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Abstract: Glaciers in mountain ranges across Europe reached their local Last Glacial Maximum (I-LGM)
extent at different times throughout the last glacial cycle, yet the causes of this asynchronous behaviour remain
incompletely understood. Here, we propose precipitation seasonality as a key control for this phenomenon.
The hypothesis is based on an internally coherent reconstruction of 16 1-LGM mountain glaciers and their
Equilibrium Line Altitudes (ELAs) along the southern margin of the European Alps. °Be and °Cl surface
exposure dating in selected catchments demonstrates that these marginal glaciers had advanced to their I-LGM
positions by 25 to 24 ka, where they remained until ca. 19 ka. By combining the empirical reconstructions with
outputs from a regional palacoclimate model, we show that glacier mass balance during this period was
strongly influenced by snowfall not only in winter but also during autumn and spring to early summer. This
specific precipitation seasonality distinguished glaciers in the southern Alps from mountain glaciers elsewhere
in southern Europe that were mainly fed by winter precipitation and faced widespread retreat after 25 ka under
increasingly arid conditions. Spring and autumn snowfall along the Alpine fringe could buffer the effects of

increasing aridity and allowed Alpine glaciers to remain at or close to their maximum extent also after 25 ka.
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Accurately constraining climatic controls on mountain glacier evolution during past cold periods is essential
for predicting their future fate under global warming (Mackintosh et al., 2017; Hock et al., 2019). The Last
Glacial Maximum (LGM) was one of the most significant climatic events in the Earth’s more recent history.
Characterised by a pronounced atmospheric cooling during the early part of Marine Isotope Stage 2 (MIS 2,
29-14 ka), the LGM saw the expansion of continental ice sheets in the Northern Hemisphere, which in turn
resulted in a global sea level lowstand (Fig. 1A; Ehlers et al., 2011; Lambeck et al., 2014). The period of
maximum integrated ice volume and minimum sea level, i.e. the global (g-)LGM, occurred between ca. 26.5
and 19 ka, and mainly coincides with the largest extent of the Laurentide ice sheet (Clark et al., 2009). At the
regional scale, however, there is growing evidence that local LGM (I-LGM) maxima were reached
asynchronously and often out-of-phase with the (g-)LGM (Gillespie and Molnar, 1995; Hughes et al., 2013).

This asynchrony was especially pronounced in mountain ranges across Europe, many of which hosted
glaciers and small ice caps throughout the last glacial cycle (Fig. 1B; Palacios et al., 2021; Lopez-Moreno and
Garcia-Ruiz, 2025). The biggest ice extent in central Europe (e.g., in the Vosges, the Tatras, or the Romanian
Carpathians) occurred predominantly in-phase with the g-LGM (Reuther etal., 2011; Engel et al., 2015; Makos
et al., 2018). By contrast, many mountain glaciers in southern Europe (e.g., in the Pyrenees, the central
Apennines, and the southern Balkans) appear to have reached their maxima much earlier, either already during
MIS 3 (57-29 ka) or during the early part of MIS 2, before 25 ka (Delmas et al., 2011; Giraudi, 2012; Allard
et al., 2020; Allard et al., 2021; Ribolini et al., 2022a). This asynchronous behaviour signals that European
glaciers often responded to specific regional and local conditions that modulated a global climatic forcing.
Palacoclimatic variations at these small spatial scales, however, have remained poorly resolved, partly because
they are hardly captured by global circulation models (GCMs) that run with coarse resolutions. Improvements
of regional climate models (RCMs), and their application in a paleoclimatic framework have lately yielded
more detailed insights into temperature, precipitation and atmospheric circulation patterns at regional and local
scales (Giorgi et al., 2012; Del Gobbo et al., 2023; Russo et al., 2024). Combining the outputs of such RCMs
with glacier reconstructions based on empirical, geomorphological and chronological evidence now allows to
study climatic controls on LGM glacier mass balance in more detail and to revisit potential explanations for
asynchronous ice advances across the continent.

In this context, the southern fringe of the European Alps (from hereon: the southern Alps) represents a key
study site, as it is located precisely at the intersection between central and southern Europe (Fig. 1B) - two
regions with different climatic regimes and with contrasting chronological data about the LGM glaciation.
During the LGM, the Alps hosted a complex and interconnected glacier network, sometimes referred to as the
Alpine ice field (AIF, Jouvet et al., 2023; Leger et al., 2025). On the southern side of the AIF (Fig. 1C), large
outlet glaciers extended beyond the Alpine fringe, building extensive moraine amphitheatres between ca. 26.5
and 19 ka (Monegato et al., 2007; Monegato et al., 2017; Gianotti et al., 2015; Ivy-Ochs et al., 2018;
Braakhekke et al., 2020; Kamleitner et al., 2022). In the lower-elevated pre-Alpine mountains, also numerous
marginal mountain glaciers and ice caps developed in isolation from the AIF (Carraro and Sauro, 1979; Baratto

et al., 2003; Forno et al., 2010; Monegato, 2012; Rettig et al., 2021; Ribolini et al., 2022b; Rettig et al., 2023;
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Rettig et al., 2024). Due to their small size (usually 1-10 km?), relatively simple catchment geometry, and
therefore short response time, these marginal glaciers likely responded rapidly to changes in the LGM climatic
forcing (Reuther et al., 2011). They thus represent an ideal target to determine the climatic controls on glacier
mass balance and to explore possible explanations for the asynchronous behaviour of mountain glaciers at the
continental scale. Yet a regionally coherent analysis of the marginal I-LGM glaciation has never been

attempted, and chronological data on these smaller ice masses is still largely lacking (Rettig et al., 2024).
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Fig. 1. The southern fringe of the European Alps in the framework of the LGM glaciation. A. Atmospheric circulation in
the North Atlantic during the g-LGM. Winter sea ice extent and moisture trajectories following Del Gobbo et al. (2023).
LIS: Laurentide ice sheet, GrIS: Greenland Ice Sheet, EISC: European ice sheet complex. B. Glaciated mountain ranges
in central and southern Europe. AIF: Alpine ice field. C. Extent of the AIF on the southern side of the Alps, with the
locations of major moraine amphitheatres, and marginal palacoglaciers (numbered from 01 to 16) that were analysed in

this study. Source of background DEM and extent of LGM ice sheets (partly updated): Ehlers et al. (2011).
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In this study, we provide the first comprehensive reconstruction of marginal 1-LGM glaciers along the entire
southern fringe of the Alps, integrating previously published data from its south-eastern and south-western
sectors (Rettig et al., 2023, 2024) with new findings at four additional field sites (Fig. 1C, Fig. 2, see
Supplementary Information). Palacoglaciers and their Equilibrium Line Altitudes (ELAs) are reconstructed
from geomorphological evidence, and ice advances chronologically constrained by '°Be and *CI surface
exposure dating. Combining our reconstructions with the outputs of an RCM simulating the palaeoclimatic
conditions at 21 ka (Del Gobbo et al., 2023), we show that the mass balances of marginal glaciers were strongly
impacted by snowfall, not only during winter but crucially also during autumn and late spring/early summer.
We propose that this specific precipitation seasonality was a decisive control on the timing of ice advances

both in the southern Alps and across Europe and the Mediterranean more broadly.
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Fig. 2. Newly investigated 1-LGM frontal moraine systems related to marginal glaciers along the southern fringe of the
Alps. A. The lower Inferno Valley (south-central Alps). B. The lower Oropa Valley (south- central Alps). C. Pian Frollero
(south-western Alps). D. Sella Spa (south-western Alps). Note in all panels: (1) Prominent 1-LGM moraines, and (2)
smaller, recessional moraines inside the 1-LGM limits. Source of the elevation data: Regione Piemonte (access via:

https://www.geoportale.piemonte.it/) and Regione Lombardia (access via: https://irdat.regione.fvg.it/).

Geomorphological evidence of the marginal I-LGM glaciation

Glacial sediments and landforms are preserved in numerous catchments of the pre-Alpine mountains,
providing evidence that marginal glaciers existed along the entire southern fringe of the Alps (Fig. 1C). This
included both small cirque glaciers, but also more complex plateau glaciers, composite valley glaciers, and
local ice caps (Supplementary Information, Table S4). The maximum ice advance (i.e., the 1-LGM) is typically
marked by a set of large and prominent frontal and lateral moraine ridges (20-50 m high) with well-developed
crest lines (Fig. 2). At several sites, smaller recessional moraines (ca. 5 m high) indicate phases of minor

readvance and/or stillstand after the glaciers had retreated from their I-LGM positions (Fig. 2). The moraines

4



104
105
106
107
108
109
110

111

112
113
114
115
116
117
118

119
120
121
122
123
124
125
126
127

generally comprise matrix-supported diamicts containing edge-rounded clasts that exclusively pertain to the
local catchment lithologies: carbonates in the south-eastern Alps and magmatic/metamorphic rocks (e.g.,
gneiss, granite, mica-schist) in the south-central and south-western Alps. The absence of exotic lithologies
from the inner-Alpine areas points to proximal sediment sources and demonstrates that marginal glaciers
developed in isolation from larger outlet glaciers of the AIF. More detailed information on the morphological
evidence at specific sites and on the properties of the reconstructed 1-LGM glaciers can be found in Rettig et

al. (2023), Rettig et al. (2024), and in the Supplementary Information (Fig. S1-S4).
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Fig. 3. Chronology of the LGM in the southern Alps. A. Surface exposure ages of glacially transported boulders on I-
LGM frontal and lateral moraines from the south-western Alps (see Supplementary Information, Table S1 and S2 and
Rettig et al., 2024). B. Frontal advance and retreat of the Garda and Ticino-Toce outlet glaciers during the LGM (after
Monegato et al., 2017; Kamleitner et al., 2022). C. Regional palacoclimate (July temperature and annual precipitation)
reconstructions from a chironomid record at Lago della Costa (Samartin et al., 2016) and from a pollen record at Lago di
Fimon (Pini et al., 2022). See Fig. 1C for the locations of the outlet glaciers and proxy records. Light blue bars refer to

the two main periods of regional ice advance between 25 and 24 and between 20 and 19 ka.

Chronology of moraine formation and ice advances

The advances of marginal glaciers in the southern Alps were chronologically constrained at seven selected
sites using '"Be and 3°Cl surface exposure dating of glacially transported boulders on top of the 1-LGM
moraines. Excluding outliers (see Supplementary Information, Tables S1 and S2), almost all calculated
exposure ages fall into the period between 25 and 19 ka (Fig. 3A), demonstrating that 1-LGM moraines across
the southern Alpine fringe were formed during the g-LGM (26.5 to 19 ka, sensu Clark et al., 2009). At four of
the seven sites, the data indicate that glaciers had advanced to their 1-LGM position by 25 to 24 ka, while
moraines at three other sites are related to a later advance, between ca. 20 and 19 ka. At other sites, undated

recessional moraines just inside the 1-LGM limits may be linked to this second phase of glacier stabilisation at
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the end of the g-LGM (cf. Fig. 2). The chronological data from marginal glaciers is consistent with numerical
dating from moraine amphitheatres formed by larger outlet glaciers on the southern side of the AIF, which
reached their maxima around 26 to 24 ka (Fig. 3B, Monegato et al., 2007; Monegato et al., 2017; Ivy-Ochs et
al., 2018; Braakhekke et al., 2020; Kamleitner et al., 2022). Subsequently, these outlet glaciers remained close
to their maximum positions until 20 to 19 ka, building sequences of stacked, recessional moraines (Gianotti et
al., 2015; Monegato et al., 2017; Braakhekke et al., 2020; Kamleitner et al., 2022; Ribolini et al., 2022b).
Widespread moraine formation between ca. 26 and 19 ka, related both to small and large ice masses, implies
that the climatic conditions on the southern side of the Alps could sustain glacier growth throughout the entire
g-LGM. Proxy records from the foreland plain demonstrate that this period was characterised by a cold and
relatively dry climate with annual precipitation sums under 500 mm/yr and July temperatures at sea level not

exceeding 12 to 14°C (see Fig. 3C, Samartin et al., 2016; Pini et al., 2022).
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Fig. 4. Reconstructed ELAs of marginal I-LGM glaciers along the southern fringe of the Alps. A. ELAs plotted against
latitude. B. ELAs plotted against longitude. The shape of the symbols refers to the glacier type (see legend in Fig. 1C),
while the colour represents the total amount of solar radiation that the reconstructed glacier surfaces would receive in a
present-day climate during the summer months of June, July, and August. Numbers 1-16 in all panels refer to Fig. 1C and

the Supplementary Information, Table S4.

Palaeoclimate at the ELA
The reconstructed ELAs of marginal 1-LGM glaciers are as low as ca. 1100 m a.s.l. in the south-eastern Alps
and as high as almost 2000 m a.s.l. in the south-western Alps, with a general trend of decreasing ELAs with

increasing latitude and longitude (Fig. 4). Partly, the ELA differences between individual sites can be related
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to local variations in catchment aspect that determine the degree to which the ice surfaces were protected from
incoming solar radiation. Such aspect-related differences between ELAs can be as high as ca. 400 m in the
south-western Alps (Rettig et al., 2024) but are more usually around 100 to 200 m (Fig. 4A, B). For a semi-
quantitative evaluation of the influence of catchment aspect on ELAs at the regional scale, we can consider the
total amount of incoming radiation that the reconstructed ice surfaces would receive in the present-day climate
during the months June, July, and August (Gya). Gua varies between ca. 439 and 564 kWh/m? with a mean
(X) of 506 kWh/m? and a standard error (s) of 37 kWh/m? (Fig. 4C). The ELAs for glaciers where Gyja is less
than 469 kWh/m? (X-1s, three sites) likely underestimate the true climatic ELA at the time of moraine formation
due to high degrees of topographic shading, leading to reduced surface melt and glacier preservation at lower
altitudes (Allen, 1998; Coleman et al., 2009; Chandler and Lukas, 2017). ELAs of glaciers where Gyja is greater
than 543 kWh/m? (x+1s, two sites), on the other hand, were probably above the true climatic ELA. By
discarding these outliers (glaciers no. 2, 3, 9, 13 and 14 in Fig. 4) and considering only those eleven sites at
which Gya is between 469 and 543 kWh/m? (X+1s), we can estimate ELAs that are largely independent of
topoclimatic control and therefore representative of the regional climatic conditions.

These climatically representative ELAs, in combination with independent temperature estimates, can be
used to obtain quantitative information on LGM precipitation, since empirical data from present-day glaciers
demonstrate a link between summer temperature (Tj;4) and annual precipitation (P) at the ELA (Ohmura et al.,
1992; Golledge et al., 2010; Ohmura and Boettcher, 2018). Here, we retrieved temperature outputs at 21 ka
from the RCM by Del Gobbo et al. (2023) and carried out a comprehensive reconstruction of ELA-based
palacoprecipitation (Pgra) for the sites of marginal glaciation. A second RCM (Russo et al., 2024) was then
used as a validation of the data and yielded similar results (see Supplementary Information, Table S4). Two
different Pgra/Tya relationships were applied (Fig. 5). Using equation 1 (Ohmura and Boettcher, 2018),
computed Pera is between 1900 + 680 and 3100 + 670 mm/yr, with the highest values in the south-eastern
Alps, and a gradual lowering moving westward through the south-central to the south-western Alps (Fig. 5A).
Notably, Prra is much higher than precipitation in the present-day climate (Isotta et al., 2014), and at the same
time significantly above the precipitation estimates from the RCM itself (Prcm, Del Gobbo et al., 2023): On
average the difference between Prra and Prem is ca. 960 mm/yr (Fig. 5B). This model-data discrepancy,
however, is significantly lower when using a second Pgra/Tysa relationship (Golledge et al., 2010), and by
applying a seasonality factor S of 0.8. This seasonality factor implies that precipitation is dominated by the
solid fraction, in other words that a large share of precipitation falls on the glacier as snow rather than as rain.
Using equation 2 and S = 0.8, calculated PeLa changes to 1100-2400 mm/yr (Fig. 5C). While the regional
distribution remains similar, the overall quantities of PeLa are much lower than with equation 1, resulting in a

significantly reduced average difference between Prra and Prem of 190 mm/yr (Fig. 5D).
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Fig. 5. Reconstructed ELA-based precipitation estimates (Pera) for the sites of marginal 1-LGM glaciation. Grey symbols

in panels A to D are related to sites with strong topoclimatic control (see Fig. 4). A. Pera plotted against longitude, using

equation 1, the Pgra/Tya-relationship by Ohmura and Boettcher (2018). B. Difference between Pgra and Prewm using

equation 1. C. Pgra plotted against longitude, using equation 2, the Pera/Tiya-relationship by Golledge et al. (2010) and a

seasonality factor of 0.8. D. Difference between Pera and Prewm using equation 2. Note the much better match between

Pera and Prem under this second scenario. E. Temperature (red line) and precipitation (blue columns) diagrams for the

LGM at three representative sites along the southern Alpine fringe, based on monthly RCM data. Note precipitation peaks

in autumn and (more subdued) in late spring/early summer. Source of the RCM data: Del Gobbo et al. (2023).
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The much-improved fit between PeLa and Prem when using equation 2 implies that precipitation at the ELAs
of marginal glaciers must have occurred predominantly as snow rather than as rain. This is a somewhat
surprising finding given that the RCM data show that LGM precipitation peaks did not occur in the winter
months but rather in autumn (October/November) and spring to early summer (May-July). However, the model
data also indicate that average air temperatures at the ELA in the spring and autumn were still negative and
even in the summer months just slightly above 0°C (Fig. 5E). This means that the climate was still cold enough
to allow for frequent spring, summer and autumn snowfall events that would have significantly influenced
glacier mass balance. Snowfall in late spring and early summer would have increased the albedo, reducing
ablation in the summer months (Fujita, 2008; Hughes and Braithwaite, 2008), and autumn snowfall would
have resulted in an early build-up of the snowpack and a shortened ablation season, a hypothesis that has

previously been suggested based on speleothem data (see Spotl et al., 2021).

Seasonality controls on asynchronous ice advances across Europe

Our findings highlight the importance of precipitation seasonality for the mass balances of marginal 1-LGM
glaciers in the southern Alps. However, seasonality controls may also explain why mountain glaciers across
Europe more broadly responded in different ways to changes in the LGM climatic forcing. Chronological data
from several sites in southern Europe and the Mediterranean region, including the southern Balkans (Allard et
al., 2020), the central Apennines (Giraudi, 2012, Ribolini et al., 2022a), parts of the Pyrenees (Delmas et al.,
2011), and the Anatolian Peninsula (Reber et al., 2014) have suggested that glaciers had already reached their
1-LGM positions earlier than the g-LGM. At those sites, the maximum glacier extent during the last glacial
cycle occurred either during MIS 3 or during the early part of MIS 2, and generally under more temperate and
humid conditions. With the establishment of a colder but drier regional climate after 25 ka, glaciers across the
wider Mediterranean region appear to have retreated (Allard et al., 2021).

On the contrary, it is precisely at this time (around 25 ka), when both marginal glaciers along the southern
fringe of the Alps and outlet glaciers on the southern side of the AIF reached their maximum extent (Fig. 3,
Monegato et al., 2017; Kamleitner et al., 2022), where (albeit with fluctuations) they remained until the end of
the g-LGM around 19 ka. In the previous section, we have demonstrated that the mass balances of glaciers in
the southern Alps were influenced by spring, summer and autumn snowfall. This also implies that Alpine
glaciers were likely very sensitive to small temperature changes, which would have had a relatively large
influence on the ratio between liquid and solid precipitation in spring and autumn (Fujita, 2008). In the
Mediterranean, on the other hand, precipitation in the present-day climate occurs predominantly in the winter
months, and climate models suggest that such seasonality also prevailed during the LGM (e.g., Russo et al.,
2024). Sensitivity studies show that the mass balances of glaciers in a climate dominated by winter
precipitation are less sensitive to temperature changes (Fujita, 2008). Therefore, at these sites, cooler

temperatures after 25 ka could not buffer the effects of increased aridity as they did in the Alps.
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Online Methods

Geomorphological mapping and palaeoglacier reconstructions

The reconstructions of 1-LGM glacier geometries and their ELAs presented in this study are based on field data from a
variety of sites along the southern fringe of the Alps. Some sites in the south-eastern and south-western Alps have
previously been discussed in Rettig et al., 2023 and Rettig et al., 2024, while four newly investigated sites in the south-
central to south-western Alps are introduced for the first time in the Supplementary Information (Figures S1-S4). All
datasets were processed according to a consistent methodological framework. At first, this involved the geomorphological
mapping of landforms that delimitate the spatial extent of the former glaciers (e.g., frontal and lateral moraine ridges,
trimlines, cirques, kame terraces, or lateral meltwater channels). The mapping was carried out partly from remotely sensed
datasets, such as topographic maps, aerial photographs, and Digital Elevation Models (DEMs), and through targeted field
surveys during the summers of 2020, 2021, and 2022, largely following the workflow described in Chandler et al. (2018).

The ice-marginal landform assemblage was then digitised in order to constrain numerical reconstructions of former
ice surface geometries using GlaRe (Pellitero et al., 2016), an Esri ArcMap toolbox that represents an implementation of
the standard flow law of ice (Nye, 1952; Schilling and Hollin, 1981; Benn and Hulton, 2010). GlaRe calculates ice
thickness points along user-defined flowlines assuming a perfect plasticity ice rheology and then interpolates these points
across the formerly glaciated catchments. This results in a raster file representing the three-dimensional geometry of the
palaeoglacier surface. The tool was first run with a default basal shear stress of 100 kPa (Pellitero et al., 2016) after which
higher (max. 125 kPa) and/or lower (min. 50 kPa) values were chosen in specific areas in which the first reconstruction
did not match the morphological evidence. In particular, lower shear stress values had to be applied in areas of postglacial
sediment infill close to the former glacier snouts. Additionally, shape factor (F factor) corrections were used at several
sites at which the ice flow was constrained within narrow valleys, as to account for lateral drag from the valley sides
(Nye, 1965; Schilling and Hollin, 1981).

From the output ice surface raster files, palacoglacier ELAs were calculated using the “ELA calculation” toolbox
(Pellitero et al., 2015). Both the Area-Altitude Balance Ratio (AABR) method with an AABR of 1.56 (global median
value, see Oien et al., 2022) and the Accumulation Area Ratio (AAR) method with an AAR of 0.58 (global median value,
see Oien et al., 2022) were applied. At the majority of sites, the differences between AABR- and AAR-ELAs are lower
than 50 m (see Supplementary Information, Table S4). Among the few exceptions are glaciers with unusual surface
hypsometries such as the Monte Raut Glacier, which has wide and gently sloping accumulation areas and flows through
a narrow and steep gorge further down valley (Rettig et al., 2021). As the AABR method specifically accounts for glacier
hypsometry (Furbish and Andrews, 1984; Rea, 2009), only AABR-ELAs were therefore used for the subsequent

palaeoclimatic analyses.

19Be and *¢Cl surface exposure dating

Surface exposure dating using the terrestrial cosmogenic nuclides °Be and *°Cl was employed to determine the age of I-
LGM moraine formation at selected sites (Gosse and Phillips, 2001; Ivy-Ochs and Kober, 2008). Sampling was restricted
to erratic boulders that were situated in central and stable positions on well-preserved moraine ridges, avoiding those that
appeared to have moved or to have been reworked after deposition (Akgar et al., 2011). The rock samples were collected
from flat to moderately inclined boulder surfaces using an angle grinder, hammer, and chisel, and were then crushed to a
grain size of <800 pum using a Retsch BB 50 jaw crusher at the Department of Geosciences, University of Padova, Italy.
Subsequent chemical processing and Accelerator Mass Spectrometry (AMS) measurements were carried out at the

Laboratory of Ion Beam Physics (LIP), ETH Ziirich, Switzerland. Boulder and sample properties, as well as shielding
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parameters, that were measured and recorded in the field and are listed in the Supplementary Information, Table S1 (1°Be
data) and Table S2 (*°Cl data).

The crushed samples from the Oropa Valley (sample ID: ORO, lithology: gneiss and mica-schist from the
Austroalpine Sesia-Lanzo zone), from Pian Frollero (sample ID: FRO, lithology: gneiss from the Penninic Dora-Maira
unit), and from Sella Spa (sample ID: COR, lithology: gneiss from the Penninic Briangonnais zone) contained sufficient
quantities of quartz to further process them for '°Be dating. The quartz grains were isolated from other minerals using
standardised methods (Kohl and Nishiizumi, 1992; Ivy-Ochs, 1996; Ivy-Ochs and Kober, 2008; Kronig et al., 2018),
primarily by leaching the material in HCI and several times in weak (4%) HF. Magnetic grains, such as garnet and
muscovite, were removed from the mineral assemblage using a Frantz Model L-1 isodynamic separator. Once sufficiently
purified, the quartz was spiked with ca. 250 pg of a °Be carrier and dissolved in concentrated (40%) HF. The dissolved
samples were then passed through two sets of ion exchange columns to remove unwanted cations and anions. The addition
of a few drops of ammonia solution induced pH-selective precipitation of Be(OH),, which was oxidized to BeO, and
pressed into AMS targets. The concentrations of °Be in the samples were measured using the 0.3 MV MILEA AMS
system at LIP (Maxeiner et al., 2019). The measurements were normalised against the internal standard S2007N with a
nominal '°Be/’Be ratio of 28.1 x 107'? (Christl et al., 2013) and corrected with a laboratory blank value of 3.18*107',
Exposure ages were calculated from the blank-corrected '°Be concentrations using version 2.2 of the online calculators
formerly known as the CRONUS-Earth online calculators (Balco et al., 2008, access at https://hess.ess.washington.edu/).
We applied the Northeastern North America (NENA) '°Be production rate of 3.87 + 0.19 atoms*g'*a’! (Balco et al.,
2009), the constant scaling scheme for spallation of Lal (1991) and Stone (2000), and rock surface erosion rates of both
0 and 1 mm/kyr, the latter representing a maximum estimate for crystalline lithologies (André, 2002). The erosion
correction increased exposure ages only marginally by 1.5 to 2.0%, which is within the respective internal uncertainties
of the measurements.

Due to insufficient quartz yield, the samples from the Inferno Valley (sample IDs: VIF, lithology: South-Alpine
Verrucano conglomerate) were processed for whole rock 3°Cl dating, following the workflow outlined in Stone et al.
(1996), Ivy-Ochs (1996) and Ivy-Ochs et al. (2004). The crushed material was first sieved to a grain size between 250
and 400 pm and then leached with a HNO; solution to remove meteoric chlorine. A small fraction of the leached samples
was sent to Activation Laboratories Ltd (Ontario, Canada) to determine the concentrations of major and trace elements
which are required for the quantification of 3°Cl production rates (see Supplementary Information, Table S3). The
remaining material (approximately 30 g per sample) was spiked with a 3°Cl carrier and dissolved in a mixture of HNO;
and concentrated HF. AgNO; was then added to the dissolved samples to induce the precipitation of AgCl, the target
material for AMS measurements. Before the samples could be transferred to the AMS, however, they had to be cleaned
from the isobar 3°S that can cause interference with °Cl during the measurements. This was achieved by adding Ba(NO;),
which caused precipitation of BaSOj that could be removed from the samples through filtration. The measurements of
3%Cl concentrations were performed against the internal K383/4N standard with a nominal *Cl/Cl ratio of 17.83 x 1072
using the 6 MV TANDEM facility at LIP (Synal et al., 1997; Christl et al., 2013; Vockenhuber et al., 2019). The internal
standard is calibrated against the primary KNSTD5000 standard. Measured ratios were corrected with a laboratory blank
of 3.0 x 10°"%. Exposure ages were calculated using an in-house spreadsheet based on Alfimov and Ivy-Ochs (2009),
which considers the different production pathways of *ClI through spallation, muon interactions, and low-energy neutron
capture. Spallation rates of 48.8 + 3.4 atoms*gCa'*a’! (Stone et al., 1996), 162 + 24 atoms*gK'*a"! (Evans et al., 1997),
13 + 3 atoms*gTi'*a! (Fink et al., 2000), and 1.9 = 0.2 atoms*gFe"!*a"! (Stone et al., 2005), and the scaling scheme of

Stone (2000) were applied. Analogue to '’Be dating, surface erosion rates of 0 mm/kyr and 1 mm/kyr were used in the
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calculation of exposure ages. The erosion correction lowered the ages by ca. 5% for VIF-1 and VIF-3, and by ca. 1% for
VIF-2 and VIF-4.

Given the dominance of post-depositional shielding (causing “too young” ages) over inheritance (causing “too old
ages”) in exposure age datasets, we usually consider the oldest age(s) at a site to most reliably represent the true age of
moraine formation (Heyman et al., 2011), especially if those ages were determined from the largest boulders (Heyman et
al., 2016). No correction for snow cover was applied, even though the elevation of the boulders allows for limited
quantities of snow to persist during the winter months. This is because the true thickness of the snowpack throughout the
Holocene and the Late Pleistocene is unknown and because snow cover on top of the sampled boulders was likely much

lower than on the ground due to wind-scour effects (cf., Ye et al., 2023).

Assessment of topographic control on glacier ELAs

Glacier mass balance and the elevation of the equilibrium line are primarily determined by (summer) temperature and
(annual) precipitation (Ohmura et al., 1992; Ohmura and Boettcher, 2018), but they may also be subject to local
topographic control (Allen, 1998; Coleman et al., 2009; Chandler and Lukas, 2017; Hofmann et al., 2024). Catchment
aspect can play a particularly important role in this regard: north-facing glaciers that receive less direct incoming solar
radiation generally show reduced surface melt and therefore often have lower ELAs than their south-facing counterparts.
The differences between ELAs of north- and south-facing glaciers in the same climatic setting can amount to several
hundreds of meters (Evans and Cox, 2005). To get a semi-quantitative assessment on the influence of catchment aspect
on the palaeoglacier ELAs discussed in this study, incoming solar radiation was computed for all study sites using the
“Raster Solar Radiation” tool in Esri ArcGIS Pro 3.3.1, following the procedure outlined in Mills et al. (2012) and Rettig
et al. (2024). This tool generates a raster dataset in which each cell value corresponds to the total amount of solar radiation
(in kWh/m?) received over a defined time frame. Here, the time frame was limited to the summer months of June, July,
and August, when air temperatures would have been high enough to generate surface melt on the glacier. The output
raster datasets were then clipped to the outline of the reconstructed ice surface, and an average radiation value was
calculated for each glacier to facilitate a direct comparison between the sites. The modelling of solar radiation was based
on present-day (2023) orbital parameters and therefore cannot be considered representative for the LGM in absolute terms.
However, since this exercise was carried out to evaluate relative differences between the sites, we regard this difference

to be insignificant.

Calculation of LGM precipitation

After having established chronological control and having evaluated the effects of topographic control, the reconstructed
ELAs were used to obtain quantitative precipitation estimates (Pgra) for the sites of marginal I-LGM glaciation (see Table
S4 for details). Assuming that glaciers were in equilibrium with climate at the time of moraine formation, two empirical

relationships between temperature and precipitation at the ELA were applied:
Pera = 5.87Tya? + 230Ty5a + 960 (Equation 1),
Pera= S*(14.2TJJA2 +248.2Tya +213.5) (Equation 2),

where Pgpa is the total annual precipitation (liquid + solid) in mm/yr and Ty;a is the average air temperature of the three
warmest summer months (June, July, and August in the Northern Hemisphere) in °C at the ELA. S is a seasonality factor
that is 1 for a neutral precipitation seasonality, 1.4 for a climate dominated by liquid precipitation and 0.8 for a climate
dominated by solid precipitation. Equation 1 is from Ohmura and Boettcher (2018) and based on a dataset of around 100

modern glaciers worldwide, for which both mass balance and climatic data are available. Equation 2 is taken from
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Golledge et al. (2010) and is based on an analysis of the Younger Dryas glaciation in Scotland. There, the authors found
that precipitation seasonality had a strong influence on the ELA, leading them to include a seasonality factor into their
Pera/Tya relationship.

For both equations, Ty during the LGM was calculated by first retrieving temperature data for the preindustrial (PI,
1871-1900) from the HISTALP dataset (Auer et al., 2007) and extrapolating them to the glacier ELAs using an altitudinal
lapse rate of -0.0065°C/m. Then, an LGM temperature depression DT (PI-LGM) was applied, which was taken from the
regional climate model by Del Gobbo et al. (2023). We chose this DT-based approach over taking model-based
temperature estimates directly because of the different resolutions between the present-day and the model topography,
which would cause larger uncertainties at very small spatial scales. DT (PI-LGM) varies between 5.8 and 7.6°C, which
is in good agreement with reconstructions from lowland proxy records in northern Italy (Samartin et al., 2016; Pini et al.,
2022), justifying the use of the DT-based approach for the precipitation reconstruction. The calculated PeLa values were
finally compared with model-based precipitation estimates (Prcm) both from Del Gobbo et al. (2023) and for validation
purposes also with data from another RCM (Russo et al., 2024, see Supplementary Information, Table S5).

We estimated uncertainties in the calculated Pera values by taking into account (1) the standard deviation of PI
temperatures during the period between 1871 and 1900 (0.6-0.8°C, Auer et al., 2007), (2) the median difference between
AABR-ELAs and mass-balanced derived ELAs (65.5 m, Oien et al., 2022), and (3) the standard error in the P/T
relationships (648 mm/yr, Ohmura and Boettcher, 2018).
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