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Abstract: We present new chronological and palaeoclimatological constraints on the evolution of the Valsug-
ana glacier network (south-eastern European Alps) during the Last Glacial Maximum (LGM). The
detection of ice-marginal sediments and landforms, related to the geological mapping of the area at
1 : 50 000 scale (CARG project, sheet 061 “Borgo Valsugana”), enabled a detailed reconstruction of
past glaciers at their maximum extent. Chronological control on the geomorphological evidence is
obtained using 10Be surface exposure dating of erratic boulders from lateral moraine ridges at Monte
Lefre, a nunatak within the LGM ice network. The exposure ages cluster between 20 and 19 ka,
demonstrating that lateral moraines were formed at the very end of the LGM and that ice surface low-
ering in the area did not start prior to ca. 19 ka. Isolated from the Valsugana glacier network, several
smaller ice masses developed. The reconstruction of four of these isolated glaciers and their equilib-
rium line altitudes (ELAs) allows us to better understand the climatic conditions that controlled glacier
evolution during the LGM: glacier ELAs were lowest in the Venetian Prealps (ca. 1300–1500 m a.s.l.)
and were gradually rising towards the more internal mountain chains (ca. 1500–1700 m a.s.l.). This
ELA gradient suggests that precipitation sourced from the Mediterranean Sea was highest in the vicin-
ity of the Alpine fringe, with successive moisture starvation towards the north. The detailed glacier
reconstructions, the chronological data, and the palaeoclimatological insights may serve as ground
control for future modelling efforts of large and interconnected palaeoglacier networks.
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Kurzfassung: Wir präsentieren neue geochronologische und paläoklimatische Daten zur Entwicklung des glazialen
Eisstromnetzes im Valsugana (südöstliche Europäische Alpen) während des Letzteiszeitlichen Maxi-
mums (LGM). Die Kartierung glazialer Sedimente und Landschaftsformen im Zuge der Erstellung
der regionalen geologischen Grundlagenkarte (CARG-Projekt, Blatt 061 “Borgo Valsugana”), er-
möglichte eine detaillierte Rekonstruktion der Gletscher zum Zeitpunkt ihrer größten Ausdehnung.
Die chronologische Einordnung wurde mithilfe der 10Be-Oberflächenexpositionsdatierung von er-
ratischen Blöcken auf Seitenmoränen am Monte Lefre, einem Nunatak im Eisstromnetz, vorgenom-
men. Die Expositionsalter fallen größtenteils in den Zeitraum zwischen 20 und 19 ka, was zeigt, dass
die Bildung dieser Seitenmoränen bis zum Ende des LGMs andauerte und dass die Absenkung der
Eisoberfläche nicht vor ca. 19 ka begann. Mehrere kleinere Gletscher entwickelten sich unabhängig
vom Valsugana-Eisstromnetz. Die Rekonstruktion vierer dieser isolierten Gletscher und ihrer Gle-
ichgewichtslinien (ELAs) erlaubt ein besseres Verständnis der klimatischen Bedingungen, die die
Entwicklung der LGM-Gletscher beeinflussten: ELAs waren am niedrigsten in den Venezianischen
Voralpen (ca. 1300–1500 m) und stiegen allmählich in Richtung des inneralpinen Raums an (ca.
1500–1700 m). Dieser ELA-Gradient deutet darauf hin, dass der aus dem Mittelmeerraum stammende
Niederschlag in der Nähe des Alpenrands am höchsten war und gegen Norden kontinuierlich abnahm.
Die detaillierten Gletscherrekonstruktionen, die chronologischen Daten und die paläoklimatischen
Erkenntnisse dieser Studie können zur Validierung künftiger Modellierungen großer und komplexer
Eistromnetze hilfreich sein.

1 Introduction

Reconstructing the extent of Alpine glaciers during
past glacial maxima has been attempted since the first
palaeoglaciological studies (Penck, 1882; Penck and Brück-
ner, 1901–1909). The attribution to the Würmian for the
youngest glacial landforms and related deposits (Penck and
Brückner, 1901–1909; Chaline and Jerz, 1984) enabled the
reconstruction of the size and the limits of the Alpine glacier
network at different scales, including the whole mountain
chain (Castiglioni, 1940) or parts of it (Jäckli et al., 1973; van
Husen, 1987). More recent maps (Ehlers and Gibbard, 2004;
Bini et al., 2009; Coutterand et al., 2009; Ehlers et al., 2011)
have shown an increased effort to depict details, aided by new
surveys and enhanced chronological knowledge of key sites,
especially within the end-moraine systems on both sides of
the Alps (Monegato et al., 2007, 2017; Ivy-Ochs et al., 2018;
Braakhekke et al., 2020; Kamleitner et al., 2022, 2023; Roat-
tino et al., 2023; Pezzotta et al., 2024). In addition, glacier
equilibrium line altitudes (ELAs) have been calculated for a
few mountain groups along the fringe of the Alps (Monegato,
2012; Rettig et al., 2023) or generally reconstructed for the
Alpine glacier network through modelling (Kuhlemann et al.,
2008), providing constraints on the climatic conditions under
which the Alpine glaciers evolved.

The internal parts of the glacier network, on the other
hand, have been more challenging to study, partly because
late-glacial and postglacial periglacial and gravitational pro-
cesses have often obscured the evidence left by the glaciers
during the Last Glacial Maximum (LGM, 26.5–19 ka accord-
ing to Clark et al., 2009). Inner-alpine ice surface lower-
ing has been chronologically constrained through surface ex-

posure dating in the central and western parts of the Alps
(Wirsig et al., 2016), but for the south-eastern Alps such
chronological data supporting glacier reconstructions are still
missing. Additionally, this sector of the Alps was character-
ized by the presence of small and isolated glaciers during the
LGM. The study of these marginal glaciers has resulted in
important palaeoclimate reconstructions for the area (Rettig
et al., 2021, 2023). However, the evolution of these smaller
ice masses in relation to the main glacier network has not
been studied in detail yet.

The present work provides a detailed reconstruction of the
LGM glaciers in the south-eastern Alps (Fig. 1a), including
the Valsugana, which topographically corresponds to the up-
per trunk valley of the Brenta River catchment, and the Vene-
tian Prealps. New exposure datings from a nunatak emerging
from the Valsugana glacier network provide chronological
constraints on regional glacier advance and retreat, while the
ELA modelling of isolated glaciers, within and outside the
limits of the glacier network, highlights the climatic gradient
from the foreland plain to the inner sector of the Alps.

2 Setting

The south-easternmost sector of the Alps is characterized by
a mountain belt, namely the Venetian Prealps, which sep-
arates the internal and highest parts of the southern Alps
(i.e. the Dolomites) from the Venetian–Friulian Plain (Ivy-
Ochs et al., 2022). The major catchments of this sector are
(1) the Adige–Sarca, the largest catchment on the southern
side of the Alps, (2) the Brenta, and (3) the Piave (Fig. 1a).
The Venetian Prealps are characterized by carbonate plateaus
(Antonelli et al., 1990; Barbieri and Grandesso, 2007),
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Figure 1. (a) Topographic map of the south-eastern Alps, depicting the major rivers draining the mountainous catchments. The study site
(including the Valsugana) is marked by a red rectangle, corresponding to the extent of Fig. 2, and the profile lines refer to Fig. 8. The frame of
the “Borgo Valsugana” sheet of the geological map is indicated with a dashed black line. (b) Reconstruction of the LGM glacier extent in the
south-eastern Alps, modified from Ehlers et al. (2011), and the locations of the end-moraine systems related to the Adige–Sarca and Piave
glaciers. Note the transfluence of ice from the Adige Valley towards the Valsugana. End-moraine systems were digitized following Monegato
et al. (2017) and Carton et al. (2009). Elevation data: Copernicus DEM GLO-30 (access at https://dataspace.copernicus.eu/explore-data/
data-collections/copernicus-contributing-missions/collections-description/COP-DEM, last access: 1 October 2025). Reference system for
this map and all following map frames: WGS 1984.

whose elevation exceeds 1000 m a.s.l., reaching 2300 m a.s.l.
at the northern rim of the Sette Comuni Plateau (Fig. 2).
These plateaus are cut by only a few narrow canyons,
namely Valdastico, Canal del Brenta (the Brenta River valley
downstream of the Valsugana), Piave, Lapisina, and Cellina
canyons/gorges (Fig. 1a). The Venetian Prealps are affected
by tectonic uplift related to the activity of the thrust front of
the eastern Southern Alps (e.g. Galadini et al., 2005; Poli et
al., 2024). The Valsugana is also shaped by major tectonic
structures, which led to a lower topography in respect to the
neighbouring sectors, with the presence of mounts between
1400 and 1600 m a.s.l. and several wind gaps (see Fig. 2).

During the LGM, the principal valleys of the south-eastern
Alps hosted a valley glacier network with the largest outlet
glaciers (e.g. the Adige–Sarca or the Piave glaciers) spread-
ing as piedmont lobes on the foreland plain (Ehlers and
Gibbard, 2004; Ivy-Ochs et al., 2022). Despite the size of
the mountain catchments, the piedmont plain in between
the Garda and the Vittorio Veneto morainic amphitheatres
is characterized by a lack of frontal moraines (Fig. 1b).
The Venetian Prealps acted as a barrier to spreading val-
ley glaciers and hosted local ice caps in the Sette Comuni
Plateau, Monte Grappa, and Monte Cavallo during the LGM

(Baratto et al., 2003; Cucato, 2007; Rettig et al., 2023). For
these local/isolated glaciers in the Venetian Prealps, ELAs
between 1320 and 1680 m a.s.l. were calculated with lower
values (down to 1100 m a.s.l.) moving eastwards through the
Carnic and to the Julian Prealps (Rettig et al., 2021, 2023). To
the north, the valleys of the Dolomites were characterized by
glacier networks. The large Adige glacier flowed into the As-
tico Valley, with the front at Cogollo (Fig. 1b; Cucato, 2001,
2007; Rossato et al., 2013), and into the Valsugana (Avanzini
et al., 2010), where it merged with the Cismon–Piave glacier
(Rossato et al., 2018). The Piave glacier flowed both into
its modern valley, terminating at Quero (Venzo, 1977), and
through the Lapisina Valley, forming the frontal moraines at
Gai (Venzo, 1977) and at Vittorio Veneto (Fig. 1b; Bondesan
et al., 2002; Carton et al., 2009).

3 Materials and methods

3.1 Geomorphological and sedimentological mapping

The geomorphological investigation of the area was per-
formed through a combination of field surveys, related to the
realization of the sheet 061 “Borgo Valsugana” of the geolog-
ical map of Italy at 1 : 50 000 scale (Roghi et al., 2023), and
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Figure 2. Topographic (upper panel) and geological (lower panel) map of the study site, the Valsugana sector of the south-eastern Alps;
see Fig. 1 for its broader location. The west–east-trending trunk valley, through which the Brenta River flows, separates the carbonate Sette
Comuni Plateau to the south from the Lagorai and the Cima d’Asta mountain groups to the north. The map extents of Fig. 3a–e (examples of
glacial landforms) and Fig. 4a (Monte Lefre) are indicated by black rectangles. Black lines are the traces of profiles in Fig. 8. Elevation data:
TINITALY DEM v.1.1 (Tarquini et al., 2007, 2023, access at https://tinitaly.pi.ingv.it, last access: 25 February 2025). Geological sketch map
after Rossato et al. (2018).
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mapping from remotely sensed datasets. The approach com-
plies with present-day standards in geomorphological map-
ping of glaciated areas (Smith et al., 2006; Chandler et al.,
2018). The remotely sensed data included both digital el-
evation models (DEMs) and orthophotos that were derived
from the geoportals of Provincia Autonoma di Trento (https:
//siat.provincia.tn.it/stem, last access: 25 February 2025) and
Regione Veneto (https://idt2.regione.veneto.it, last access: 25
February 2025) and integrated into a geographic information
system (GIS) environment (Esri ArcGIS Pro v.3.2). Quater-
nary deposits were recognized and interpreted in the field
based on their sedimentary properties, such as grain size,
clast shape, lithology, or bedding structures (Evans and Benn,
2021). Special attention was paid to relative age indicators
of the deposits, including their colours (via Munsell colour
chart), the development of soils, and the degree of cemen-
tation (e.g. Burke and Birkeland, 1979; Colman and Pierce,
1986; Lukas, 2016). These properties were then compared to
the location and elevation of the landforms where numerical
age data were obtained (see next section). The suite of ice-
marginal deposits, including erratic boulders, and landforms
was used to constrain the limits of the palaeoglacier network
and to create a new map of the LGM glaciation at the study
site.

3.2 Surface exposure dating

Surface exposure dating using the terrestrial cosmogenic nu-
clide 10Be (Gosse and Phillips, 2001; Ivy-Ochs and Kober,
2008) was applied to date the formation of lateral moraine
ridges at Monte Lefre, a nunatak within the Valsugana glacier
network (see Fig. 2 for the location of Monte Lefre). Four er-
ratic boulders were selected and sampled after a careful eval-
uation of their size (ideally standing at least 1 m above sur-
rounding ground), their position (at the centre of the moraine
crest), and the preservation of boulder surfaces (no signs
of chipping of the surface or of anthropogenic reworking;
see Akçar et al., 2011). The moraines consist mainly of
matrix-supported diamict, and therefore the possibility of
post-depositional instabilities and exposure changes is given
(Tomkins et al., 2021). However, by choosing boulders that
were embedded in the matrix we aimed at avoiding those
that had been moved after deposition. Two boulders (LEF-
1 and LEF-2) are Permian rhyolites; the other two (LEF-
3 and LEF-4) are granites. Approximately 1 kg of material
was taken from each boulder by first sawing a rectangular
grid into the rock surface with an angle grinder and then ex-
tracting cubes using hammer and chisel. The inclination of
the sampled surfaces and azimuth/altitude values of the sur-
rounding horizon were measured in the field using a compass
clinometer and later refined through the PeakFinder web in-
terface (https://www.peakfinder.com, last access: 25 Febru-
ary 2025). From these values a topographic shielding factor
was calculated through the respective tool in the online cal-
culators formerly known as the CRONUS-Earth calculators

(Balco et al., 2008; https://hess.ess.washington.edu, last ac-
cess: 25 February 2025).

The sampled material was crushed and sieved to a grain
size between 800 and 250 µm using a Retsch BB 50 jaw
crusher at the Department of Geosciences, University of
Padova. Afterwards the samples were transferred to the Lab-
oratory of Ion Beam Physics (LIP) at ETH Zürich, where
they underwent chemical treatment following established
protocols (Kohl and Nishiizumi, 1992; Ivy-Ochs, 1996; Kro-
nig et al., 2018) to isolate quartz grains and to extract Be
from the purified quartz. This involved leaching the sam-
ples in hydrochloric acid (HCl) and several times in weak
(4 %) hydrofluoric (HF) acids so that feldspar grains were
progressively dissolved. Magnetic minerals were removed
using a Frantz model L-1 isodynamic separator. The puri-
fied quartz was then spiked with ca. 250 µg of a 9Be carrier
in solution (Scharlau, 1000 ppm) and dissolved in concen-
trated (40 %) HF. Two sets of ion exchange columns were
used to clean the dissolved samples and remove unwanted
cations and anions. Subsequent addition of ammonia solution
induced the pH-selective precipitation of beryllium hydrox-
ide (Be(OH)2), which was then ignited to beryllium oxide
(BeO), the target compound for accelerator mass spectrome-
try (AMS) measurements.

The AMS measurements of 10Be concentrations were car-
ried out using the 0.3 MV MILEA system at LIP (Maxeiner
et al., 2019). The concentrations were normalized against an
internal standard (S2007N) with a 10Be / 9Be ratio of 28.1×
10−12 and corrected for a full process blank of (3.18±1.26)×
10−15. The CRONUS-Earth calculators (Balco et al., 2008)
were used to calculate exposure ages from the 10Be concen-
trations. The ages in this paper are reported both with inter-
nal 1σ errors, related to uncertainties in the AMS measure-
ment only, and with external 1σ errors in brackets, the lat-
ter also including uncertainties within the applied 10Be pro-
duction rate. They were calculated with the 10Be production
rate based on the Northeastern North America (NENA) cal-
ibration dataset (Balco et al., 2009) and the scaling scheme
for spallation of Lal (1991) and Stone (2000). The NENA
production rate is consistent with a regional production rate
determined by Claude et al. (2014) at the Chironico land-
slide in southern Switzerland. Differences in calculated age
between the two are less than 2 %. NENA is used to allow
straightforward comparison to 10Be ages from other Alpine
sites (Ivy-Ochs et al., 2018; Kamleitner et al., 2022). In the
absence of quantitative estimates for surface denudation rates
of the sampled rock types, a value of 1 mm ka−1 was applied
to account for limited surface erosion of the generally very
resistant lithologies (André, 2002). The erosion correction
increased the exposure ages by 0.6 %–1.6 % compared to the
zero-erosion values, which is well within the respective un-
certainty range of the method (see Table 1). No correction
for shielding by snow cover was applied because the height
of the boulders above the ground (at least 80 cm; see Table 1)
usually exceeds the thickness of the snowpack in the region:
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at the meteorological station in Asiago (1000 m a.s.l.), a snow
thickness of 80 cm was reached on average only on five days
a year during the period between 1961 and 1990 (Valt et al.,
2022).

3.3 Palaeoglacier, ELA, and palaeoprecipitation
reconstructions

A reconstruction of four smaller and isolated ice masses
in the study area was carried out to obtain estimates of
local ELAs and ultimately to better constrain the climatic
conditions under which the LGM glaciers in the Valsug-
ana evolved. The reconstructions are based not only on the
mapped geomorphological evidence, in particular on the lo-
cations of frontal and lateral moraine ridges, but also on
trimlines and lateral meltwater channels. These “target fea-
tures” were first digitized within ArcGIS Pro and then used to
constrain the semi-automated toolbox PalaeoIce (Li, 2023).
This toolbox represents an implementation of the standard
flow law of ice and produces a three-dimensional glacier sur-
face by assuming perfectly plastic ice rheology (Nye, 1952,
1965; Schilling and Hollin, 1981; Benn and Hulton, 2010).
It works similarly to the more widely used toolbox GLARE
(Pellitero et al., 2016), but the user can automatically con-
strain the reconstruction to lateral target features so that the
output glacier surface is in line with the morphological ev-
idence. Once a satisfactory glacier surface had been recon-
structed, ELAs were calculated using both the accumulation
area ratio (AAR) and the area–altitude balance ratio (AABR)
methods (Furbish and Andrews, 1984; Rea, 2009; Pellitero et
al., 2015). For both approaches, global median values as de-
termined by Oien et al. (2022) – an AABR of 1.56 and an
AAR of 0.58 – were selected.

To discuss the palaeoclimatic significance of the recon-
structed ELAs, a calculation of palaeoprecipitation was
attempted for the four isolated glaciers, based on the
quantitative relationship between summer (June, July, Au-
gust) air temperature and annual precipitation at the ELA
(Ohmura and Boettcher, 2018). This was achieved by the
following methodological steps: (1) retrieving present-day
(1971–2000) average summer (June, July, August) temper-
atures from the HISTALP dataset by Auer et al. (2007),
(2) correcting for an altitudinal temperature lapse rate of
0.0065 °C m−1, (3) assuming a summer temperature drop of
ca. 10 °C during the LGM, as suggested by pollen (Pini et al.,
2022) and chironomid data (Samartin et al., 2016) as well as
palaeoclimate models (Del Gobbo et al., 2023), and (4) us-
ing the P/T relationship at the ELA presented in Ohmura
and Boettcher (2018). We acknowledge that there are con-
siderable uncertainties related to absolute values of palaeo-
precipitation calculated from ELAs (cf. Rettig et al., 2023;
Hofmann et al., 2024) and therefore discuss only the rela-
tive differences between the sites to identify spatial gradients
within palaeoprecipitation.

4 Results

4.1 Geomorphological and geological evidence

The lateral and terminal moraines, pertaining both to iso-
lated glaciers and to the valley glacier network, are impor-
tant geomorphological and sedimentary features, indicating
the location and the elevation of the ice surface (see Fig. 3
for examples of these moraines). Moraines in the Valsug-
ana are made of matrix-supported diamicton, with a sandy–
silty matrix. Clasts are subrounded to subangular, and the de-
posits are normally consolidated. The thickness is variable
from some metres to tens of metres. Lateral moraines related
to the Valsugana trunk glacier are preserved in flat sectors
of the valley slopes at elevations ranging from 1550 m a.s.l.
in the Panarotta area to around 1500 m a.s.l. at the outlet
of Calamento Valley (Fig. 3a). A key area is the Monte
Lefre (Fig. 4a), a limestone massif encircled by smoothed
moraines at about 1360 m a.s.l. Here, several erratic boul-
ders are scattered, four of which were sampled for expo-
sure dating (Fig. 4b–e). The topmost part of the mountain, on
the other hand, shows intensely weathered diamicton (Mun-
sell colour 5YR) and diamictite made of subrounded clasts
and boulders of crystalline and rhyolite rocks, while carbon-
ates are lacking or strongly altered (Fig. 5). To the north,
the glacial deposits crop out at a similar elevation, form-
ing distinguishable moraines in the saddle between Monte
Silana and Monte Fierollo (Fig. 3b). The abundance of rhyo-
lite blocks in these deposits is remarkable because this rock
type does not crop out in the Cima d’Asta massif. On the left
side of the Malene Valley, the moraines marking the glacier
limits dammed the Rio Secco Valley (Fig. 3d) and are also
located south of La Rocchetta (1240 m a.s.l.) and at Prati di
Monte Mezza (Fig. 3c; 1230 m a.s.l.). In the Celado Plateau
(see Fig. 6), the bedrock is present at higher elevation than
at the Tesino, and only across a saddle at 1666 m a.s.l. were
scattered exotic rounded pebbles found. To the south, the
lateral moraines of Enego (around 800 m a.s.l.) are close to
the frontal position of the Valsugana glacier (Rossato et al.,
2018). To the east, the Novegno Plateau (Fig. 6) hosts ra-
dial morainic ridges at about 710 m a.s.l. with a related left
moraine at the other side of the wind gap located between
the Celado and Novegno plateaus (Fig. 3g; Rossato et al.,
2018). The south-eastern sector of the study area, along the
north-western slope of Monte Grappa, is marked by moraines
related to the Cismon–Piave glaciers. Ridges are located
at about 750 m a.s.l. (Rossato et al., 2018), whereas deeply
weathered glacial deposits were found up to 900 m a.s.l. The
Piave glacier also formed the moraines that dammed the
Seren Valley.

The Sette Comuni ice cap created several frontal moraines
at the outlets of the major valleys: at Roana and Gallio to the
south and at Marcesina to the east (Fig. 3f). Lateral moraines
are also present towards the northern rim at the Barricata gap
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Table 1. Details on the erratic boulders that were sampled for surface exposure dating, 10Be concentrations determined via AMS, and
exposure ages with internal and external (in brackets) errors assuming 0 and 1 mm ka−1 erosion rates.

Boulder size Coordinates Elevation Sample Topographic 10Be Exposure age Exposure age
(L×W ×H ) (WGS 1984) [m a.s.l.] thickness shielding concentration 1 mm ka−1 0 mm ka−1

[m] [° N] [° E] [cm] factor [×105 at g−1] erosion [ka] erosion [ka]

LEF-1 3.0× 2.0× 0.8 46.0634 11.5749 1346 1.2 0.9987 2.355± 0.053 19.6± 0.5 (1.1) 19.3± 0.4 (1.0)
LEF-2 3.0× 1.5× 1.5 46.0634 11.5751 1341 1.6 0.9969 0.822± 0.028 6.8± 0.2 (0.4) 6.8± 0.2 (0.4)
LEF-3 2.5× 1.7× 1.2 46.0617 11.5565 1340 1.2 0.9995 2.314± 0.062 19.4± 0.5 (1.1) 19.1± 0.5 (1.1)
LEF-4 8.0× 4.5× 3.5 46.0615 11.5560 1332 1.5 0.9995 2.205± 0.086 18.6± 0.7 (1.2) 18.3± 0.7 (1.1)

Figure 3. Examples of ice-marginal landforms used for reconstructing the extent of the Valsugana glacier network. (a) Lateral moraines at
the outlet of the Calamento Valley. (b) Moraines in the saddle between Monte Silana and Monte Fierollo. (c) Lateral moraines of Prati di
Monte Mezza. (d) Left lateral moraine in the Malene Valley damming the Rio Secco tributary valley. (e) Lateral moraines at the Barricata
gap at the confluence of the Sette Comuni ice cap with the trunk glacier in the Valsugana. (f) The frontal moraines at Gallio, related to an
outlet glacier of the Sette Comuni ice cap. (g) View towards the Novegno Plateau and the lower part of the Valsugana. Elevation data in all
panels: LiDAR PAT 2014 DEM (Provincia Autonoma di Trento, access at https://siat.provincia.tn.it/stem, last access: 25 February 2025) and
DTM5 (Regione del Veneto, access at https://idt2.regione.veneto.it, last access: 25 February 2025). For the location of the landforms, see the
topographic map (Fig. 2).
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(Fig. 3e); their elevation (ca. 1200 m a.s.l.) is consistent with
those on the left side of the Valsugana.

Other frontal moraines are located in areas within the
glacier network but at higher elevation – these are related
to isolated glaciers. Moraines at the southern side of Palòn
della Cavallara (ca. 1550 m a.s.l.) are characterized by the
abundance of rounded granite boulders and subrounded crys-
talline and carbonate clasts; their weathering is comparable
to that of Monte Lefre. On the northern and eastern side of
the Monte Agaro plateau, three moraines are located at el-
evation between 1520 and 1400 m a.s.l. The northern slopes
of Monte Coppolo are characterized by frontal moraines at
1220 m a.s.l. and some remarkable lateral moraines damming
small valleys to the left at 1525 and 1450 m a.s.l. A similar
occurrence is related to the moraines located along the val-
leys of the Monte Grappa (Carraro and Sauro, 1979; Baratto
et al., 2003) and Monte Fior (Cucato, 2007) in the Prealps
south of the major valley glaciers.

4.2 Surface exposure ages

The four erratic boulders that were sampled for 10Be sur-
face exposure dating at Monte Lefre originate from two
different lateral moraine ridges – at Malga Valle (LEF-1
and LEF-2) and about 1.5 km further to the west, close
to the Chiesetta Alpina (LEF-3 and LEF-4; see Figs. 4a
and 5). Both moraines are located at very similar eleva-
tions (ca. 1340 m a.s.l.), suggesting that they represent the
same ice-marginal position. The calculated exposure ages
from all four boulders can therefore be regarded as a sin-
gle dataset. Corrected for a surface erosion of 1 mm ka−1,
boulder ages (with external uncertainties) are 19.6± 1.1 ka
(LEF-1), 6.8± 0.4 ka (LEF-2), 19.4± 1.1 ka (LEF-3), and
18.6± 1.2 ka (LEF-4; see Table 1 and Fig. 4). Three out
of the four ages have overlapping 1σ uncertainties and are
tightly clustered around a best Gaussian fit of 19.3± 1.3 ka
(the best Gaussian fit was calculated using the MATLAB/Oc-
tave code by Rodés, 2020). Only LEF-2 represents a clear
outlier, suggesting that this boulder experienced some form
of either post-depositional shielding, reworking, or move-
ment, resulting in a much younger exposure age.

4.3 Reconstructions of isolated glaciers and their
equilibrium line altitudes

In the study area, four glaciers that remained isolated from
the Valsugana glacier network were reconstructed (see Fig. 6
for the location of the glaciers and Table 2 for detailed prop-
erties). The Monte Coppolo glacier (Fig. 7a) was the largest
of the four reconstructed glaciers, with a surface area of
ca. 4.4 km2 and an estimated ice volume of 0.16 km3. The
glacier originated from two north-facing cirques at around
2000 m a.s.l., from which the ice was initially flowing to-
wards the north and then bending slightly towards the east,
where the frontal tongue reached a minimum altitude of

ca. 1100 m a.s.l. On its western side the ice blocked the
drainage of two small tributary valleys, which led to the de-
position of fine-grained sediments in these valley bottoms.
Both the AABR method and the AAR method yielded very
similar ELAs of the Monte Coppolo glacier of 1540 and
1530 m a.s.l., respectively.

Approximately 5 km west of the Monte Coppolo, Monte
Agaro (2062 m a.s.l.) hosted another isolated glacier of
slightly smaller surface area (2.5 km2) and ice volume
(0.10 km3, Fig. 7b). In its lower part, the Monte Agaro glacier
split into three different tongues that descended into the val-
leys to the north and east of the massif. Frontal moraine
ridges in these valleys indicate that the glacier front reached
elevations between 1300 and 1500 m a.s.l. The ELA of the
Monte Agaro glacier was calculated to 1740 m a.s.l. via the
AABR method and to 1780 m a.s.l. via the AAR method.

Just to the north of the Monte Agaro, a glacier devel-
oped on the southern slope of the Palón della Cavallara
(2199 m a.s.l., Fig. 7c). The south-facing Cavallara glacier
was much smaller (surface area ca. 1.0 km2, ice volume
ca. 0.03 km3) than the Monte Coppolo and Monte Agaro
glaciers, but its ELA is comparable to the latter (1750 m a.s.l.
via the AABR method, 1730 m a.s.l. via the AAR method).

The Monte Fior glacier (Fig. 7d, surface area ca. 2.2 km2,
ice volume ca. 0.13 km3) was located on the western side
of the Sette Comuni Plateau, around 20 km south of the
previous three glaciers. From Monte Fior (1824 m a.s.l.) the
glacier first flowed towards the north-east and then bent to-
wards the south-east, following the course of the valley down
to an elevation of ca. 1250 m a.s.l., where frontal moraine
ridges are preserved. It is likely that ice also existed on the
other flanks of Monte Fior; however no morphological or
sedimentological evidence was found to reliably reconstruct
the glacier extent in these sectors. The ELA of the Monte Fior
glacier was calculated to 1660 m a.s.l. via the AABR method
and to 1720 m a.s.l. via the AAR method.

5 Discussion

5.1 A new map of the LGM glaciers of the south-eastern
Alps

The integrated geomorphological and chronological dataset
allowed us to reconstruct the glacier network in the Valsug-
ana (south-eastern Alps) during the LGM (Fig. 6). The major
trunk glacier along the Valsugana was fed by the transflu-
ence of a branch of the Adige glacier towards the east (see
Fig. 1b). The ice surface of this glacier was at 1530 m a.s.l.
south of Panarotta and had a very low gradient to the east,
where it reached 1360 m a.s.l. at the Monte Lefre, ca. 17.5 km
downvalley. In the sector of the trunk valley south of Monte
Mezza, the glacier surface lowered to about 1200 m a.s.l. and
merged with an outlet of the Sette Comuni ice cap closely up-
stream of Grigno (Fig. 6). A branch of the Valsugana glacier
passed Monte Lefre and Monte Silana to the north and flowed
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Figure 4. (a) Map of lateral moraine ridges at the Monte Lefre nunatak, with the locations of erratic boulders selected for 10Be surface
exposure dating. The red contour line (1360 m a.s.l.) indicates the approximate maximum elevation of the ice surface during the LGM.
Elevation data: LiDAR PAT 2014 DEM (Provincia Autonoma di Trento, access at https://siat.provincia.tn.it/stem, last access: 25 February
2025). (b–e) Photographs of the boulders LEF-1, LEF-2, LEF-3, and LEF-4, visualizing how and where the samples for exposure dating
were taken.

Figure 5. Cross section of the Monte Lefre showing the different stratigraphic units and the location of the dated boulders. The photos show
from top left to bottom right (a) till associated with the dated boulders and (b) soil cover of the till, (c) carbonate slope deposits covered by
LGM till, (d) well-developed soil at the top of the pre-LGM till, and (e) cemented till (pre-LGM).
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Table 2. Key properties of the four reconstructed isolated LGM glaciers in the Valsugana including their ELAs, calculated via the AABR
and the AAR methods. Map views of the glaciers are in Figs. 6 and 7.

Lat Long Catchment Elevation Flowline Surface Ice ELA ELA
[° N] [° E] aspect range length area volume (AABR 1.56) (AAR 0.58)

[m a.s.l.] [km] [km2] (km3) [m a.s.l.] [m a.s.l.]

Monte Coppolo glacier 46.09 11.72 North 1070–1930 3.7 4.35 0.16 1540 1530
Monte Agaro glacier 46.10 11.66 North-east 1300–2060 3.1 2.49 0.10 1740 1780
Cavallara glacier 46.12 11.66 South-west 1450–2110 2.0 1.02 0.03 1750 1730
Monte Fior glacier 45.92 11.62 East 1250–1850 3.6 2.15 0.13 1660 1720

Figure 6. Reconstruction of the Valsugana glacier network (glaciers are labelled in blue) during the LGM, based on the results of geological
and geomorphological mapping. Note the nunataks, such as Monte Lefre (Fig. 4a), that remained ice-free and the locations of smaller,
isolated mountain glaciers (Fig. 7a–d) for which ELAs were reconstructed. Black lines are the traces of profiles in Fig. 8. Elevation data:
TINITALY DEM v.1.1 (Tarquini et al., 2007, 2023, access at https://tinitaly.pi.ingv.it, last access: 25 February 2025).

into the Malene Valley, as testified by the abundance of rhyo-
lite boulders and pebbles in the glacial deposits of the lower
reach of the Malene Valley. The elevation of the glacier sur-
face is marked here by several lateral moraines, which also
dammed the Rio Secco Valley at 1315 m a.s.l. (cf. Fig. 3d)
and the area at the south-western slope of Monte Agaro.
From the Tesino sector, a branch of the glacier flowed east-
wards but did not reach the Cismon trunk glacier, while most
of the ice flowed to the south, leaving lateral moraines along
the eastern slopes of Monte Mezza at 1220 m a.s.l. To the
east of the glacier, the ice surface elevation was not suffi-

ciently high for overflowing the Celado Plateau; here only
glaciofluvial spillways formed. Moving south, this branch of
the glacier merged again into the Valsugana trunk glacier at
Grigno. Downstream of Grigno, the ice surface decreased
from 1220 m a.s.l. to about 750 m a.s.l. at the frontal sector
near Enego.

Considering the depth of the post-LGM valley fill in the
upper Valsugana (Felber et al., 1998), an ice thickness of
up to 1000 m can be estimated for the trunk glacier, which
upon reaching Primolano had a width of about 600 m. Here
the glacier was blocked by the narrowing of the Valsugana
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Figure 7. Reconstructions of isolated mountain glaciers and their ELAs. (a) The Monte Coppolo glacier. (b) The Monte Agaro glacier.
(c) The Palòn della Cavallara glacier. (d) The Monte Fior glacier. All glacier ELAs were calculated using an AABR of 1.56 and an AAR of
0.58 (Oien et al., 2022). Elevation data for all panels: LiDAR PAT 2014 DEM (Provincia Autonoma di Trento, access at https://siat.provincia.
tn.it/stem, last access: 25 February 2025) and DTM5 (Regione del Veneto, access at https://idt2.regione.veneto.it, last access: 25 February
2025).

Valley (at present the valley is less than 100 m wide) and
was forced to cross the obstacle of the Novegno and Enego
plateaus at 800 m a.s.l. The glacier split into two branches
(Rossato et al., 2018), one climbing the plateau and crevass-
ing downstream of the gorge and the other flowing to the east
across a wind gap, at the end of which it merged with the
Cismon–Piave glacier arriving from the north-east (Fig. 6).
The Cismon trunk glacier merged with the westernmost
branch of the Piave glacier 3 km upstream of the conflu-
ence with the Valsugana glacier; the resulting glacier front
crevassed downstream of the Corlo Gorge, 60 m wide, now
submerged by Lake Corlo (Fig. 2). The hypothesis of glacier
crevasse cascades in this area is established by the lack of
frontal moraines or glacial deposits in both the narrow val-
leys, whereas a 30 m thick glaciofluvial succession starts at
this point (Rossato et al., 2018).

5.2 Timing of LGM glacier advances and moraine
formation

The 10Be surface exposure ages from erratic boulders at
Monte Lefre chronologically constrain the mapped landform
evidence and the reconstruction of the Valsugana glacier net-
work described in the previous section. The data strongly
point to a stabilization of the lateral moraine between 20 and
19 ka, as the best Gaussian fit of the ages (19.3± 1.3 ka), the
oldest age (19.6± 1.1 ka), and the age of the largest boul-
der (18.6± 1.2 ka) are within this time bracket. The lateral
moraines at Monte Lefre are located at elevations between
ca. 1340 and 1360 m a.s.l. This coincides with the elevations
of ice-marginal features in other parts of the valley, indicat-
ing that the glacier surface had been persistent at this ele-
vation until ca. 19 ka. The lack of fresh (LGM) glacial de-
posits at higher elevations (cf. Fig. 5) suggests that those
moraines also mark the maximum ice extent during the last
glacial cycle. This is slightly at odds with data from moraine

https://doi.org/10.5194/egqsj-74-151-2025 E&G Quaternary Sci. J., 74, 151–168, 2025

https://siat.provincia.tn.it/stem
https://siat.provincia.tn.it/stem
https://idt2.regione.veneto.it


162 L. Rettig et al.: The LGM glacier network of the Valsugana area

Figure 8. (a) ELA gradients from the Venetian–Friulian Plain to the study area with reconstructed glacier ELAs visualized as red (S-facing),
blue (N-facing), and grey (E–W-facing) triangles; palaeoprecipitation values based on ELAs and palaeotemperature reconstructions (see
“Materials and methods” section) are also presented. (b) Cross section from the Astico Valley to Cima d’Asta, crossing the Sette Comuni
Plateau (Rettig et al., 2023) and Monte Lefre. (c) Cross section from the Venetian–Friulian Plain over the Monte Grappa (Baratto et al., 2003;
Rettig et al., 2023) and the Monte Agaro towards Cima d’Asta. For the location of the profiles, see Fig. 1a.

amphitheatres along the south-eastern Alpine fringe. There,
the maximum ice extent is usually recorded much earlier at
around 26 to 24 ka, while the late LGM is connected to reces-
sional moraines at more internal positions (Monegato et al.,
2007, 2017). Also, the maximum aggradation within the allu-
vial fans in the Venetian–Friulian Plain was reached earlier:
in the Brenta megafan, fed by outwash from the Valsugana
glacier network, aggradation peaked between ca. 26.7 and
23.8 ka cal BP and subsequently decreased towards the latest
part of the LGM (Rossato and Mozzi, 2016).

This temporal discrepancy may be due to different factors.
End-moraine systems in the south-eastern Alps and alluvial
fan aggradation are chronologically constrained by 14C ages
which are usually taken from the middle or the bottom of
glacial sediment successions and therefore constrain the on-
set of sediment deposition. Exposure ages, on the other hand,
are taken from the top of glacial landforms and therefore date
the last depositional event. Another explanation might be that

the ice surface in the inner parts of the glacier network re-
mained relatively stable throughout the LGM, while climatic
fluctuation mainly manifested in changes within the glacier
front in the piedmont plain. Our data show that glaciers in the
south-eastern Alps were still at an advanced position before
ca. 19 ka. This provides important constraints for the initi-
ation of ice surface lowering in the south-eastern Alps that
compare to exposure ages from the central and western parts
of the Alps, which indicate a lowering of the glacier surface
after 18.5 ka (Wirsig et al., 2016). The onset of post-LGM
deglaciation and ice retreat can therefore be bracketed in the
intervening time period.

5.3 The equilibrium line altitude in the south-eastern
Alps during the LGM

Above the trimline, but within the limits of the Valsugana
glacier network, isolated glaciers developed in some moun-
tains such as the Monte Agaro, Palòn della Cavallara, and

E&G Quaternary Sci. J., 74, 151–168, 2025 https://doi.org/10.5194/egqsj-74-151-2025



L. Rettig et al.: The LGM glacier network of the Valsugana area 163

Monte Coppolo. Even if no chronological data are available
for these sites, the degree of weathering and soil formation
on top of the deposits is similar to that for deposits located
in the Valsugana area and suggests a coeval formation of
the isolated glaciers with the Valsugana glacier network. The
ELA values calculated for the four isolated glaciers vary dis-
tinctly based on their different topographies and aspects; the
lowest ELA (1540 m a.s.l.) was reconstructed for the Monte
Coppolo glacier, with 4.4 km2 being the biggest of the stud-
ied local glaciers. It is remarkable that this ELA is similar
to the elevations of the highest lateral moraines of the Val-
sugana glacier and its major tributaries. It suggests that the
ELA of the major glaciers in the area was likely compara-
ble to that of the smaller ice masses, with accumulation areas
widespread above 1540 m a.s.l. The Monte Agaro and Palón
della Cavallara glaciers are located in the same sector; the
first was a plateau glacier, 2.49 km2 wide, that flowed to-
wards N and E, and the second was a small (ca. 1 km2) cirque
glacier facing S. The similar ELAs of these glaciers (1740
and 1750 m a.s.l., respectively) are ca. 200 m higher than the
ELA of the nearby Monte Coppolo glacier. This difference
can probably be ascribed to the higher amount of solar radi-
ation these glaciers received due to their aspect and/or lower
steepness that enhanced ablation (Coleman et al., 2009). In
the prealpine plateau sector, the large Sette Comuni ice cap
had its accumulation area above 1680 m a.s.l. (Rettig et al.,
2023). This glacier fed several lobes, one merging with the
Valsugana glacier to the north and the others forming snouts
to the south, filling narrow valleys. The Monte Fior glacier
originated from a mountain of the plateau outside the flux of
the main glacier. This small glacier (2.15 km2) flowed to the
east in a narrow valley. The calculated ELA is 1660 m a.s.l.,
very similar to that of the Sette Comuni ice cap (Rettig et al.,
2023).

5.4 Climate gradient across the south-eastern Alps

Recently published palaeoclimate models show how atmo-
spheric circulation affected the Alps during the LGM (Lud-
wig et al., 2016; Spötl et al., 2021; Velasquez et al., 2022;
Del Gobbo et al., 2023; Russo et al., 2024) and governed
the distribution of ELAs across the mountain range (Kuhle-
mann et al., 2008; Hughes and Woodward, 2016; Višnjević
et al., 2020; Del Gobbo et al., 2023). These climatic data
also supported palaeoglaciological models and contributed
to their improvement (Seguinot et al., 2018; Jouvet et al.,
2023; Leger et al., 2025). The availability of empirical ELA
reconstructions aids model–data comparisons and gives new
hints for model validation and better resolution. In the south-
eastern Alps many LGM glaciers located in isolated moun-
tains have been reconstructed over the last few years (Baratto
et al., 2003; Monegato, 2012; Rettig et al., 2021, 2023) and
have provided important information on LGM temperature
and precipitation rates along the Alpine fringe. Nevertheless,
the climatic conditions in more internal parts of the Alps have

remained poorly constrained because of the difficulties in es-
timating the ELAs for large valley glacier networks (Pellitero
et al., 2016). The new data provided in the present work help
to solve this gridlock. The lateral moraines, which normally
start to form at the transition from accumulation to ablation
areas (Lichtenecker, 1938), appear just above 1500 m a.s.l. in
the western, upper reach of the Valsugana area. This is in
agreement with the ELA of the largest isolated glacier of the
area, that of Monte Coppolo. The calculated ELAs also show
good agreement with the modelled ELA from Del Gobbo et
al. (2023), in which the 1500 m a.s.l. ELA contour crosses
the Valsugana Valley, while for both the Cima d’Asta and the
Sette Comuni Plateau, higher ELA values were modelled.

However, while an ELA of ca. 1500 m a.s.l. can be con-
sidered an average for the glacier system, differences be-
tween ELAs of smaller ice masses point to variations within
both local topoclimate and regional precipitation patterns,
as shown by N–S cross sections from the Venetian–Friulian
Plain to the Cima d’Asta sector (Fig. 8). These cross sec-
tions show an ELA rise of about 200–300 m within the
first few kilometres of the Alpine fringe, which is indepen-
dent of glacier aspect. Assuming non-significant tempera-
ture gradients over these short distances, the ELA gradient
most likely reflects changes in the precipitation rate mov-
ing from the Alpine fringe towards the more interior parts
of the mountain range. Applying an LGM summer temper-
ature depression of ca. 10 °C (Samartin et al., 2016; Pini et
al., 2022) and using the P/T relationship by Ohmura and
Boettcher (2018), calculated palaeoprecipitation would be
around 1800 mm yr−1 in the first prealpine chain facing the
Venetian–Friulian Plain (e.g. at Monte Grappa) and decrease
to just over 1400 mm yr−1 towards the Cima d’Asta massif –
a fall in the precipitation rate of about 400 mm yr−1 over just
30–40 km of horizontal distance (see Fig. 8). Similar trends
in reconstructed palaeoprecipitation have also been observed
in other formerly glaciated mountain ranges in Europe, such
as in the Balkan Peninsula (Ruszkiczay-Rüdiger et al., 2022).
This trend of increase in aridity towards the inner sector
could also explain why, despite the higher catchment eleva-
tion of the Cima d’Asta massif, the Valsugana trunk glacier
flowed into the Malene Valley. This casts new light on the
relationships between trunk glaciers and their tributaries un-
der the influence of local and regional climatic gradients in
complex mountainous topographies.

6 Conclusions

In this study, we present new insights into the evolution of
Last Glacial Maximum (LGM) glaciers in the Valsugana,
south-eastern European Alps. We combine geomorphologi-
cal mapping with 10Be surface exposure dating and recon-
structions of palaeoglacier equilibrium line altitudes (ELAs)
to strengthen the chronology of ice advances in the area and
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to better understand their climatic controls. The following
points can be concluded from our data:

1. During the LGM, the Valsugana (upper Brenta catch-
ment) was covered by an interconnected glacier net-
work. The reconstruction of this glacier network could
be refined through detailed geomorphological mapping
of ice-marginal features such as lateral moraine ridges
and trimlines.

2. Within the LGM glacier network, several isolated
mounts remained free of ice, such as the Monte Lefre
nunatak, where lateral moraines are preserved at ele-
vations up to 1360 m a.s.l. 10Be surface exposure ages
from erratic boulders at Monte Lefre suggest that the
moraines were formed between 20 and 19 ka. This
demonstrates that the Valsugana glacier remained at an
elevated position until the very end of the global LGM
and that ice surface lowering in the area was not initi-
ated before 19 ka.

3. Separated from the glacier network, smaller isolated
glaciers existed during the LGM. The reconstructed
ELAs of these marginal ice masses lie between 1500
and 1700 m a.s.l. Different ELAs can be explained by
(1) catchment aspect and (2) climatic gradient, with
lowering precipitation from the foreland plain and Pre-
alps to the inner-alpine sector.

4. The N–S gradient of decreasing ELAs suggests a de-
crease in precipitation of Mediterranean humid air
masses moving from the foreland of the Alps towards
the more internal sectors of the mountain range. Local
climatic gradients such as this one found in the Val-
sugana may have been important for the evolution of
LGM glaciers elsewhere and need to be accounted for
in glacier and palaeoclimate modelling approaches.
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