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Abstract | Mountain areas are very sensitive to climate change, which has led to changes in natural hazards that are
often linked to disturbances in the cryosphere. In this context, changes in snowfall characteristics and snow cover affect
avalanche hazards. Long-term variability can be reconstructed by using historical archives, tree rings and, more rarely,
lake sediments. The latter approach is based on the identification of lake sediment consisting of poorly sorted, coarse
sediments in a fine matrix, which are often associated with terrestrial organic debris. This sediment is generally brought
to the lake within large amounts of wet snow, or via ‘drop stones’ when the ice melts if the avalanche takes place on
a frozen surface. Here, we study two high-altitude lakes (Melu and Capitellu) in the Restonica Valley in Corsica, an
area where systematic records are lacking, to reconstruct signals related to such large wet snow flows on a millennial
scale. The analysis of several sedimentological and geochemical markers enables the characterization of wet avalanche
deposits in the two lakes, as well as turbidite-type facies linked to historical earthquakes in Corsica. Age models
based on short-lived radionuclides and radiocarbon also make it possible to reconstruct two avalanche chronologies
covering 600 and 1750 years in Melu and Capitellu Lakes, respectively, which show similar temporal variations. A
comparison with the only long-term chronology available in the Alps (Lake Muzelle, Ecrins) also reveals synchronicity in
the secular variability of avalanches, suggesting a common forcing between Corsica and the Alps. Human observations
and accident records from recent decades, and snow and weather release conditions reconstructed from a hydrological
modeling scheme confirm the ability of the lacustrine avalanche sedimentary method to document local wet snow
avalanche activity. The proposed methodology, which is based on paleolimnological studies, may therefore be useful,
alone or combined with other avalanche data sources, for tracking changes in avalanche activity and related risks in
mountainous areas.

Lay summary | Mountains are highly sensitive to climate change, which affects snowfall and the occurrence of
avalanches. However, long-term records of avalanche activity are very rare, especially in regions where no systematic
monitoring exists, such as the high mountains of Corsica. In this study, we use sediments preserved at the bottom
of two alpine lakes to reconstruct 600 to 1,700 years of past wet-snow avalanche activity. Large avalanches reaching
these lakes carry coarse debris and organic material that leave characteristic layers in the sediment. By analysing these
layers and establishing precise age models, we identify when major wet-snow avalanches occurred in the past. The two
lakes show similar patterns through time, and their variations match those observed in the French Alps, suggesting a
common climatic influence. This work demonstrates that lake sediments provide an effective way to track avalanche
activity over long periods and can help improve hazard assessment in poorly monitored mountain areas.
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1. Introduction

Mountainous areas around the world are very sensitive to
climate change, which has already altered natural hazards
and related risks, especially at high elevations (IPCC,
2022; Jacquemard et al., 2024). The European mountain
cryosphere notably experiences an ongoing reduction in
snowfall and snow cover extent and duration (Beniston et
al., 2018; Matiu et al., 2021). For example, in the French
Alps, ongoing changes in snowfall and snow depth are
marked (Durand et al., 2009; Verfaillie et al., 2018), and
projected changes in heavy and extreme snowfall under
the RCP8.5 scenario show a projected decrease below
3000 m a.s.l. and an increase above 3600 m a.s.l. (Le
Roux et al., 2023). In the context of warmer temperatures,
changes in snowfall and snow cover characteristics impact
snow avalanche (hereafter denoted avalanches) activity
(Castebrunet et al., 2014; Eckert et al., 2024). Even if
precipitation remains stationary or increases moderate-
ly, a temperature increase will lead to a decrease in dry
snowpack and an increase in wet snowpack (Castebrunet
et al., 2014). An increase in the proportion of avalanches
involving wet snow compared with avalanches involving
dry snow only is therefore expected in the coming de-
cades, associated with a shift in their timing to an earlier
occurrence in the spring season in the Alps (Castebrunet
et al., 2014). These projections are supported by obser-
vations or models in different mountain regions (e.g.,
Lazar and Williams, 2008; Naaim et al., 2016; Hao et al.,
2023). We define such flows as “wet avalanches”. This
definition is less stringent than a definition based only
on the release mechanism (e.g., Mitterer & Schweizer,
2013). In other words, our wet snow avalanches corre-
spond both to avalanches released by wet slabs and to
avalanches that incorporate wet snow during their flows,
notably at lower elevations. They are typically character-
ized by the presence of liquid water within the deposit
(Jomelli & Bertran 2001; Baggi & Schweizer, 2009).
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Spontaneous avalanche release and flow result from
complex interactions between snowpack characteristics
(depth and stratigraphy, including grain size, density
and liquid water content), topography, and land cover
(Schweizer et al., 2003; Mock & Birkeland, 2000; Gaume
et al., 2012). Some studies have identified a clear link be-
tween avalanche occurrences and specific weather con-
ditions, such as those in Switzerland (Laternser & Pfister,
1997) and the western United States (Mock & Birkeland,
2000). Most of these studies rely on systematic avalanche
observations such as the EPA Enquéte permanente sur
les avalanches (Bourova et al., 2016). These are very
rich in terms of documented activity (e.g., Eckert et al.,
2010), but they cover only a few decades, which does not
allow us to understand the centennial long-term climate
impact on avalanche activity at centennial time scales. As
a consequence, longer time series resulting from proxy
data are needed to assess the response of natural ava-
lanche probability and climate change, e.g., by analyzing
avalanche records during the Little Ice Age (LIA) or the
Medieval Climate Anomaly (MCA).

In France, as in most mountainous countries, high-el-
evation alpine massifs have been studied much more
than lower-elevation mountain ranges (Giacona et al.,
2017a). However, the latter also experiences significant
avalanche activity under current climate conditions
(Giacona et al., 2017b), and they may serve as sentinels
to anticipate upcoming changes in snow processes and
associated hazards in higher mountain environments
(Giacona et al., 2021). The island of Corsica, northwest
of the Mediterranean, is mostly known for its sunshine
and beaches. However, with its highest peak at 2706 m
a.s.l. and steep slopes with some ski resorts, it also expe-
riences harsh winter conditions and significant avalanche
activity. The Corsica mountain range is characterized by
typical Mediterranean climate features with high tem-
peratures and droughts in summer but alpine influences
in winter with snow and frost (Rome & Giorgetti, 2007).
The alpine belt is located above 2,000-2,1700 m and is
characterized by the duration of snow cover a part of the
year. The deadliest avalanche in Corsican history was an
avalanche that occurred at Ortiporio on 4 February 1934,
which resulted in the deaths of thirty-seven people in this
village (Rome & Giorgetti, 2007; Deschétres et al., 2008).
However, there is currently no systematic monitoring of
avalanche activity in Corsica, and overall, avalanche risks
remain poorly documented and understood across the
island.

To reconstruct past avalanche activity from proxy data,
many studies use dendrogeomorphology and tree-ring
growth disturbances to produce a high-resolution yearly
dated avalanche chronicle (Stoffel et al., 2006; Corona et
al., 2010, 2013; Schléppy et al., 2013). Even if tree rings
provide very valuable data, including the estimated extent
of past avalanches (Favillier et al., 2018), reconstructed
series are generally limited to 1-3 centuries (Eckert et al.,
2024), and the capacity of trees to keep memory of past
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Figure 1 | Locations of Melu and Capitellu Lakes on Corsica Island (NW Mediterranean area). (A) Geological map with vegetation
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information (2020) for the two lake catchments. Aerial photographs of Lake Capitellu (B) and Lake Melu (C) with bathymetric data and the
locations of the sediment cores. The red and blue dashed arrows indicate the main avalanche paths and torrent channels, respectively.

events in their rings decreases as one moves back in time
(Favillier et al., 2023a). In contrast, lake sediments provide
valuable archives for reconstructing avalanche deposit
records over much longer periods (Sabatier et al., 2022),
although with greater age uncertainties. However, this
proxy has been less commonly used than, e.g., tree rings
for avalanche reconstructions, and resulting local records
have rarely been compared with other similar records and
avalanche data from other sources. Additionally, reconsti-
tutions from lake sediments can provide a good record
only if an avalanche transports sediment that reaches the
lake system, which is why only large, wet avalanches, as

we define them, can be reconstructed. However, several
paleolimnological studies produced wet snow avalanche
chronicles in Scandinavia (Nesje et al., 2007; Seierstad et
al., 2002; Vasskog et al., 2011) and, more recently, in the
French Alps (Fouinat et al., 2018, 2017) and Alaska (Thys
et al., 2019). Wet avalanche deposits are recorded in lake
sediment as very coarse layers with very poor sorting
that are sometimes associated with a fine-grained matrix
and organic matter debris (Sabatier et al., 2022). When
a wet avalanche occurs on a frozen lake surface, gravel
can be deposited, which is subsequently identified as a
dropstone in the lacustrine sediment (Thys et al., 2019).
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In this study we investigate two coupled high-elevation
lake systems, Lakes Melu and Capitellu in the Restonica
Valley on Corsica Island (Figure 1). We reconstructed wet
avalanche occurrences from lake sediment analyses via
two well-dated and high-resolution multiproxy records
associated with sedimentological and geochemical data.
From the two resulting unusually long, wet snow avalanche
chronologies, we aim to i) identify regional patterns in av-
alanche activity at the centennial time scale, and compare
these patterns with ii) other centennial long chronologies
existing in the French Alps, and iii) local records from ob-
servations and accident records from avalanches over the
last century. We finally discuss the results with respect to
i) the ability of lake sediments to reconstruct long cen-
tennial records of wet snow avalanche frequency, and ii)
the need for improved avalanche records in Corsica and
abroad.

2. Study sites

Lake Capitellu (5.22 ha) is a high-elevation lake (1930
m a.s.l.) with a maximum depth of 45 m that flows into
Lake Melu (6.28 ha), which is set at 1711 m a.s.l. with a
maximum depth of 16 m (Figure 1A). These lakes are
both located in the Restonica Valley of the Monte Ritondu
Massif, 10 km west of Corte city on Corsica Island (NW
Mediterranean area; Figure 1A). Lake Capitellu has a re-
stricted catchment of 48.3 ha, which is included in the
Lake Melu catchment, the latter with a surface area of 227
ha and a higher point at 2342 m a.s.l. (Punta Muzzella).
This catchment is mainly composed of monzogranite to
leucomonanogranite which are both rich in biotite and
may form coarse scree slopes, and sparse subalpine
vegetation mainly around Melu Lake, and alpine peatland
(Figure 1A). In the western area of the catchment, a very
restricted delta is present and is composed of coarse
material (coarse sand to gravel). Both lakes are frozen
during a large part of the year under current climate con-
ditions, between 6 and 7 months for Lake Melu and up to
8 months for Lake Capitellu. Different avalanche paths are
present close to both lake shores (Figure 1B, C).

A set of hydrometeorological data has been aggregated
at the scale of the Restonica catchment in Corte (38 km?),
where a hydrometric station has been available and pro-
vides streamflow data since 2012. The SAFRAN (Systeme
d'Analyse Fournissant des Renseignements Adaptés a la
Nivologie) reanalysis data (Vidal et al., 2010) were aggre-
gated at the scale of this catchment to produce daily time
series of air temperatures and precipitation since 1959.
From 1959 to 2021, the average annual temperature of
this watershed was 7 °C, and the average annual precip-
itation was 1352 mm. The snowfall season usually begins
in the Corsican Mountains at the end of October and lasts
until the end of April. The maximum snow depth is gener-
ally reached between mid-February and the end of March
(Rome & Giorgetti, 2007).

Millennial avalanche history in Corsica
3. Materials and methods
3.1. Sediment coring

All sediment cores were collected in June 2013 with
a UWITEC gravity corer from a small inflatable boat.
Three sediment cores, referred to as CAP13P1 (IGSN
(International Geo Sample Number: IEFRA006J; 34 cm),
CAP13P2 (IGSN: IEFRA006K; 37 cm), and CAP13P3 (IGSN:
IEFRAOO6L; 108 cm), were sampled at a water depth of
50 m in the central part of Capitellu Lake (42.212124° N,
9.012468° E) (Figure 1B). Three sediment cores, referred to
as MEL13P1 (IGSN: IEFRAO09X; 50 cm), MEL13P2 (IGSN:
[EFRAQ09Y; 25 cm), and MEL13P3 (IGSN: IEFRA009Z;
137 cm), were sampled in the central part of Melo Lake
(42.213017° N, 9.022909° E) at a water depth of 16 m
(Figure 1C). All the core metadata are stored in the French
Cyber-Core repository (https://cybercarotheque.fr/).

3.2. Sedimentological analyses

At the EDYTEM laboratory, cores were split, photo-
graphed, and logged in detail, and all physical sedimen-
tary structures and the vertical succession of facies were
noted for further correlation.

For the very coarse sedimentary material, grain size was
determined on cores CAP13P3 and MEL13P3 by wet siev-
ing sediment samples from different meshes (5 mm, 3.15
mm, 2mm, 1.25 mm and 1 mm); then, dry sediment weight
was measured for each fraction. A fraction smaller than 1
mm was measured through a laser granulometer using a
Malvern Mastersizer 2000G with ultrasound to minimize
particle flocculation. Based on the weight estimations,
a complete grain size distribution between 10 mm and
0.02 pm was subsequently calculated, and different grain
size parameters were calculated with GRADISTAT (Blott
and Pye, 2001). Additionally, a gravel-sand-mud terna-
ry diagram was produced via QGrain (Liu et al., 2021).
Samples for grain size analyses were taken from identified
event deposits larger than 5 mm in the two cores, with the
resolution adapted accordingly.

Samples for dry bulk density (DBD) and loss on ignition
(LOI) were taken at a 1 cm resolution, adapted to sed-
imentary boundaries within the identified background
sedimentation (few on event deposits) in CAP13P3 (n =
53) and MEL13P3 (n = 51). The organic matter content
was estimated through LOI550 following the protocol
of Heiri et al. (2001), and these cores had no carbonate
content.

3.3. Geochemical analyses

X-ray fluorescence (XRF) analyses were performed on the
surfaces of the split sediment cores at 1 mm intervals via
a non-destructive Avaatech core scanner (EDYTEM lab).
The geochemical relative components (intensities), ex-
pressed in counts per second, were obtained at various
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tube settings: 10 kV at 1.5 mA for 40 s for Al, Si, S, K,
Ca, Ti, Mn, and Fe and 30 kV at 1.2 mA for 60 s for Cu,
Zn, Br, Sr, Rb, Zr, and Pb. The single-element relative
abundances are expressed as centred log ratios (CLRs) to
avoid matrix effects inherent to these data types (Weltje
et al., 2015). All the measured elements were taken for
the geometric mean calculation needed for the CLR,
except for Mn, because it has a low intensity and a noisy
signal. Principal component analysis (PCA) was performed
on the non-transformed XRF data of the MEL13-P3 and
CAP13-P3 cores to determine the geochemical endmem-
bers (Sabatier et al., 2010).

A continuous sampling step, adapted to sedimentary
boundaries of 5 mm, was applied over the first 10 cm of
CAP13P1 (n = 16), and a step of 1 cm was applied to the
first 25 cm of MEL13P2 (n = 25) to determine 2'°Pb, %*Ra,
¥Cs and ?*'Am activities via well-type germanium de-
tectors placed at the Laboratoire Souterrain de Modane
following Reyss et al. (1995). For each sample, the #°Pb
excess activity was calculated by subtracting the #¢Ra-
supported activity from the total ?'°Pb activity measured.
The sediment core chronology was then carried out over
the last 120 years via the R package “serac” (Bruel and
Sabatier, 2020) and the constant flux constant sedimen-
tation (CFCS) model, which was validated with artificial
radionuclides ('¥Cs and 2*'Am).

Eight radiocarbon analyses of organic plant macroremains,
4 on the CAP13P3 core and 4 on the MEL13P3 core, were
performed via accelerator mass spectrometry (AMS) at
the Poznan Radiocarbon Laboratory. The “C ages were
calibrated via the Intcal20 calibration curve (Reimer et al.,
2020). The two lake age models were calculated via the R
code package clam (Blaauw, 2010).

3.4. Human observations of avalanche activity in the
area

To evaluate and discuss the reconstruction of avalanche
activity from sediment records, we compiled different
sources related to human observations of avalanches in
the area. Given that the studied lakes are situated in a
remote zone, we extended the search to the entire upper
Restonica Valley down to the lake catchments (Figure 1).
Sources include accident records collected at the national
scale by the ANENA (Techel et al., 2016), testimonies and
observations by local technicians from meteorological
and state services, a participatory web-based database
about snow avalanches (https://www.data-avalanche.
org/) and the EPA. Notably, the latter was active in Corsica
only between c. 1970 and 1985.

3.5. Hydrometeorological modeling over the last 6
decades

To better understand the meteorological conditions
leading to avalanches in this region, the historical hydro-
meteorological conditions of the Restonica catchment

Millennial avalanche history in Corsica

in Corte (38 km?), especially the upper part where the
two studied lakes are located, have been reconstructed
through hydrological modeling over the past six decades.
For this purpose, the GR4J rainfall-runoff model (Perrin
et al., 2003) and its snow accumulation and melt module
CemaNeige (Valéry et al., 2014) were calibrated with the
available data.

GR4J is a reservoir-based model characterized by four pa-
rameters that need to be calibrated for each catchment,
which allows for the simulation of daily streamflow series
from daily precipitation and potential evapotranspiration
series. Precipitation data were extracted from the SAFRAN
reanalysis (Vidal et al., 2010), and potential evapotranspi-
ration data were also estimated via air temperature series
from the SAFRAN reanalysis and the formula from Oudin
et al. (2005), which was developed for this specific objec-
tive of hydrological modeling.

The CemaNeige module simulates snow accumulation
and melting over time on the basis of two parameters
to be calibrated: a series of catchment air temperatures
and an elevation distribution of the watershed. From this
elevation distribution, the catchment is divided into el-
evation bands (5 in this case), for which meteorological
conditions are interpolated/extrapolated from the gen-
eral catchment meteorological conditions. Thus, for each
elevation band, a daily snowpack is simulated according
to the meteorological conditions. The evolution of these
different snowpacks is then combined at each modeling
timestep to achieve a comprehensive hydrological bal-
ance of the watershed and thus simulate streamflows.

The calibration of the GR4J model parameters and its
CemaNeige snow module was carried out simultaneously
over the period 2009-2022 (the period of availability of
the streamflow data), using the R package airGR (Coron
etal., 2017; 2022) and the Kling-Gupta efficiency criterion
(Gupta et al., 2009) as the objective functions.

Once the parameters were calibrated and the consistency
of the model performance was confirmed, the six param-
eters were used to simulate the temporal evolution of
the snowpack and streamflows over the entire SAFRAN
period from 1959-2022. This reconstruction allows for the
analysis of the hydrometeorological conditions associated
with avalanche observations over the recent period. This
type of hydrometeorological reconstruction has already
been used in the context of comparisons with sedimenta-
ry proxies in different settings (e.g., Brigode et al., 2016;
Gagnon-Poiré et al., 2021).

4. Results
4.1. Sedimentary description
The sediments from both the MEL and CAP cores consist

mainly of dark green organic-rich silt facies (F1) corre-
sponding to lake background sedimentation (Figure 2A,
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Figure 3 | Grain size data for CAP13P3 (A and B) and MEL13P3 (C and D) according to facies descriptions (F1: dark gray, F2: gray and F3:
orange). Biplots of D50 versus D90 and D50 versus Sorting are shown.

B). This facies presents relatively high organic matter
content, with mean LOI550 values of 19.4 + 4.7 % and
12.5 £ 1.4 % for MEL and CAP, respectively (Figure 2A,
B). In this facies, the dry bulk density (DBD) exhibited little
variation, with mean values of 1.20 = 0.06 and 1.30 + 0.10
g.cm? for MEL and CAP, respectively (Figure 2A, B). The
carbonate is not detectable through LOI950. The grain
size data indicate poorly to very poorly sorted (Sorting
= 3.6 MEL/4.3 CAP) silt with a mean grain size of D50 =
43 =9 um for MEL and D50 = 38 =10 um for CAP (Figure
3). This homogeneous background sedimentation is in-
terrupted by two types of event deposits, namely, facies 2
(F2) and facies 3 (F3) (Figure 2A, B).

F2 corresponds to a mixture of gravel, mud, and sand
(Figure 2A, B and S1) in both cores, and is associated
with organic matter debris in the MEL cores (Figure 2B).
Some of these gravel layers are normal grading. The
DBD in F2 was slightly greater than that in background
sedimentation, with average values of 1.21 = 0.05 and
1.33 + 0.03 g.cm? for MEL and CAP, respectively, and
the LOI550 values were 19.7 = 3.3 % and 10.4 = 1.0 %
for MEL and CAP, respectively, with a significantly lower
content for CAP (Figure 2A, B). We identify 29 F2 depos-
its ranging from 4-47 mm thick in MEL13P3, and 32 F2
deposits ranging from 3-60 mm thick in CAP13P3. The
grain size data indicate very poorly sorted (sorting = 6.2
MEL/6.8 CAP) sediment with a mean grain size of D50 =

1280 +2000 pm for MEL and D50 = 688 +1200 pm for
CAP (Figure 3).

F3 corresponds to graded green silt with a light clay cap
at the top (Figure 2A, B and S1) in both cores. In the MEL
cores, the base of one of these deposits is composed of
sand with a high amount of organic matter debris (70 cm
in MEL13P3, Figure 2B). The DBD in F3 was greater than
that in background sedimentation and F2, with values
of 1.46 = 0.12 and 1.53 g.cm? (one value) for MEL and
CAP, respectively, and the LOI550 was lower in F3, with
values of 10.7 £ 2.2 % and 8.9 % (one value) for MEL
and CAP, respectively (Figure 2A, B). We identify 2 F3
deposits ranging from 9-115 mm thick in MEL13P3 and
7 F3 deposits ranging from 4-25 mm thick in CAP13P3.
The grain-size data indicate poorly sorted (Sorting=3.2,
MEL/4 CAP) silt with a mean grain size of D50 = 35 * 11
pm for MEL and D50 = 28 = 11 um for CAP (Figure 3).

The grain size data according to the facies descriptions
are shown in Figure 3 for CAP13P3 and MEL13P3. F1
presented a relatively well-constrained group of values in
both cores. F2 displays a large range of variability, with
coarse and very poorly sorted sediment without a grain
size trend. F3 contains finer sediments with better sorting
and shows a linear relationship between D50 and D90 in
both cores, which partly overlap with the F1 group, espe-
cially in the CAP13P3 core (Figure 3A).
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4.2. Geochemistry

PCA of the selected raw XRF data is shown in Figure 2C
and D. Biplots of the first 2 dimensions (Dim1 and Dim?2)
on MEL13P3 and CAP13P3 present 76 and 71 %, respec-
tively, of the total variability. The two PCAs have similar
structures and allow the identification of 3 geochemical
endmembers: 1) high positive loadings of K, Al, Si, Ti, Ca,
Fe and Zr on Dim1; 2) high positive loadings of Rb on
Dim2; and 3) negative loadings of Pb and Br on Dim2.
The addition of sedimentary facies allows the distribution
of geochemical data to be mapped via PCA (Figure 2C,
D). Mapping revealed that F1 and F3 had similar distribu-
tions with relatively high Dim1 values at MEL and small
differences in CAP, with lower Dim2 values at F3 than at
F1. A portion of F2 overlaps F1 and F3, but a large part
of the data shows negative values for Dim1 and positive
values for Dim2 in both cores.

The downcore variations in one element (Fe, Pb, Rb) for
each geochemical endmember are shown in Figure 2A

Millennial avalanche history in Corsica

and B. F1 and F2 present anticorrelated variations, with
high Fe contents and low Rb contents in F1, whereas
F2 shows high Rb and low Fe contents. F3 has a differ-
ent pattern of element variation within the facies, with
relatively high Rb content at the base, and an increase
in Fe content toward the upper part of the facies, with
higher Fe values occurring in the light clay cap at the top.
In MEL13P3 the Pb content varies little, with higher Pb
content in organic-rich F2 deposits, and relatively lower
Pb content in gravel- and sand-dominated F2 deposits
(Figure 2B). We also observed higher Pb content in the
upper 12 cm (F1) of the core. In CAP13P3, the Pb content
was relatively low in F2 and F3, and there were long-term
variations in F1, with higher Pb content occurring within
the first 8 cm and between 73 and 82 cm (Figure 2A).

4.3. Core correlation
On the basis of lithological descriptions and XRF down-

core variations it is possible to correlate cores from the
same lake (Figure 2A, B). In Capitellu Lake, F2 and F3 in
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Figure 4 | Chronology based on short-lived radionuclides for the CAP13P1 (A) and MEL13P2 (B) cores. From left to right: picture, Rb CLR,
20Phex activities, event deposit-corrected ?°Pbex activities, '*’Cs and 2Am activities, and the CFCS age model. The event deposits are
highlighted by horizontal gray bands. FF: first fallout in 1955, C: Chernobyl accident 1986.
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the CAP13P1 and CAP13P3 cores can be easily correlat-
ed, with thick F2 deposits showing a decrease in thickness
from P1 to P3, toward the northeast (Figure 2A). CAP13P2
contains very coarse materials with rock pieces of several
centimeters in diameter, which excludes both XRF-based
and visual correlations with P1 and P3, but these very
coarse rock fragments indicate that the material origin for
F2 was probably the southeastern part of the catchment,
where we also observed an avalanche corridor (Figure
1B). In Melu Lake, F2 and F3 were well correlated within
all 3 cores. Owing to the short lengths of cores CAP13P1
and P2, only the 2 upper F3 deposits in CAP13P3 are
correlated with the other 2 cores (orange bands in Figure
2A), which have approximately the same thickness and
grain size. For F2 deposits, fewer events with less coarser
materials are present at MEL13P1 (southern position),
and thicker events are present at MEL13P2 and MEL13P3
(Figure 2B). The correlations between these two cores in-
dicate a relatively small decrease in thickness toward the
west, which could indicate the input of coarse material
from the east corresponding to the corridor avalanche
(Figure 1C).

4.4. Chronology

The chronological framework was based on short-lived
radionuclides for sediment from the last century, and on
radiocarbon ages for intervals older than the last century
for the two cores.

Short-lived radionuclides were treated with the R pack-
age serac (Bruel and Sabatier, 2020). In the CAP13P1 and
MEL13P2 cores, the F2 deposits are enriched in the Rb
CLR, leading to the identification of 2 and 8 event de-
posits respectively (gray bands in Figure 4A, B), no F3
deposits are identified in these upper core parts. These
F2 events were considered instantaneous and thus ex-
cluded from the age model construction by removing
the depth interval and associated ?'°Pbex data of each of
these intervals (Bruel and Sabatier, 2020). The logarith-
mic plot of the event-corrected ?'°Pbex activity shows a
well-constrained decrease in the CAP13P1 core, which
allows us to calculate the mean sedimentation rate from
the “constant flux, constant sedimentation rate” (CFCS) at
0.74 = 0.05 mm.y~" (Figure 4A). Ages were then calculat-
ed via the CFCS model applied to the original sediment

Millennial avalanche history in Corsica

sequence (with event deposits) to provide a continuous
age—depth relationship. The '*’Cs profile presented one
peak between 20 and 25 mm, with a very high activity of
1021 = 7 mBqg.g"", which probably corresponded to the
Chernobyl accident in 1986 CE. At this depth, we also
observed an increase in 241Am activity in relation to
high '¥Cs Chernobyl fallout, as already observed in Italy
(Rapuc et al., 2019). The first '¥Cs increase was observed
between 50 and 54 mm and could correspond to 1955 CE
and the first "¥’Cs global fallout (Figure 4A). The maximum
nuclear fallout in 1963 CE in the Northern Hemisphere
was probably hidden by 1) the very important Chernobyl
peak, 2) the relatively low sedimentation rate and 3) the
low sampling resolution. This age model is confirmed by
the good agreement between the 2'°Pbex and "*’Cs mark-
ers. The logarithmic plot of the event-corrected ?'°Pbex
activity shows two well-constrained distinct linear trends
in MEL13P2, which allows us to calculate 2 mean sedi-
mentation rates from the CFCS model: 1.02 = 0.16 mm.y"
from 0-60 mm and 3.30 + 0.48 mm.y"" from 60-270 mm
(Figure 4B), with a change occurring at 1961 * 6 years.
For the CAP13P1 core, the ¥Cs profile at MEL13P2 pre-
sented one peak between 22 and 32 mm, with a very high
activity of 1257 = 6 mBqg.g”, associated with high 2*'Am
activity, which probably corresponded to the Chernobyl
accident in 1986 CE (Figure 4B). The first '’Cs increase
is not easy to identify because '¥’Cs activity is still detect-
able at the base of the core, probably because of the high
water availability, which could migrate in the sediment
and along the liner after core collection. Both age models
provide an age for these upper event deposits.

Four terrestrial organic macroremain samples were
dated by "C age from both the CAP13P3 and MEL13P3
cores (Table 1) and calibrated via the Intcal20 calibration
curve (Reimer et al., 2020). One radiocarbon age in the
CAP13P3 core was excluded because it appeared to be
too old, probably because macroremains were stored in
the lake catchment before being transported in the lake
(Figure 5A). The cumulative F2 and F3 event deposits
interpreted as instantaneous deposits (Figure 2), are
35.1 cm and 38.1 cm long for CAP13P3 and MEL13P3
respectively, and were removed before age modeling.
The remaining sediment sections of the two lakes were
used to construct two event-free sedimentary records
(Sabatier et al., 2022). We then calculated the age-depth

Uncalibrated age Calibrated age ranges at 95%

Samples Material dated Cores Depth (mm) BP) Uncertainty confidence interval (cal. BP)
Poz-96970 O. Macro CAP13P3 290 1310 30 1182-1293
Poz-96972 O. Macro CAP13P3 515 645 30 556-668
Poz-96971 O. Macro CAP13P3 785 870 30 704-904
Poz-61155 O. Macro CAP13P3 1095 1790 50 1570-1857
P0z-96983 O. Macro MEL13P3 555 155 30 0-284

Poz-96984 O. Macro MEL13P3 865 235 30 0-421

Poz-96969 O. Macro MEL13P3 1135 275 30 153-450
Poz-61156 O. Macro MEL13P3 1355 485 30 501-543

Table 1| Radiocarbon ages uncalibrated and calibrated for the CAP13P3 and MEL13P3 cores. The age highlighted in bold is not consid-

ered for age modeling.
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Figure 5 | Age models for the CAP13P3 (A) and MEL13P3 (B) cores based on short-lived radionuclides (green rectangle) and “C ages
(blue age distribution). The gray and orange bands indicate thicker F2 and F3 event deposits, respectively.

relationship for each lake via smooth spline interpolation
via the R package Clam (Blaauw, 2010) on the basis of "*C
ages and correlated short-lived radionuclide ages, which
allowed us to date all event deposits, represented by the
vertical bars in Figure 5. The first 108 cm of CAP13P3 for
and 137 cm of MEL13P3 covered the last 1750 and 580
years, respectively.

4.5. Avalanche chronology from human observations
in the upper Restonica

The different sources of human observations allowed the
retrieval of 20 avalanches in the upper Restonica: 13 from
the EPA, 3 from the ANENA (accident reports), 3 from
testimonies and observations by local technicians, and
one from the participatory database data-avalanche.org.

These events are related to 6 distinct avalanche paths,
with 5 to 1 single avalanches per path. Four avalanches
could not be localized at the path scale but occurred
within the upper Restonica with certainty (Figure 6A).
All the avalanches that could be localized at the path
scale occurred in paths that were part of the active EPA
in Corsica, except for one avalanche that reached Melu
Lake in early March 2005 (Figure 6B). This March 2005
avalanche was the only avalanche for which wet snow was
reported to be involved and that reached Melu Lake; for
all other avalanches, the nature of the snow involved was
not explicitly documented. Note that two other paths
from the valley were also part of the EPA but that no ava-
lanche was recorded in these paths.
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Among the 20 avalanches (Figure 6C), 13 had conse-
quences for one or several elements at risk: people, build-
ings and infrastructures, forests and/or the road network
(functional damage). Four avalanches were triggered by
skiers, hikers and horseshoe practitioners. This led to
three injured people and 1 casualty. Other consequences
were limited: 1 avalanche destroyed a bridge, two ava-
lanches broke small pieces of forest, and 7 avalanches
reached a road downslope with little functional damage
(short obstructions) (Figure éD).

Millennial avalanche history in Corsica

From a temporal perspective, the 20 avalanches all oc-
curred between the winters of 1970/71 and 2008/09, with
zero to 4 avalanches per winter (Figure 6C). More precisely,
16 avalanches occurred between the winters of 1970/71
and 1984/85. All of these except two avalanches were
documented by the EPA. Additionally, all of these events,
with the exception of the avalanche of early March 1985
which led to one casualty, did not have any consequences
for people, but they caused slight damage to roads, for-
ests and bridges. The four other avalanches all occurred
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Figure 7 | Hydrometeorological reconstitutions of the snow and w
over the recent period.

eather conditions corresponding to the 9 recent avalanches observed
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between 2002/03 and 2008/09. In contrast to those of
the previous period, none of them were recorded by the
EPA. Two avalanches were retrieved from accident reports
from the ANENA: 1 was reported by a local technician
from meteorological and state services, and one was from
a participatory source https://www.data-avalanche.org/.
Among these four avalanches, three were accidental trig-
gers leading to 1-2 injured people, and no other damage
occurred (Figure 6D). All avalanches for which the date
was documented occurred between January and April,
and only March 2005 reached Melu Lake (Figure 6E).

recent

4.6. Hydrometeorological conditions of

avalanches

The GR4J and CemaNeige models provide good repre-
sentations of the hydrological balance of the catchment
over the calibration period, with a KGE criterion of 0.75
(this criterion ranges from inferior to 1, with a perfect
model having a KGE equal to 1; Brigode et al. (in review)
obtained a median KGE criterion of 0.78 when calibrating
the same rainfall-runoff model over 130 Mediterranean
catchments).

Figure 7 presents the reconstruction of hydrometeorolog-
ical conditions observed during the 9 recent avalanches
for which the precise dates of occurrence (i.e., year,
month, and day) are available. The figure depicts the
temporal evolution of the snowpack (for both the entire
catchment and the upper part of the catchment), air tem-
perature (for both the entire catchment and the upper
part of the catchment), and precipitation (total and solid)
for the entire catchment, 6 days before and 2 days after
the avalanche date.

Some avalanches were observed after a period of increas-
ing air temperature and a rainfall episode (e.g., March
2012, December 2009, February 1983), whereas others
were observed following a cooling trend (e.g., January
1999 and February 1968). Therefore, this analysis does
not identify common triggering factors for all avalanch-
es. However, all those that occurred between the end of
February and April (March 2005, March 2012, the end of
February 1983, April 1983, and March 1970) presented
a coherent climatic pattern, namely, an increase in snow
accumulation or rainfall on snow within the context of
a temperature increase. These conditions suggest that
these avalanches involved wet snow, as was the case for
the one that reached Melu Lake in March 2004 (Figure
6B).

5. Discussion

5.1. Event deposit interpretation

Three geochemical endmembers were identified and
found to be coherent between the two lakes (Figure

2C, D). The first endmember corresponds to increases
in siliciclastic elements (Si, Al, K, Zr, and Ti), which are

Millennial avalanche history in Corsica

mainly related to the fine material present in F1 and F3
and correspond to terrigenous input from the catchment
or from African dust deposition (Sabatier et al., 2020),
whereas F1 is also influenced by the third endmember
with high Br content. The African dust nature of the finer
sediment fraction of this lake sediment is supported by
the high amount of palygorskite clay minerals found in
Capitellu Lake, with a mean of 10% (data not shown), as
found in Bastani Lake (Sabatier et al., 2020). The second
endmember, mostly identified in F2, is characterized by
a high Rb content and coarse to very coarse sediment
originating from the surrounding catchment (granite and
related minerals) and was probably rapidly deposited in
the lake. The third endmember is enriched in Br, which
has a high affinity for organic matter and is related mainly
to lake organic matter, and partly influences F1 (Bajard
et al., 2016; Lefebvre et al., 2021). The Pb content as-
sociated with this third endmember could also complex
with organic matter and shows one peak in the upper
part of the core between 1950 and 1970 yr cal CE, and
another between 1050 and 1200 yr cal CE (Figure 2: black
arrows and Figure 5) in CAP13-P3. These two peaks per-
fectly match known lead pollutions for the Modern and
Medieval periods, which were previously observed in
Corsica (Sabatier et al., 2020), at the scale of the western
Mediterranean area (Elbaz—Poulichet et al., 2011) and in
the Alps (Elbaz-Poulichet et al., 2020).

From sedimentary and geochemical data, F1 appears to
correspond to background sedimentation characterized
by in-lake organic matter and fine terrigenous inputs,
whereas F2 and F3 correspond to event deposits in re-
lation to high detrital input, coarser materials or graded
beds (Sabatier et al., 2022).

F3 is defined as a normally graded layer with a clay cap
and, for some deposits, a coarser base. This graded char-
acteristic is also observed for the Rb associated with coars-
er grains, which decreases, and the Fe associated with
finer grains, which increases in geochemical data from the
thicker F3 deposit in Melu (Figure 2B). These deposits are
recorded in whole cores and are well correlated in both
lakes. The grain size data from these F3 deposits reveal
a linear relationship between D50 and D90 (Passega dia-
gram, Figure 3A, C), which indicates the same transport
mechanism in relation to the underwater current (Passega,
1964). In terms of geochemistry, F1 and F3 present similar
patterns (Figure 2C, D), which probably indicate that F3
corresponds to previously deposited sediment (F1) and
then reworked in the lake through the turbiditic current,
as suggested by their graded pattern and trajectory in the
Passega diagram. Flood deposits do not seem to occur in
such lakes with very limited fine sediment material in the
catchments, due to very restricted (Melu) to no (Capitellu)
river systems. However, the graded characteristics of such
deposits involve flow transport, and debris flows cannot
be completely ruled out (Kiefer et al., 2021), even if the
geochemistry of background sedimentation (F1) and
such graded event deposits (F3) mainly support an in situ
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reworked origin, which is probably related to an earth-
quake. The most recent F3 deposit was deposited at 1790
yr cal CE (1720-1903) and at 1753 yr cal CE (1727-1781)
on MEL13P3 and CAP13P3, respectively. If F3 is related to
a recent earthquake, on the basis of the ESTI (earthquake
sensitivity threshold index) developed by Wilhelm et al.
(2016), we can estimate which historical earthquake may
have induced greater destabilization in the lake. From the
diagram based on the plot of the epicentral MSK intensity
versus the distance between the lake and the epicenter
in the SISFRANCE database (Figure S2), two earthquakes
present characteristics (magnitude and lake epicentral dis-
tance) for a potentially recorded event: the 1775 CE Vico
earthquake (Corsica) and the 1887 CE Imperia earthquake
(Italia) (Figure S2). From that method, we can infer that the
1775 CE Vico earthquake corresponded to the stronger
earthquake at the lake location and perfectly matched the
age of this event from the age model, allowing us to inter-
pret the younger F3 as an earthquake-induced deposit.
This earthquake is not well documented but corresponds
to the strongest historical earthquake in Corsica (Jomard
et al., 2022). In Melu Lake, this event was also character-
ized by a sandy base enriched in organic matter debris
(Figure 2B), which corresponds to the material found on
the small delta in the western part of the lake (Figure 1C)
and probably indicates a subaqueous landslide from this
part of the lake in relation to this earthquake event. In
CAP13P3, we record 7 F3 deposits, which could thus be
interpreted as earthquake-related deposits, as grain size
characteristics present the same trend as the younger
F3 deposits in the passega diagram, thus involving the
same earthquake trigger (Figure 3). In addition to the
1775 CE Vico event, we recorded 6 earthquakes—1700
(1740-1665), 1320 (1375-1255), 1110 (1170-1005), 755
(850-645), 640 (750-535) and 630 (740-525) yr cal CE—
with a mean return period of approximately 200 =140 yr,
but these events seemed to have occurred in 3 clusters
of approximately 350 yr. Unfortunately, no older historical
earthquakes were documented in Corsica to confirm a
local source for all these events.

The F2 deposit is composed of coarse to very coarse rock
fragments (gravel) in both lakes, and associated with ter-
restrial organic remains in Melu (Figure 2A, B). Based on
the thickness evolution of F2 event deposits (thicker in the
closer core from terrestrial inputs), the core correlations
indicate that the source of material for F2 was probably
the southwestern part of the Capitellu catchment and
the eastern part of the Melu catchment, both of which
correspond to the main avalanche corridors (Figure 1B,
C). Additionally, grain size data indicate very poor sort-
ing and not grading in such deposits (Figure 3B, D), with
organic-rich debris characteristic of avalanche deposits
(Fouinat et al., 2017; Nesje et al., 2007; Seierstad et
al., 2002; Vasskog et al., 2011). As no grading or coarse
material is observed in this F2 event, flooding triggered
by high-precipitation events and related hyperpycnal or
homopycnal currents can be ruled out (Sabatier et al,,
2022). Given that such event deposits consist of coarser
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material and terrestrial organic matter, debris flow-related
processes could be involved. In lake sediment, a debris
flow event is characterized by a sharp base of sand-sized
sediment with gravel, fining upward to silt with relatively
high terrestrial organic matter content, depending on
the landscape context (Irmler et al., 2006; Kiefer et al.,
2021; Sletten et al., 2003). However, once again, as no
grading in relation to underwater current is observed in
F2 deposits, we can also exclude debris flow processes.
As the F2-type event deposits in the two Corsican lakes
present all the characteristics of wet avalanche deposits
described in the literature, we conclude that this is the
main triggering process. During an avalanche, sediment
is carried downslope by rapidly flowing water-saturated
snow, and the process of integration into lacustrine sed-
iments depends on whether the lake surface is frozen or
not frozen (Sabatier et al., 2022). In the case of a frozen
lake, wet avalanches, which are more effective erosional
agents than winter dry snow avalanches (Moore et al.,
2013), induce deposits in a restricted area on the lake
surface close to the avalanche corridor. This material
spreads across a large part of the lake by drifting ice
during melting, and coarse particles drop to the lake
floor, which induces dropstones in the sediment (Thys et
al., 2019). If an avalanche occurs when the lake is ice free
or possibly breaks the ice when it reaches the lake, the
avalanche material directly enters the water, and then,
the particles are concentrated in a more restricted area
closer to the avalanche corridor and then observed as a
gravel-rich layer in the sediment (Sabatier et al., 2022).
Some small dropstones are observed in the F1 sediment
of both lakes, but are more frequent in F2 and correspond
to a specific layer enriched in gravel and organic matter,
which favors the second mechanism described above.

The youngest F2 deposit in MEL13P3 is between 31
and 36 mm thick and is not recorded in the MEL13P2
core (Figure 2B) dated through short-lived radionuclides
(Figure 4B). However, from the XRF-based correlation, this
event could be dated to 2004.7 + 1.5 years owing to the
MEL13P2 chronology (Figure 2B). This dated 5 mm event
could be attributed to the 05.03.2005 wet avalanche iden-
tified via photography in Melu Lake (Figure 6B), which is
another strong argument for the identification of F2 as
a wet avalanche deposit. Before the 2005 wet avalanche
deposit, the previous event in Melu Lake was dated
between 1973 and 1985 and may have corresponded
to one of the 15 avalanche events recorded in the EPA
during this period (Figure 6C). If we consider avalanches
solely from the end of February to April (wet avalanches),
8 of these 15 events could correspond, and only one of
them (05.05.1985) is potentially identified around Melu
Lake, however without a precise location. These historical
versus lake sediment comparisons indicate that most EPA
events in the Restonica Valley are not recorded in Melu/
Capitellu Lakes. However, the two phases of increased
wet avalanche frequency in the EPA record (around 2005
and around 1980) correspond to the two upper avalanche
deposit ages recorded in lake sediments (Figure 6C); thus,
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Figure 8 | Wet avalanche records from the Melu (gray) and Capitellu (black) Lakes. A) Thickness of each wet avalanche deposit, B) 101-yr
avalanche frequency and C) Ecrins Massif wet avalanche chronicle, where the dashed black line represents a main shift in wet avalanche
chronicle due to forest clearance (Fouinat et al,, 2018). The vertical band represents a common increase in wet avalanche frequency in
both massifs. The double arrows in part B indicate age model uncertainties for each chronicle.

we conclude that these lakes could be interpreted as wet
avalanche chronicles.

5.2. Resulting avalanche chronicles

Owing to the interpretation of F2 as wet avalanche de-
posits associated with the age model (Figure 5), we can
produce sediment base records for the two lakes (Figure
8). These records cover the last 580 and 1700 yr for Melu
and Capitellu Lakes, respectively, and allow a direct

comparison of these two records over approximately 600
years. To produce a wet avalanche chronicle, we used a
101-year running sum, which more or less integrates the
age model uncertainties (Figure 8B). Since 1700 yr cal CE,
the two periods presented the same variation, with higher
frequencies in 1970-1885 and 1860-1715 and lower fre-
quencies in between. The shorter record in Melu does not
allow a direct comparison of the older period of frequen-
cy increase before 1600 yr cal CE, even if it shows a fre-
quency increase that could be compared to that observed
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in Capitellu before 1540 yr cal CE (Figure 8B). The Melu
chronicle presents a relatively high frequency of avalanche
deposits, but both chronicles are in good agreement with
the synchronous avalanche variations within age model
uncertainties (Figure 8), which supports our interpretation
of a common wet avalanche trigger process. In terms of
avalanche deposit thickness, thicker deposits are present
before 1400 yr cal CE in the Capitellu chronicle, but for
the recovery period after 1430 yr cal CE, the comparison
of both records seems to indicate that thicker deposits
occurred in the same period in both lakes (Figure 8A). The
avalanche period from Capitellu Lake allows the identi-
fication of 7 periods of frequency increase: 1970-1885,
1860-1715, 1515-1280, 1215-1095, 910-820, 575-500
and 370-470 yr cal CE (Figure 8).

The meteorological conditions favorable for wet ava-
lanche releases include 1) the loss of strength by water
infiltration, 2) the thickening of wet snowpack by snow
precipitation, and 3) the warming of snowpack above 0°C
(Baggi & Schweizer, 2009). More broadly, the involve-
ment of wet snow within avalanche flows implies mild
weather conditions. The reconstruction of the snow and
weather conditions that prevailed when avalanches from
the Corsican EPA occurred revealed that those from the
end of February to April (Figure 6C) were likely wet snow
avalanches, as they occurred after a rain-on-snow event
and/or a temperature increase (Figure 7). This information
confirms the rather strenuous wet snow avalanche activity
in the upper Restonica, making lake sediments an efficient

proxy.
5.3. Avalanche chronicles comparison

In the Queyras massif (southeast French Alps), on the basis
of tree ring series, 38 destructive snow avalanches were
identified between 1338 and 2010 (Corona et al., 2013),
which were recently extended by Favillier et al. (2023b),
with three avalanche activity periods increasing between
1645--1715, 1790-1830 and 1959-1987 (Favillier et al.,
2023b). The two later periods correspond rather well to
the higher wet avalanche frequency in Corsica identified
in our lake records (Figure 8B).

A unique wet avalanche chronicle similar to ours in
Western Europe was published by Fouinat et al. (2018)
in Lake Lautivel sediment, a lake at 1500 m a.s.l. in the
Ecrins Massif in the Alps, approximately 400 km north of
the studied area. The Lauvitel avalanche chronicle pre-
sented a significant change at 1170 yr cal. CE (Figure 8C),
potentially related to changes in vegetation cover (forest
clearance by human activity), which resulted in increased
wet avalanche frequency in this area (Fouinat et al., 2018).
Such a pattern is not recorded in the Monte Ritondu
Massif, as no shift in wet avalanche frequency is detect-
ed, and the signal seems relatively stable over time with
frequency variation. but no obvious tipping point (Figure
8B). A comparison of the 101-year avalanche frequency in
the Monte Ritondu and Ecrins massifs, however, revealed
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that the frequency increased during the same period for
the 7 identified episodes of high wet avalanche frequency
(Figure 8). This synchronicity confirms the consistency
of the reconstructed chronicles and suggests potential
common climate forcing in both massifs over this period.

Eckert et al. (2013) describe EPA data from the French
Alps from 1946 and 2010, and show that avalanche occur-
rences between the northern and southern French Alps
are partially coupled. In the north, winter snow depth
seems to be the main control parameter, whereas in the
south, there is better correlation with temperature in the
southern Alps. Moreover, the decreasing trend in ava-
lanche numbers, coupled with the increasing trend in av-
alanche means and high-magnitude runout elevations for
the late 20" century, corresponds to a period of marked
warming (Eckert et al., 2013). Owing to its different reso-
lutions, the reconstructed Corsica avalanche chronicle is
not directly comparable with these results. However, the
in-phase variability of wet avalanches in the Corsica and
Ecrins massifs (Figure 8B, C) may be related to the par-
tial coupling between avalanche activity in the northern
and southern French Alps. Furthermore, the main tipping
point observed in the French Alps since 1980/85, with
a significant upslope retreat of large avalanches (Eckert
et al., 2013), is consistent with the fact that just one av-
alanche was recorded until approximately 1965 in the
Corsican lakes.

An increase in wet snow avalanche activity (at least in
terms of proportion with respect to dry snow avalanches)
has been documented in different records (Pielmeier et
al., 2013; Eckert et al., 2024) and notably in some massifs
of the French Alps over recent decades (Naaim et al,,
2016; Reuter et al., 2025), and such trends are expected
to continue with future climate warming (Mayer et al.,
2024; Eckert et al., 2024). Despite the very different time
scales of our records, the increase we document over the
most recent period of our analysis is consistent with this
ongoing evolution. In addition, it puts it in a longer per-
spective, showing that previous periods of increase and
decrease have existed for centuries.

All methodologies used to acquire data on past avalanche
activity have their own weaknesses (Eckert et al., 2024).
Many studies rely on systematic avalanche observations
or historical archives that provide large records of differ-
ent types of avalanches (e.g., wet and dry) and often ad-
ditional information such as size and damage. However,
acquiring such data is time consuming and costly, and
most available series (at least instrumental series) are
too short to understand the long-term climate impact
at centennial time scales. Additionally, chronologies re-
sulting from such sources are often strongly shaped by
sources (Fig. 6C, D), which precludes inferring changes in
risks and hazards without careful data analysis (Giacona et
al., 2019). A popular alternative for reconstructing series
of past avalanches is dendrogeomorphology, leading
chronologies of annual resolution; however, this approach
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is limited by the presence of trees in avalanche paths, and
chronologies are generally restricted to 1-3 centuries,
with a decrease in efficiency as one moves further back in
the past (Favillier et al., 2023b). Here, with an innovative
combination of methods (lake sediment and avalanche
observations with weather analyses), we confirm the use-
fulness of a paleolimnological approach even if it records
only wet avalanche events that reach the lake surface and
are powerful enough to transport a sufficient amount of
material. This method also has several limitations in terms
of 1) the possibility of recording only wet avalanches
linked to high amounts of transported materials, 2) the
low temporal resolution with chronological uncertainties,
3) the ability to perform deep sedimentological and
geochemical analyses to identify wet avalanche depos-
its among other potential triggers (floods, debris flows,
earthquakes), and 4) the ability to record only wet ava-
lanche events from avalanche paths reaching the lake;
thus, spatial coverage is less important than other meth-
ods. Given these limitations, the produced chronicles,
especially from two neighboring lake sediments even at
relatively low resolutions, seem to be representative of
the centennial to millennial wet avalanche frequency of
the valley. Hence, the approach may be useful for tracking
changes in avalanche activity and related risks in moun-
tainous areas where few data are available. Furthermore,
the combination of different data sources may provide an
excellent perspective to reach long records as exhaus-
tively as possible in the future, combining the strength
of each approach to compensate for the weaknesses of
each of them.

6. Conclusions

Within the context of rapidly evolving mountain hazards
and related risks, being able to assess how they have
changed over long time scales is crucial. However, for
snow avalanches, classical time series exceeding a few
decades are rare, and records covering more than 2-3
centuries are exceptional. In this study, we developed a
comprehensive methodology associated with two neigh-
boring lake sediment records, observed data sources
related to past avalanches, and reconstructions of snow
and weather patterns corresponding to their dates of
occurrence.

We first identify the sedimentary facies characteristics
of wet avalanche deposits and validate this attribution
using historical data via a well-defined age model. The
two records are in good agreement with the synchronous
avalanche variations within the age model uncertainties.
Compared with historical snow avalanches and weather
analyses, this novel methodology allows us to reconstruct
1700-year-long chronicles of wet snow deposits from
lake sediments in Corsica, demonstrating their linkages
with local archives, as well as regional patterns in wet
avalanche frequency, which can be useful for anticipating
changes and related risks in Corsica.
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These results further demonstrate the interest of lake
sediment as a natural archive for capturing wet avalanche
frequency patterns over long time frames and as an ad-
ditional data source to those generally considered: sys-
tematic observations, historical sources, and tree rings.
New approaches to mitigate avalanche risk and design
efficient adaptation strategies that explicitly account
for changes in activity patterns are needed (Eckert and
Giacona, 2023). This especially applies in areas that have
seen little research efforts; hence, this novel methodolog-
ical approach, which is based on paleolimnological stud-
ies, alone or combined with other avalanche data sources,
may be useful for tracking changes in avalanche activity
and related risks in mountainous areas.
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