (a) there is no reliable estimate for snow cover evolution
during the Holocene and Late Pleistocene, and (b) true snow cover on
boulder surfaces was likely much lower than on the ground due to
wind-sweeping effects (Ye et al., 2023). No statistical means were
calculated for the dated landforms, as distributions of exposure ages
tend to be skewed towards younger ages due to various
post-depositional processes (Putkonen and Swanson, 2003; Akcar et al.,
2011; Heyman et al., 2011). Instead, if not otherwise specified, the
oldest age(s) are considered to represent the true age of moraine for-
mation most accurately, especially if they come from large boulders in
stable positions. Previously published exposure ages were recalculated
according to the methodology described above.

3.3. Reconstructing palaeoglacier 3D-geometries and ELAs

Palaeoglacier 3D-geometries were reconstructed in a geographical
information system (Esri ArcMap v.10.8) using the GLARE toolbox
(Pellitero et al., 2016). This toolbox generates ice thickness points along
user-defined flowlines by applying the standard flow law of ice that
assumes perfectly plastic ice rheology (Nye, 1952; Schilling and Hollin,
1981; Benn and Hulton, 2010). The flowlines were manually digitised
following the course of the valleys, extending from frontal moraines or
the lowermost outcrop of glacial diamict up into the cirque headwalls. In
the Limonetto catchment, flowlines were also digitised into smaller
tributary valleys. The toolbox was initially run with a basal shear stress
of 100 kPa in combination with an F-factor correction in areas where
glaciers were topographically constrained. The F-factor is a function of
the glacier’s cross-sectional geometry and accounts for lateral resistance
to ice flow from the valley walls (Nye, 1965; Benn and Hulton, 2010).
Basal shear stress values were then partially adjusted to match the ice
thickness to the geomorphological evidence (i.e., lateral moraine
ridges). A kriging interpolation was used to generate ice surface raster
files from the thickness points.
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ELAs were calculated from the reconstructed ice surfaces using a
separate toolbox (Pellitero et al., 2015). Both the Area-Altitude Balance
Ratio (AABR, Furbish and Andrews, 1984; Osmaston, 2005; Rea, 2009)
and the Accumulation Area Ratio (AAR) methods were applied. An
AABR-value of 1.56 and an AAR-value of 0.58 were chosen (Oien et al.,
2022). Additionally, glacier volumes and ice thicknesses were estimated
by subtracting the present-day DEM from the reconstructed glacier
surface raster files.

3.4. Solar radiation modelling

Glacier mass balances and ELAs are controlled by temperature and
precipitation (Ohmura et al., 1992; Ohmura and Boettcher, 2018), but
can be modulated by local factors, most importantly the catchment
topography that governs how the glacier surface is protected from solar
radiation (e.g., Coleman et al., 2009; Mills et al., 2012; Chandler and
Lukas, 2017). To quantify the effects of such topographic shading,
received solar radiation was modelled for the three study sites using the
“Area Solar Radiation” tool in Esri ArcGIS Pro v.3.1 with a uniform
overcast sky. Two different settings are distinguished: In the first setting,
radiation is modelled across the entire present-day catchments,
including areas of potential snow accumulation outside the limits of the
reconstructed glaciers (i.e. simulating conditions in which glaciation
would start). For the second setting, the tool was run with the recon-
structed ice surfaces as input, simulating radiation in an “LGM setting”
when valleys were occupied by ice. Radiation values were calculated on
a daily basis for the summer months June, July, and August when most
melt occurs. For each catchment/glacier surface a mean radiation value
was calculated to facilitate a comparison between the three sites. It
should be noted that modern values for radiation were used i.e., not
those at the LGM, but this is assumed to have a negligible effect for the
purposes of this research.

4. Results
4.1. Geomorphology and surface exposure ages

4.1.1. Costa Ganola

The Costa Ganola site is located ca. 3 km south of Entracque, at the
confluence of the Gesso della Barra and the Bousset rivers (Fig. 3A). The
catchment comprises a single north-facing cirque (cirque floor altitude
ca. 1870 m a.s.l.) with a steep headwall that reaches its highest point at a
northern spur of Monte Aiera (ca. 2450 m a.s.l.). The former extent of
the glacier occupying the Costa Ganola catchment is marked by a pair of
lateral to frontal moraine ridges that reach a minimum elevation of
1100 m a.s.l. (Fig. 3B; Fig. 3C). These moraines attain a height of ca. 60
m and a crest length of over 700 m (right moraine) and 400 m (left
moraine), respectively. Erratic boulders occur frequently on top of their
well-defined crestlines (Fig. 3D; Fig. 3E). Just outside the limits of the
Costa Ganola catchment, there is another prominent moraine ridge, the
Serrera dei Castagni moraine, that has a crest length of over 2 km. This
moraine can be interpreted as a left lateral moraine deposited by a
tributary of the Gesso Glacier in the Bousset Valley.

Seven samples were taken from boulders at Costa Ganola for surface
exposure dating. Five of the samples were processed for age determi-
nation (Table 1), all of which are located in the upper part of the right
lateral moraine. Three ages (AMCG-4, -6, and -7) are in very good
agreement with each other at 19.4 + 0.6 (1.1) ka, 19.1 £+ 0.6 (1.1) ka,
and 19.2 + 0.5 (1.1) ka, respectively. Also the age of AMCG-3 (18.2 +
0.5 (1.0) ka) is within the uncertainty range of these results, while
AMCG-5 (17.1 £ 0.5 (1.0) ka) yielded a slightly younger age. No suit-
able boulders were found for dating the formation of the Serrera dei
Castagni moraine.
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Fig. 3. A. Geomorphological sketch map of the Costa Ganola site, including the results of surface exposure dating from erratic boulders. The outline of the Costa
Ganola catchment is marked by a dashed black line. Locations of photos B, and C are indicated in the map. Underlying elevation data: RIPRESA AEREA ICE
2009-2011 - DTM 5 (https://www.geoportale.piemonte.it/cms/). B. View towards Monte Aiera and the Costa Ganola cirque. The frontal moraines can be seen in the
foreground and are marked by white arrows. C. The crestline of the right moraine ridge, marked by white arrows. D. Boulder AMCG-3, sampled for surface exposure
dating. E. Sampling boulder AMCG-6 manually using hammer and chisel.
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4.1.2. Caramagne

The Caramagne Valley (French: Vallon de Caramagne) is situated on
the southern (French) side of the main divide of the Maritime Alps
(Fig. 4A). The headwall of the valley is framed by Cima del Sabbione
(2610 m a.s.l.) and Rocca dell’Abisso (2755 m a.s.l.), the latter peak
separating the catchment from the Gesso Valley to the north-west and
the Vermenagna Valley to the north-east. A low-elevated saddle (Baisse
de Peyrefique) divides the Caramagne Valley from the Casterine-
Valmasque Valley to its south. The upper part of the Caramagne
catchment is wide and has a southern to south-eastern aspect. In its
lower reaches, the valley becomes increasingly narrow, stretching down
to an elevation of ca. 1100 m a.s.l. A prominent lateral moraine with a
crest length of ca. 2.7 km can be found on the left side of the lower
Caramagne Valley. The crestline of this moraine is rather wide and
smooth and is, in parts, composed of two single crests running in parallel
(Fig. 4B). No equivalent lateral moraine is preserved on the right side of
the valley.

Four samples were taken from boulders on the left lateral moraine
ridge in the Caramagne Valley for surface exposure dating (Fig. 4C;
Fig. 4D; Table 1). All of these boulders are from the upper part of the
moraine, upstream of where the ridge splits into two separate crests.
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Two dates (AMCM-1, and -4) are in good agreement with each other at
24.6 + 0.9 (1.5) ka, and 24.3 + 0.8 (1.4) ka, respectively. Samples
AMCM-2 (19.3 + 0.6 (1.1) ka) and AMCM-3 (16.7 + 0.5 (0.9) ka)
yielded significantly younger ages.

4.1.3. Limonetto

The Limonetto site (Fig. 5A) is located in the upper sector of the
Vermenagna Valley, which is separated from the Caramagne catchment
by a crest that extends from Rocca dell’Abisso (2755 m a.s.l.) to the
Tenda Pass. The valley has a north-easterly orientation, and its upper
parts are carved in bedrock that shows clear signs of ice-moulding, such
as roche moutonnées (Fig. 5B). Farther down, two tributary valleys
merge with the trunk valley, the Salante Valley to its south-east, and a
valley to the west of Monte Ciotto Mien (2378 m a.s.l.). Several moraine
ridges can be found in the lower-elevated areas, around the town of
Limonetto (Fig. 5C). On the left side of the valley, a lateral moraine ridge
extends for ca. 1.5 km, covered by rather small boulders that can be
linked to the palaeoglacier accumulation areas carved in high-grade
metamorphic and granitoid rocks (Fig. 5D). A second moraine ridge is
located further downstream on the right side of the valley. Here, erratic
boulders are much larger but some of them appear to have slid or
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Fig. 4. A. Geomorphological sketch map of the Caramagne Valley, including the results of surface exposure dating from erratic boulders. The outline of the Car-
amagne catchment is marked by a dashed black line. Location of photo B is indicated in the map. Underlying elevation data: RIPRESA AEREA ICE 2009-2011 - DTM 5
(https://www.geoportale.piemonte.it/cms/) and RGE ALTI DTM (https://geoservices.ign.fr/). B. View towards the lateral moraine in the Caramagne Valley (marked
by white arrows). In the background, the Baisse de Peyrefique can be seen. C. Boulder AMCM-4, sampled with an angle grinder for surface exposure dating. D. A
protruding quartz vein on boulder AMCM-1 indicates that its surface has been subject to a prolonged period of weathering.


https://www.geoportale.piemonte.it/cms/
https://geoservices.ign.fr/

L. Rettig et al.

Quaternary Science Reviews 325 (2024) 108484

Exposure dated
erratic boulder

Glacial deposits
Moraine ridges
Cirques

Streams

122 e

Lakes

/

(
\\

*":
(

L

\

N

/A gg:_li‘Abio
¢ 27557

AMLM-2: 15.6 £ 0.5 (0.9) ka

Right lateral
moraine

Left lateral moraine

2o E

Fig. 5. A. Geomorphological sketch map of the Limonetto site in the upper Vermenagna Valley, including the results of surface exposure dating from erratic boulders.
The outline of the upper Vermenagna catchment is marked by a dashed black line. Locations of photos B, and C are indicated in the map. Underlying elevation data:
RIPRESA AEREA ICE 2009-2011 - DTM 5 (https://www.geoportale.piemonte.it/cms/) and RGE ALTI DTM (https://geoservices.ign.fr/). B. Glacially-moulded
bedrock around Rocca dell’Abisso. Former ice-flow direction is indicated by white arrows. C. View towards the town of Limonetto and the left and right lateral
moraine ridges (marked with white arrows). D. Boulder AMLM-2, sampled for surface exposure dating. E. A large erratic boulder on the right moraine ridge close to
Limonetto. Due to its position on the slope of the moraine, this boulder was not sampled for surface exposure dating.

toppled from the crestline and are now positioned on the slopes of the
moraine (Fig. 5E). Downstream of Limonetto, the Vermenagna Valley is
affected by anthropogenic reworking and no further glacial landforms or
sediments were found.

The ages from the six samples collected from boulders on the
Limonetto moraines display a relatively large spread (Table 1). This is
especially the case for the left lateral moraine: samples AMLM-1, -2, -3,
and -4 yielded ages of 19.0 + 0.5 (1.1) ka, 15.6 £+ 0.5 (0.9) ka, 13.0 +
0.4 (0.7) ka, and 29.9 + 0.7 (1.6) ka, respectively. The two samples that
were collected from the right moraine show a better agreement at 19.4
+ 0.6 (1.1) ka (AMLM-5) and 20.5 + 0.6 (1.2) ka (AMLM-6).

4.2. Glacier reconstructions and ELAs

Using the geomorphological evidence presented above, a recon-
struction of the 3D-geometries and ELAs for the Costa Ganola, Car-
amagne, and Limonetto glaciers was carried out. The reconstructed
glaciers are shown in Fig. 6 and additional metrics are listed in Table 2.
The Costa Ganola cirque hosted the smallest of the three glaciers

(Fig. 6A) with a surface area of ca. 0.96 km2, an estimated volume of ca.
0.03 km?®, and a maximum thickness of 80 m. The ELA of the Costa
Ganola Glacier was reconstructed at 1620 m a.s.l. using the AABR-
method and at 1610 m a.s.l. using the AAR-method. The Caramagne
Glacier (Fig. 6B) was considerably larger both in surface area (ca. 5.0
krnz), volume (ca. 0.26 km3), and thickness (125 m). The ELA of the
Caramagne Glacier was calculated to 1980 m a.s.l. (AABR) and to 2040
m a.s.l. (AAR).

For the reconstruction of the Limonetto Glacier, two different sce-
narios were considered. In a first scenario (represented in Fig. 6C), the
smaller tributary in the Salante Valley merged with the larger trunk
glacier. In this case, the reconstructed Limonetto Glacier had a surface
area of ca. 9.3 kmz, an estimated volume 0.64 krn3, and a maximum
thickness of 220 m. In the second scenario, the Limonetto and Salante
glaciers remained disconnected even at their maximum extents. For this
case, a surface area of 7.28 km? was determined for the Limonetto
Glacier. The reconstructed ELAs for both scenarios, however, are
remarkably similar with 1790 m a.s.l. assuming a confluence and 1800
m a.s.l. assuming no confluence (both values calculated with an AABR of
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Details of sampled boulders and results of 1°Be surface exposure dating at Costa Ganola, Caramagne, and Limonetto. Exposure ages are reported assuming a surface
, without snow cover correction and with internal 1c errors (external uncertainties in brackets).

erosion rate of 1 mm ka

-1

Sample ID Location Lithology Boulder size Latitude  Longitude  Elevation Sample Topographic 10Be Exposure age
(L x W x H) [m] [°N] [°E] [m a.s.l.] thickness shielding concentration (1 mm ka ! erosion) [ka]
[em] factor [*10° atoms g~ ']
AMCG-3 Costa Ganola ~ Migmatite 2.5x2.0x1.3 44.2119  7.4079 1365 2.8 0.9732 2.085 + 0.060 18.2 + 0.5 (1.0)
AMCG-4 Costa Ganola Migmatite 3.5x3.0x1.1 44.2121 7.4079 1365 2.5 0.9747 2.223 £+ 0.066 19.4 + 0.6 (1.1)
AMCG-5 Costa Ganola ~Migmatite 2.5x2.0x 1.1 44.2122  7.4079 1365 2.5 0.9752 1.966 + 0.059 17.1 + 0.5 (1.0)
AMCG-6 Costa Ganola ~Migmatite 4.0x3.5x1.4 44.2127  7.4077 1360 2.9 0.9794 2.180 + 0.065 19.1 + 0.6 (1.1)
AMCG-7 Costa Ganola  Migmatite 2.0 x2.0x 1.0 44.2132 7.4073 1355 1.7 0.9819 2.214 £ 0.060 19.2 + 0.5 (1.1)
AMCM-1 Caramagne Quarzite 3.0x2.0x1.8 44.1249 7.5339 1690 2.5 0.9596 3.515 + 0.130 24.6 + 0.9 (1.5)
AMCM-2 Caramagne Quarzite 3.0x3.0x1.5 44.1249  7.5344 1685 1.8 0.9869 2.844 + 0.080 19.3 + 0.6 (1.1)
AMCM-3 Caramagne Quarzite 2.0x2.0x0.8 44.1248  7.5350 1675 1.6 0.9772 2.428 + 0.067 16.7 + 0.5 (0.9)
AMCM-4 Caramagne Quarzite 40x20x15 44.1249 7.5355 1670 1.5 0.9897 3.542 £ 0.107 24.3 + 0.8 (1.4)
AMLM-1 Limonetto Quarzite 3.0x25x1.2 44.1661  7.5418 1625 2.0 0.9879 2.692 + 0.072 19.0 + 0.5 (1.1)
AMLM-2 Limonetto Quarzite 3.0x2.0x1.0 44.1671  7.5451 1565 1.2 0.9874 2.133 £ 0.064 15.6 + 0.5 (0.9)
AMLM-3 Limonetto Quarzite 3.0x2.0x1.5 44.1679 7.5469 1530 2.0 0.9613 1.680 + 0.051 13.0 + 0.4 (0.7)
AMLM-4 Limonetto Quarzite 35x3.0x1.7 44.1681  7.5473 1530 2.2 0.9892 3.892 + 0.085 29.9 + 0.7 (1.6)
AMLM-5 Limonetto Quarzite 7.0x4.0x1.5 44.1785  7.5606 1320 1.6 0.9942 2.205 + 0.067 19.4 + 0.6 (1.1)
AMLM-6 Limonetto Quarzite 6.0x6.0x1.8 44.1789  7.5613 1310 1.9 0.9942 2.302 + 0.063 20.5 + 0.6 (1.2)

1.56). This demonstrates that the smaller tributaries did not strongly
affect the mass balance of the much larger trunk glacier.

4.3. Solar radiation modelling

The results of modelling received solar radiation across the three
formerly glaciated catchments are reported in Table 2 and visualised in
Fig. 7. Among the three sites, the Costa Ganola catchment receives the
lowest surface averaged radiation (413 + 47 kWh m’z), in line with its
northerly aspect (Fig. 7A). The Limonetto catchment (Fig. 7B) receives
higher amounts of radiation (465 + 49 kWh m’z), while the highest
mean values were calculated for the south-east facing Caramagne
catchment (Figs. 7C and 490 + 54 kWh m~2). The same patterns can be
observed when limiting the radiation modelling to the respective glacier
surfaces, with absolute values being slightly higher, due to the generally
smoother topographies of the ice surfaces.

5. Discussion
5.1. LGM chronology in the Maritime Alps

The set of 15 new surface exposure ages presented in section 4.1.
enables us to strengthen the LGM chronology in the Maritime Alps and
to compare the responses of smaller cirque and valley glaciers to those of
the larger Gesso and Stura systems (see Fig. 8; ages recalculated from
Federici et al., 2012; Ribolini et al., 2022a). In the following, exposure
ages will be reported with internal 1¢ uncertainties only (for external
uncertainties see Table 1).

The earliest evidence for an LGM ice advance in the Maritime Alps
comes from the left lateral moraine in the Caramagne Valley (Fig. 8A).
This moraine was likely formed between ca. 25 and 24 ka, as indicated
by the consistent ages of boulders AMCM-1 (24.6 + 0.9 ka) and AMCM-4
(24.3 + 0.8 ka). The date of boulder AMCM-2 (19.3 + 0.6 ka) possibly
indicates a readvance of the Caramagne Glacier slightly before 19 ka, at
the end of the LGM. Such a two-phase glacier advance could also be
reflected in the prominent morphology of the Caramagne moraine and
its two separate crestlines. However, the limited availability of suitable
boulders precluded the possibility of sampling the two crests separately
and therefore such a two-fold advance remains somewhat speculative
from a chronological perspective. The ages from the Caramagne Valley
are in close agreement with chronological data from the Stura Valley,
where three boulders from the Bedoira moraine yielded exposure ages of
24.3 + 1.5 ka, 24.5 + 1.0 ka, and 25.7 + 1.7 ka (Fig. 8B, Ribolini et al.,
2022a; note the higher uncertainties). This is also consistent with data
from the Tetti del Bandito moraine in the Gesso Valley (Fig. 8C, two
boulders dated 25.0 + 1.2 ka and 22.4 + 1.1 ka; Federici et al., 2012)

and to a lesser extent from the Bergemolo moraine, related to a marginal
glacier in the Stura catchment (Fig. 8D, one boulder dated to 23.0 + 1.6
ka; Ribolini et al., 2022a).

Stronger evidence for a second LGM glacier advance, just before 19
ka, comes from Costa Ganola (Fig. 8E), as indicated by the close match
between the exposure ages from boulders AMCG-4 (19.4 + 0.6 ka),
AMCG-6 (19.2 £ 0.5 ka), and AMCG-7 (19.1 + 0.6 ka). The younger
dates of boulders AMCG-3 (18.2 + 0.5 ka) and AMCG-5 (17.1 £+ 1.0 ka)
are probably the result of incomplete exposure due to post-depositional
exhumation or toppling, as commonly observed in exposure age datasets
(Heyman et al., 2011). No data supporting an earlier advance of the
Costa Ganola Glacier around 24 ka was found. However, it is possible
that during such an earlier stage the Costa Ganola Glacier was more
extensive and merged with the tributary of the Gesso Glacier in the
Bousset Valley (this interpretation was adopted in Federici et al., 2012).

The exposure ages from boulders on the left lateral moraine at
Limonetto (Fig. 8F) display a large spread. Many boulders on the crest of
the moraine are rather small, which enhances the potential for post-
depositional exhumation. Indeed, the two smallest boulders (AMLM-2,
and -3) also yielded the youngest ages (15.6 + 0.5 ka and 13.0 + 0.4 ka,
respectively). The relatively old date of AMLM-4 (29.9 + 0.7 ka), on the
other hand, may be the result of inheritance, as the moraine is located
close to a steep rock wall. The exposure ages of the two boulders from
the right lateral moraine at Limonetto, AMLM-5 (19.4 + 0.6 ka) and
AMLM-6 (20.5 + 0.6 ka), show better agreement. From a morphological
point of view, however, the two moraines can be seen as an expression of
the same glacier advance as their elevations match well with the surface
profile of the reconstructed Limonetto Glacier (see section 4.2.). In total,
three of the six ages from Limonetto fall into the period between 20.5
and 19 ka which therefore appears the best estimate for the advance of
the glacier. These dates also largely correspond to the advance of the
Costa Ganola Glacier and the potential re-advance of the Caramagne
Glacier mentioned earlier.

The formation of moraines at Costa Ganola and Limonetto, between
19 and 20.5 ka can chronologically be linked to recessional moraines in
the Stura and Gesso valleys. In the Stura Valley, two boulders from the
Festiona moraine yielded exposure ages of 20.3 + 0.7 ka and 18.8 &+ 0.7
ka (Fig. 8G, Ribolini et al., 2022a), and in the Gesso Valley, the two
oldest ages from the Ponte Murato moraine are 20.5 + 0.9 ka and 19.4
+ 0.8 ka (Fig. 8H, Federici et al., 2012). This latter frontal moraine can
morphologically be linked to the Serrera di Castagni lateral moraine (see
Fig. 3), suggesting that its formation was likely contemporaneous with
the moraines at Costa Ganola.

The LGM advances of small and large valley glaciers throughout the
Maritime Alps appear synchronous within the uncertainty of the expo-
sure ages. This suggests that both the larger Gesso and Stura and the
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Table 2

Properties and ELAs of the reconstructed Costa Ganola, Caramagne, and Limonetto glaciers during their LGM maximum extent. The data for the Gesso and Stura

glaciers were calculated from Federici et al. (2012); Ribolini et al. (2022a).

Glacier name Exposition Minimum Maximum Surface Ice Maximum Flowline ELA (AABR 1.56) ELA (AAR 0.58) Received solar radiation
elevation [m a.s.l.] Elevation Area Volume Thickness length [m a.s.l.] [m a.s.l.] (JJA)
2 3
(masl] ] tkm’] (m] Ckm] Catchment Ice surface
[kWhm™2] [kWhm2]
Costa Ganola North 1175 2100 1.0 0.03 80 2.7 1620 1610 413 + 47 443 + 23
Caramagne South-East 1145 2620 5.0 0.26 125 6.8 1980 2040 490 + 54 522 + 28
Limonetto North-East 1090 2610 9.3 0.64 220 8.4 1790 1800 465 + 49 488 + 24
Gesso North-East 730 3125 204 29.2 525 ca. 27 1850 1840 443 + 65 486 + 39
Stura East 630 2890 309 53.5 620 ca. 51 1800 1860 465 + 54 501 + 32

smaller Costa Ganola, Caramagne, and Limonetto glaciers essentially
responded synchronously (within methodological uncertainties) to cli-
matic forcing during the LGM and the early deglaciation. Despite this
chronological similarity, there is a difference in the way these advances
are preserved in the geomorphological record. In the Stura and Gesso
Valleys, the late LGM recessional moraines are located several kilo-
metres upstream of the respective LGM maximum. The Gesso Glacier
terminus, for example, retreated around 5 km from its maximum posi-
tion to its late LGM recessional moraine and the front of the Stura Glacier
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receded by 7 km during the same time interval. This change was
accomplished by only a minor shift in ELA (Federici et al., 2012, 2017;
Ribolini et al., 2022b). This can be explained by the fact that both the
Stura and the Gesso glaciers were characterised by long and gently
sloping ablation areas. A minor change in climate (and hence ELA)
therefore resulted in a relatively large change in their frontal positions.
In contrast, there is no morphological expression of the same minor shift
in climate for the studied smaller glaciers, where only one moraine
system is recorded at each site.
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This observation suggests an important influence of topography and
glacier hypsometry on how glacier advances, even under the same cli-
matic forcing, are transferred into the morphological record. Larger
glaciers may preserve climatic fluctuations as series of recessional mo-
raines, each of which can be dated to obtain chronological control on
glacier and climate change. Smaller glaciers, on the other hand, likely
stay at, or advance several times to, a similar frontal position if changes
in climate (and hence ELA) are minor. Frontal and lateral moraines
related to smaller glacier therefore often represent multiple glacier ad-
vances (cf., Lukas et al., 2012) and consequently dating these landforms
may reveal only the last of potentially several advances.

5.2. Comparisons to LGM chronologies from the south-western Alps

The chronological pattern described in section 5.1. is not unique to
the Maritime Alps but can be observed throughout the south-western
Alps, where similar surface exposure ages have been reported from
most of the major LGM morainic amphitheatres (Fig. 9). The maximum
extent of the Ticino-Toce glacier was dated between 25.0 + 0.9 ka and
19.9 + 0.7 ka in the Verbano amphitheatre, with a short-lived readvance
occurring at 19.7 + 1.1 ka (Kamleitner et al., 2022). The Orta glacier
reached its LGM maximum between 26.5 and 23 ka, with a recessional
phase recorded around 19 + 1 ka (Braakhekke et al., 2020). In the
Rivoli-Avigliana end-moraine system, the LGM maximum and reces-
sional phase of the Susa Glacier occurred at 24.0 + 1.5 and 19.6 &+ 0.9
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ka, respectively (Ivy-Ochs et al., 2018). Luminescence datings from the
Lyon lobe, on the western (French) side of the Alps, suggested that this
glacier had its maximum extent already earlier during MIS 3 or 4 (Gri-
benski et al., 2021). However, new surface exposure ages were recently
reported by Roattino et al. (2022), constraining the maximum LGM
extent between 24 and 21 ka and a withdrawal phase at ca. 19 ka, in line
with its counterparts to the east.

To summarise, there seems to be a synchronous response of glaciers
in the south-western Alps to LGM climatic changes, despite the large
differences in the sizes of their catchments, ranging from several thou-
sand km? (e.g., Ticino-Toce Glacier, Kamleitner et al., 2022) down to
less than 1 km? (Costa Ganola Glacier). The assumption that smaller
glaciers will have responded faster to LGM climatic forcing remains
therefore valid only within the uncertainties of the dating method of ca.
+ 1 ka.

5.3. ELAs and local topoclimate

Reconstructing ELAs from palaeoglaciers can provide important in-
formation on the climate of the past and has been recently used to
quantify LGM-precipitation in the Alpine region (Baroni et al., 2018;
Ribolini et al., 2022a; Rettig et al., 2023). For such palaeoclimatic in-
ferences, however, it is crucial to establish that reconstructed glacier
ELAs are climatically controlled. In this context it is notable that the ELA
values of the three glaciers in the Maritime Alps show a large
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discrepancy. The difference (AELA = 360 m) between the ELAs of the
Costa Ganola Glacier (1620 m a.s.l.) and the Caramagne Glacier (1980 m
a.s.l.), only a few kilometres apart, is especially striking. It is at the
maximum end of what is observed for modern glaciers (cf. Evans and
Cox, 2005) and suggests that the mass balances of these glaciers were
not only affected by a regionally homogenous climatic forcing but also
by local topoclimatic factors, related to the specific geometry and aspect
of their catchments (e.g., Benn and Ballantyne, 2005; Coleman et al.,
2009; Chandler and Lukas, 2017). The low ELA of the Costa Ganola
Glacier is in line with its north-facing catchment and steep cirque
headwall that partly shielded it from incoming solar radiation. Averaged
across the catchment, received solar radiation is by far the lowest among
the three glaciers in this study. This is in stark contrast to the Caramagne
Glacier with its wide, south-east facing accumulation area that received
substantially higher amounts of radiation across its catchment.

The ELA of the Limonetto Glacier (1790 m a.s.l.) corresponds with
the ELAs of the larger Gesso (1850 m a.s.l.; recalculated from Federici
et al., 2012) and Stura (1800 m a.s.l.; recalculated from Ribolini et al.,
2022a) glaciers and also the Bergemolo glacier (1821 m a.s.l., Ribolini
et al., 2022a). The modelled received ablation season radiation for the
Limonetto (465 4+ 49 kWh m’z), Gesso (443 + 65 kWh m’z), and Stura
(465 + 54 kWh m~2) glaciers are also very similar, suggesting that solar
radiation may indeed explain the ELA differences across the region. We
therefore consider an ELA of around 1800 m a.s.l. to be most repre-
sentative for the regional climate in the north-eastern part of the Mari-
time Alps during the LGM and will refer to this value in the following
palaeoclimatic considerations (section 5.4.).
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Our observations highlight the importance of considering the effects
of local topoclimatic factors that may substantially decouple the glacier
ELA from the climatic conditions. Ideally, palaeoclimatic interpretations
should therefore be based on ELA reconstructions from multiple sites
with varying catchment geometries and aspects so that the influence of
such topoclimatic factors can be correctly assessed. We propose that
modelling received solar radiation using the “Area Solar Radiation” tool
can be a quick and easy way to get a first order estimate on one such
potential bias, which then should be further explored in the light of the
individual sites. Other factors such as snowblow or avalanching
(Mitchell, 1996; Benn and Ballantyne, 2005; Coleman et al., 2009; Mills
etal., 2012; Klapyta et al., 2022), for example, were not considered here,
mainly due to the difficulty of quantifying such effects. However, these
may have been especially significant for the Costa Ganola Glacier that
occupied a narrow, north-facing cirque that likely saw substantial
avalanche input from its steep headwalls, adding a further explanation
to its particularly low ELA. A hypothetical remodelling of the ELA
including these headwalls resulted in an ELA of 1760 m a.s.l., which is
much closer to the ELA of 1800 m a.s.l. that was considered represen-
tative for the regional paleoclimate.

5.4. Regional palaeoclimate

The LGM regional glacier ELA for the Maritime Alps of 1800 m a.s.l.
is much higher than that of other sites around the Gulf of Genoa (Fig. 9).
In the northern Apennines, LGM ELAs range from ca. 1200 m a.s.l. for
north-facing glaciers to ca. 1620 m a.s.l. for glaciers with a southern



L. Rettig et al.

Quaternary Science Reviews 325 (2024) 108484

Orta
26.5- 23 ka (2)
19 ka (2)

Ivrea

1

Rivoli-Avigliana
24.0 = 1.5 ka (4)
19.6 £ 0.9 ka (4)

24 - 21ka (9)
19 ka (9)

’—w? 4810 1620 m ELA (S-facing glacier)

g 1980 m ELA (N-facing glacier)

E 19 ka  Exposure age

©

= N

] 0 50 100 A

8 50 e — (1) 8°E
— I

Corsica
1450 m - 1750 m (7,8)

T
. OE

o
b7,

~

&

Verbano
25.0+0.9ka (1)
19.7+ 1.1 ka (1)

20.1+3.0ka (3)

Northern Apennines

/ < 21ka (5)

b
(Y
p

.
i

\ Apuan Alps

Maritime Alps
24 - 25 ka
19-20.5 ka
1620 m - 1980 m

Fig. 9. The Maritime Alps in the framework of the LGM in the western part of the Alps, including previously published exposure ages and ELA estimates. The LGM
glacier network was modified from Ehlers and Gibbard (2004). The LGM coastline of the Mediterranean Sea represents a sea level lowering of 120 m (bathymetric
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Ribolini et al. (2022a).

aspect (Giraudi, 2017; Baroni et al., 2018). In the Apuan Alps, ELAs of
north-facing glaciers were as low as 1150 m a.s.l. (Baroni et al., 2015;
Ribolini et al., 2022b), representing an ELA lowering of about 450 m
compared to the Costa Ganola Glacier. In the Corsican mountains, LGM
ELAs between ca. 1450 m a.s.l. and 1750 m a.s.l. were reconstructed
using an AAR of 0.6, with the higher ELAs related to a more continental
climate in the interior parts of the island (Kuhlemann et al., 2005, 2008).
Despite the different methods used in these studies, the results also point
to significantly lower ELAs as compared to the Maritime Alps.

The relatively high ELA in the Maritime Alps indicates a less humid
and/or warmer climate during the LGM. However, given the similar
latitude of the sites, large LGM temperature differences seem unlikely.
An ELA lowering of 450 m would require temperatures in the Apuan
Alps to be ca. 3 °C lower than in the Maritime Alps (assuming a tem-
perature lapse rate of 0.0065 °C m~1). This does not match model-based
palaeotemperature reconstructions for the LGM (cf. Del Gobbo et al.,
2022). Instead, if a homogenous LGM temperature distribution is
assumed, the ELA lowering implies higher rates of precipitation in the
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Apennines and Apuan Alps. This matches modern climatic patterns in
the region, where mean annual precipitation in the Apennines and
Apuan Alps is ca. 500 mm yr*1 higher than in the Maritime Alps (Isotta
et al., 2014; Fratianni and Acquaotta, 2017).

Both palaeoclimate models and proxy data suggest that during the
LGM there was an increased moisture supply from the Mediterranean
Sea, following a southward shift of the Polar Frontal Jet Stream (Flo-
rineth and Schliichter, 2000; Luetscher et al., 2015; Spotl et al., 2021;
Del Gobbo et al., 2022). This was presumably also coupled to increased
cyclogenesis in the Gulf of Genoa, transporting humid air masses and
enhancing precipitation in the southern Alps and the northern Apen-
nines (Kuhlemann et al., 2008). The north-eastern part of the Maritime
Alps, situated in the rain shadow of southern and south-western winds,
received significantly less amounts of this southerly-derived precipita-
tion, explaining the generally higher ELAs in this region.


https://data.europa.eu/data/datasets/emodnet_bathymetry
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6. Conclusions

In this study, we combined geomorphological mapping with surface
exposure dating and numerical glacier reconstructions to gain new in-
sights into the chronology and Equilibrium Line Altitudes of small Last
Glacial Maximum (LGM) mountain glaciers in the Maritime Alps (south-
western European Alps). A specific focus was to explore potential dif-
ferences in the responses of smaller and larger Alpine glaciers to LGM
climatic changes. The main findings of the study are as follows.

e Surface exposure dating of 15 new erratic boulders indicates a two-
fold LGM advance throughout the Maritime Alps. Moraines at one
site were formed at 25 to 24 ka while at two other sites a late LGM
advance at 20.5 to 19 ka is recognised. This is consistent with ages
reported from larger outlet lobes along the south-western Alpine
fringe, indicating a mostly synchronous response of glaciers to LGM
climatic changes across the region.

For the larger glacial systems, the late LGM advance is manifested as

a recessional moraine, inside the LGM maximum. Smaller glaciers,

either appear to have reached the same frontal position during

multiple advances, or the latest LGM advance overrode previously
deposited moraines.

Palaeoglacier ELAs in the Maritime Alps show considerable vari-

ability, from 1610 m a.s.l. for the north-facing Costa Ganola cirque

glacier to 1980 m a.s.l. for the south-east facing Caramagne Glacier.

Modelling received solar radiation suggests a strong influence of

aspect and shading on the glacier ELAs that should be considered in

any palaeoclimatic interpretations.

e The LGM ELA in the Maritime Alps was substantially higher than in
the northern Apennines or the Corsican mountains. Assuming similar
LGM temperatures, this ELA difference indicates substantially less
humid climatic conditions in the Maritime Alps relative to these
nearby sites.
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