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Abstract. Proglacial settings in the Alps are typically polygenetic, often characterized by a complex and discontinuous
interplay between glacial, fluvial, and gravitational processes. These processes yield high volume of sediments, which usually
exceeds the transportation capacity. The excessive proglacial sediment load leads to accumulation on slopes, and thus, to
subsequent failures such as debris flows. Such failures can occur unexpectedly and harm the villages and infrastructure in the
vicinity of proglacial environments. The northern slopes of the Ferret and Veny valleys in the Mont Blanc Massif are home to
several polygenetic cones and are a stunning field laboratory for the exploration of the interplay between the glacial, fluvial,
and gravitational processes. This study investigates one of the active and well-preserved polygenetic cones in these valleys,
namely the Frébouge cone, to disentangle the geomorphic processes that contributed to its formation, and to reconstruct its
evolution. To achieve these goals, detailed field, and remote mapping, °Be surface exposure dating of different geomorphic
features, and runout modelling with DAN3D® were applied. The geomorphological map revealed complex interactions of
glacial, fluvial, debris flow, and rock and snow avalanche processes. The established chronology indicates two major fluxes
of debris flows, the first one at ca. 2 ka, and the second at ca. 1 ka. In addition, a rock mass with a maximum volume of to 12
Mm? collapsed in the upper reaches of the cone at 1.3 = 0.1 ka and overran the cone, travelling more than 100 m up onto the
opposite valley slope. Afterwards, the Frébouge Glacier overrode the cone several times leaving moraines and till, reaching
its maximum extent ca. 300 years ago. This study underscores the untwisting of the complex interaction of surface processes

in the Alpine valleys, which are prone to hit the urban areas and infrastructure.

1 Introduction

Polygenetic landscapes are formed by the interplay of climate, tectonics, and surface processes that shape landscapes and
threaten nearby populations and infrastructure (Bishop and Dobreva, 2017 and references therein). Such multi-process
interaction is marvellously recorded in proglacial environments (Heckmann and Morche, 2019). Proglacial environments are

often encountered in alpine landscapes (e.g., Penck and Briickner, 1909; Maizels, 1979; Costa et al., 2018; Carrivick et al.,
1
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2019). They indicate a vicinity to a previous and active glacier margin because the retreat of alpine glaciers generally leads to
the rise of new proglacial settings (Ballantyne, 2002; Slaymaker, 2011). Immediately after their nucleation, these environments
are affected by the intermingling glaciofluvial, glaciolacustrine, and/or glaciomarine processes (e.g., Slaymaker, 2011). As
proglacial environments consist of unconsolidated sediments, which are often labile or unstable, they are associated with
increased surficial activity characterized by a complex interaction of glacial, fluvial, and gravitational processes (Ballantyne,
2002).

In proglacial environments, the combination of different processes leads to high sediment production, which often exceeds the
sediment discharge (e.g., Hallet et al., 1996). This misbalance between the sediment production and transport causes
accumulation, which is driven in part by sudden failures such as debris flows (Kamp and Owen, 2013; Carrivick et al., 2013),
while rock, ice, and snow avalanches can get detached from the steep valley flanks (e.g., Akcar et al., 2012; Deline et al.,
2015). As these mass movement processes can cause significant damage to the alpine villages and infrastructure located in the
vicinity of proglacial environments, these processes are of great societal interest. Consequently, the investigation of the
mechanisms governing the occurrence and behaviour of past failures, as well as their magnitudes and frequencies is critical
for improving hazard and risk assessments of alpine settlements and infrastructure, and in hazard mitigation (Prager et al.,
2008; Ivy-Ochs and Schaller, 2009 among others).

The Italian Ferret Valley in the Mont Blanc Massif is a U-shaped glacial valley with steep valley flanks, where active
morphodynamics and the combined influence of glacial, fluvial, and gravitational processes currently prevail (Figure 1). The
Ferret Valley is characterized by many rock fall and rock avalanche deposits located beyond glacier tongues (Deline et al.,
2012, 2021). Therefore, it is a good example of a polygenetic landscape where the inhabitants and tourists visiting these valleys
all around the year are under steady threat of natural hazards (Porter and Orombelli, 1981; Deline et al., 2004, 2012).
Previous work has only investigated single processes in the Ferret Valley (e.g. Porter and Orombelli, 1981; Deline et al., 2004).
These have included analyses of the glacial history of the region, as well as investigations into previous mass movements at
the site. During the Last Glacial Maximum, the Alps were covered by large ice streams (Bini et al., 2009). The subsequent
glacier retreat in the Ferret Valley was dated to 18.5 + 1.1 ka based on cosmogenic '’Be (Wirsig et al., 2016). Post-LGM
glacier reconstructions show that glaciers were advancing to Courmayeur (Courmayeur advance suggested by Porter and
Orombelli, 1982) at ca. 14 ka during the Daun Stadial (Serra et al., 2022 and references therein). A further glacier advance
was attributed to either Egesen Stadial (13.5 — 12 ka; Ivy-Ochs, 2015) or an early Holocene re-advance at ca. 11 ka or 8.5 ka
(Serra et al., 2022). The climate was cooling from 3 ka onwards resulting in new glacier advances culminating in the Little Ice
Age (LIA, 1250 — 1850 AD; Ivy-Ochs et al., 2009). Photographs and drawings document the extent of glaciers back to the
early 20th century (Sacco, 1918; Gabinio, 1923).

The Ferret Valley is not only influenced by glaciations but also by mass movement processes. Rock avalanches and large rock
falls with volumes from 10’000 m? to 10 Mm? were identified as occurring between 2.5 ka and 2007 (Deline, 2009; Deline
and Kirkbride, 2009; Deline et al., 2012). In the upper part of the Ferret valley, the 1717 AD Triolet rock avalanche was studied
in detail (Figure 1). Deposits of this landslide were dated to 1742 AD by applying dendrochronology (Porter and Orombelli,
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1980) and between 1717 AD and 1727 AD by lichenometry (Porter and Orombelli, 1980), which was later confirmed by
surface exposure dating with cosmogenic '°Be (Akgar et al., 2012, 2014). Another rock avalanche event in the Ferret Valley
was observed at the toe of the Frébouge Glacier, which has taken place around 350 years ago (Porter and Orombelli, 1981),
representing a part of the Frébouge polygenetic cone (Deline 2009). Finally, the Frébouge polygenetic cone was partially
covered by the Frébouge Glacier during the LIA (Deline, 2009). Frequent snow avalanches and debris flows fed by glacial
runoff have been recorded over the past decades (Deline et al., 2004).

The Frébouge polygenetic cone thus provides a unique record of complex natural hazards such as rock avalanches, debris
flows, snow, and ice avalanches, the future occurrence of which can constitute a danger for the inhabitants of this area. Hitherto,
the processes on the Frébouge polygenetic cone have been considered independently, and their interactions have not been
studied in detail. In this paper, we present a holistic view of the polygenetic cone and explore all processes at once. This allows
us to decipher the geomorphic processes and their interactions, and to understand the evolution of the Frébouge polygenetic
cone. To achieve this, field mapping and remote sensing tools were applied. The chronology of this polygenetic cone was
established by applying cosmogenic °Be surface exposure dating on moraines, debris flow deposits, and rock avalanche

deposits. The dynamics of the Frébouge rock avalanche were investigated using the semi-empirical numerical model DAN3D.

2 Study site

The Frébouge polygenetic cone is located on the southern flank of the Mont Blanc Massif in the Ferret Valley in Italy. This
valley is close to the Swiss border and is a tributary valley of the Aosta Valley (Figure 1). The northern valley flank is about
2000 m above today’s valley floor and consists of porphyric Mont Blanc Granite (Marro, 1986; Porter and Orombelli, 1980;
swisstopo, 2015). On the southern flank limestones, schists, and flysch from the Jurassic, Helvetic, and Cretaceous units are
outcropping (Porter and Orombelli, 1980; swisstopo, 2015). The Frébouge cone is about 1.2 km long, between 1650 and 2150

m a.s.l.,, with a mean slope angle of 17° and a surface area of ~1 km? (Figures 1 and 2).
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shows the location of the study within the Alpine realm © European Union, Copernicus Land Monitoring Service 2023, European
Environment Agency (EEA). PJ = Petites Jorasses and GJ = Grandes Jorasses.

Two main rock avalanche deposits are located on the south and east sides of the cone. A first rock avalanche would have
occurred between AD 991 and AD 1154 based on radiocarbon dating of wood recovered by an open-framework structure sheet
of granite boulders with a thickness between 1 m and 5 m; this rock avalanche that detached from the Frébouge Glacier cirque
and ran up 100 — 140 m up on the other valley flank (Deline, 2009). The second rock avalanche deposit is 1 — 2 m in thickness
except for the eastern part where it reaches a thickness larger than 4 m (Deline, 2009). The time of deposition was estimated
to be AD 1530 based on lichenometry (Giambastiani, 1983). The large granite boulders deposited on the southern valley flank
were previously interpreted to be of glacial origin (e.g., Sacco, 1918). The front of the Frébouge Glacier is now located high
above the cone, at 2700 m a.s.l., but reached the tip of the cone at the beginning of the 20th century (Sacco 1918; Gabinio,
1923). Moraines on top of the fan deposits indicate the extent during the LIA (Deline, 2009). In the past decades, the fan was
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100 mainly influenced by debris flows (Deline et al., 2004) and snow avalanches; ice avalanches detached from the glacier front
in 2002 and possibly in 1968 (Deline et al., 2002). Upstream of the Frébouge cone, the deposit of the 1717 AD Triolet rock

avalanche and the recent morainic complexes of the Triolet and Pré de Bar Glaciers can be found (Deline and Kirkbride, 2009).

105  Figure 2: Photograph of the Frébouge polygenetic cone, on which the moraines A, B, and C are located (indicated by the black lines).
View towards the north.



110

115

120

125

https://doi.org/10.5194/egusphere-2023-1873
Preprint. Discussion started: 4 September 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

3 Methodology
3.1 Geomorpholo_:-..l mapping

Geomorphological mapping provides a detailed understanding of landscape shaping processes (Griffith et al., 2011;
Seijmonsbergen, 2013). In this study, the mapping campaign was conducted in August 2020 and the software Fieldmove®
was used. The digital terrain model (DTM) of the Aosta Valley with a 2m resolution was downloaded from the Servizi
Cartografici SCT (mappe.partout.it/pub/geonavitg/geodownload.asp). Out of the DTM a shaded relief, a slope, and an aspect
map were created using the software ArcGISPro®. Landforms were mapped in detail in the field and their extensions were
tracked with a GPS. For remote digital mapping, high-resolution aerial photographs, which were taken with an unmanned
aerial vehicle, were then used to create a high-resolution digital elevation model (DEM) and orthophotograph of the study
area. The corresponding flight missions were planned in Litchi Mission Hub® (flylitchi.com/hub). The flight altitude was set
to 200 m above ground. In order to achieve ca. 80 % side overlap the spacing between the flight lines was 100 m. The camera
was in an orthogonal position and captured nadir images every 2.5 s. Three flight missions were conducted in total, two
covering the lower part of the cone and one the upper part. The photographs were processed in the photogrammetry software

Agisoft Metashape®.

3.2 Surface exposure dating

In this study, 16 samples from the surface of granitic boulders on the Frébouge cone were collected with a hammer and chisel
following the protocol described in previous studies (e.g., Akgar et al., 2011). Information on the geomorphological landform,
lithology, geographical position, dimensions, sample thickness, and shielding factors are provided in Table 1. Nine samples
were taken from different parts of the rock avalanche (RA) (Figure 3). Three samples were collected from boulders on the
outermost Moraine-A (Figures 2 and 3). Four samples were taken from the debris flow deposits in the north-eastern and in the

south-western areas of the Frébouge cone. The thickness of the collected samples varies between 3 and 5 cm (Table 1).
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Table 1: Sample information of the investigated geomorphologic features from the Frébouge polygenetic cone.

ampl

Sample Geomorphological Sampling Altitude  Dimensions tShicl?nzss Shielding
Name landform Latitude °N  Longitude °E  (m a.s.l.) LxWxH (m) (cm) Factor*

FREB-1 RA 2012 45.85799 7.03401 1732 1.7x15X1.2 3 0.9432
FREB-2 RA 2012 45.85799 7.03409 1732 28x1.8x 1.6 3 0.9432
FREB-3 RA 2012 45.85792 7.03413 1733 4.0x1.6x1.9 5 0.9432
FREB-4 RA 2012 45.85795 7.03416 1733 3.6x1.5x1.6 4 0.9432
FREB-5 RA 2012 45.85196 7.02843 1720 2.6x2.2x2.1 4 0.9582
FREB-6 RA 2012 45.85320 7.02743 1697 9.7x6.0x4.6 4 0.9588
FREB-7 RA 2012 45.85263 7.02729 1697 5.8x3.6x2.1 5 0.9588
FREB13 RA 2020 45.85732 7.03097 1721 42x3.0x2.8 5 0.9572
FREB14 RA 2020 45.85817 7.03119 1736 14.0x6.5x3.0 4 0.9559
FREBS Moraine 2020 45.86130 7.03052 1797 5.0x4.0x3.0 4 0.9270
FREBY9 Moraine 2020 45.86115 7.03054 1794 35x25x14 3 0.9270
FREB10  Moraine 2020 45.86025 7.03057 1783 53x3.1x3.0 4 0.9448
FREB11  DF north 2020 45.86224 7.03242 1765 12x1.2x1.1 35 0.9287
FREB12  DF north 2020 45.86234 7.03242 1764 1.2x09x0.9 5 0.9287
FREB15 DF south 2020 45.85583 7.02423 1705 1.6x1.2x0.7 5 0.9472
FREB16 DF south 2020 45.85604 7.02525 1711  1.0x0.7x0.6 4 0.9523

*topographic shielding based on Dunne et al. (1999).

The sample preparation for cosmogenic '’Be ook place at the Surface Exposure Dating Laboratory of the University of Bern.
To separate and purify the collected samples a modified version of the technique introduced by Kohl and Nishiizumi (1992)
was applied (Akgar et al., 2017). The '°Be of the purified quartz was extracted according to the protocol of Akgar et al. (2012)
for the AMS (Accelerator Mass Spectrometry) measurements at ETH Zurich. The samples were processed in batches of nine
samples and one full process blank. The °Be/°Be ratios of FREB-1 to FREB-7 were measured on the 0.5 MV TANDY and
the samples FREB-8 to FREB-16 on the MILEA AMS facilities at ETH Zurich (Kubik and Christl, 2010; Christl et al., 2013;
Maxeiner et al., 2019). The measured '"Be/’Be ratios were corrected with a long-term weighted average full process blank of
(2.82£0.29) x 10°5 for FREB-1 to FREB-7 and of (3.05 % 0.34) x 10" for FREB-8 to FREB-16, respectively. The exposure
ages were then calculated with the online exposure age calculator, formerly known as CRONUS-Earth online calculator,
referenced to 07KNSTD (hess.ess.washington.edu/math/v3/v3 age in.html; version 3; Balco et al., 2008). The production
rates of the cosmogenic nuclides were locally scaled by applying the time-dependent Lal (1991) / Stone (2000) scheme. For
the exposure age calculations, a half-live of 1.39 Ma was applied (Chmeleff et al., 2010; Korschinek et al., 2010). Furthermore,
the topographic shielding based on Dunne et al. (1999), the sample thickness using an attenuation length of 160 g/cm?, and the

rock density of 2.65 g/cm® were considered for the calculations. The erosion rate of 1 mm/ka was estimated based on André
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(2002). We did not correct the exposure ages for the snow coverage. In addition, all the landform ages provided in the following

text were calculated by the probabilistic cosmogenic age analysis tool published by Dortch et al. (2022).

3.3 Volume estimation and runout modelling with DAN3D

The Frébouge rock avalanche was simulated using the semi-empirical DAN3D (dynamic analysis 3D) model proposed by
McDougall and Hunger (2004). This model is a path-averaged Lagrangian implementation of the equations of motion which
can simulate non-hydrostatic internal pressure distributions. It has been used by previous researchers to analyze a large number
of rock avalanches (e.g. Aaron & McDougall 2019). Dan3D requires the following input parameters: The topography of the
surface overrun by the rock avalanche (here termed the path topography), the thickness and distribution of the source volume,
as well as the rheology type and rheological parameters. The rheological parameters are typically calibrated with back-analysis
(Aaron and Hungr, 2016; Aaron et al., 2019).

A modified present-day DEM (described below) was used for the path topography, however the source area of the Frébouge
rock avalanche is unclear. We therefore tested two different release areas located at the Grandes Jorasses (GJ) and Petites
Jorasses (PJ) (Figure 1), as both appear to be plausible source zones. To estimate the source volume, we first estimated the
deposit volume and then reduced it by 25% to account for bulking (Hungr and Evans, 2004). We estimated the deposit volume
by manually modifying a recent DEM based on the thickness of the deposits estimated while mapping as well as a geomorphic
analysis of the deposit (Gramiger et al., 2016). A small hill in the southwestern part of the Frébouge cone was due to its small
volume included in the volume estimate (Figure 3). Subtracting the present-day DEM from the reconstructed pre-failure
topography yielded the landslide deposit volume.

We applied a multi-step calibration process to select the best rheology and parameter values for the numerical simulations. In
the first step, a single material and the Voellmy rheology was used to simulate the runout of the basal resistance experienced
by the Frébouge rock avalanche. This rheology is well-suited for extremely rapid, flow-like mass movements (Aaron &
McDougall 2019; Aaron et al., 2019). Multiple combinations of friction and turbulence coefficients can result in the same
runout extent (Aaron et al., 2019), however in the present work one valid parameter set was sufficient as the goal was to verify
the volume estimates and compare different release areas. Therefore, the turbulence coefficient was kept constant at 500 m/s?
and the friction coefficient was varied between 0.1 and 0.25 (simulations V1 to V4, Table 2) to reproduce the observations
made in the field. Four different quantities were suggested to compare DAN3D simulations with field observations (Aaron et
al., 2019). These are the impact area, the estimated volume in a certain area, the depth of the deposit at a certain point, or the
flow velocity at a certain point. For the Frébouge rock avalanche the calibration with the landslide impact area was applied
because it can be assessed by the geomorphological mapping. The internal friction angle was kept constant at 35° and a bulked

unit weight of 20 kN/m® was used.
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Table 2: Input parameters for the rock avalanche modelling using DAN3D.

Tubulence

Material Friction Angle Friction Coefficient
Simulation _ Type Behaviour  (°) Coefficient (m/s?) Source
V1 Uniform Voellmy - 0.1 500 Aaron and McDougall (2019)
V2 Uniform Voellmy - 0.15 500 Aaron and McDougall (2019)
V3 Uniform Voellmy - 0.2 500 Aaron and McDougall (2019)
V4 Uniform Voellmy - 0.25 500 Aaron and McDougall (2019)
Multimat Glacier Frictional 8 - - Sosio et al. (2012)

Bedrock Frictional 20 - - Aaron (2017)

Sediment  Voellmy - 500 500 V3, Aaron and McDougall (2019)

In the second step of the model calibration, we used the results from the first step to perform a simulation with multiple
materials (termed the ‘Multimat simulation’ herein). The use of multiple materials is recommended by Aaron et al. (2022) for
cases that interact with a variety of path materials during their motion, as this captures the emplacement process more
realistically. The path materials for the Frébouge cone were the glacier, bedrock, and saturated sediments. For the bedrock and
the glacier, frictional rheology with values from previous studies was utilized (Sosio et al. 2012; Aaron et al. 2022), whereas
for the saturated sediment the calibrated Voellmy parameters from step 1 were applied. The input parameters for the runout

modeling are summarized in Table 2.

4. Results

4.1 Geomorphology of the Frébouge cone

On the Frébouge cone, different types of landforms and deposits were identified (Figure 3). These include moraines, levees,
and debris flow channels. Glacial deposits such as till and erratic boulders, debris flow sediments, hummocky deposits, deposits
of arock avalanche, sediments from an alluvial plain, and deposits from snow avalanches were also mapped in the field. Along
the cone, glacial meltwater and debris flow events incised about 50 m wide channels. In the southernmost part, the debris flow
in 2003 deposited levees on both sides of the channel, which are up to 2 m in height and about 300 m in length (Figure 3). The
debris flow deposit is moderately sorted. The grain sizes range from sand to blocks. Most of the clasts are subangular to
subrounded and are on average 15 cm in diameter. Furthermore, in the channels white coloured and fresh to slightly weathered
debris is deposited. This sediment originates from the daily load of the creeks. The extent of the debris flow event can be

reconstructed based on the colour difference to the surrounding.
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The southwestern and northeastern part of the Frébouge cone is characterized by hummocky deposits consisting of a complex
network of channels, levees, and debris flow noses (Figure 3). The longest channel is about 500 m in length and 15 m in width.
These channels were formed by incision of the debris flow into the surface. Levees are elongated landforms lying on the side
of the channels. The debris flow noses can be up to 60 m long, 25 m wide, and 10 m high (Figure 4). These noses are structures
with a blocky terminus. On the Frébouge cone, the levees and the debris flow noses are difficult to distinguish. Therefore, all
landforms with a clear blocky end were classified as debris flow noses regardless of their length. Elongated geomorphic
features on the other hand were classified as levees. The sediment of the levees and the debris flow noses are mostly well-
sorted, and their grain size is between cobbles and blocks. The clasts are subrounded. Within unweathered deposits, sand and

finer-grained sediments were observed.

Figure 4: Photographs of the debris flow deposits. A) A debris flow nose in the southwestern part of the cone. B) Sampled boulder
FREB-15. C) Sampled boulder FREB-11.

In addition, the area with the hummocky deposits is strongly vegetated and forested. In the northeastern part, many levees and
debris flow noses are up to 2 m high, whereas they are less than 1 m in the southwestern part. In the area of the debris flow

noses the forest is less dense. The channels and levees show a complex interaction. Older levees and channels are cut by

11
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younger ones and towards the center of the cone they tend to be longer than at the sides, where they are stronger segmented.
215 The main orientation of the channels and levees in the southwestern part is NE-SW and NNW-SSE in the north-eastern part.
Rock avalanche deposits dominate the lower part of the cone, where debris forms a chaotic deposit (Figure 3). The rock
avalanche deposit consists of weathered, unsorted, and angular to subangular clasts with a grain size between sand and blocks.
Two dense accumulations of granite boulders and an accumulation of boulders larger than 2.5 m in diameter are located at the
distal zone of the cone. The largest boulder reaches a height of 10 m (Figure 5). In the dense accumulation of granite boulders,
220 smaller blocks are also observed. A 2 m high rim marks the extent of the rock avalanche deposit on the sides of the cone,
whereas the southeastern limit of the rock avalanche deposit is not determined by a clear rim. Therefore, this limit was

reconstructed based on the frequency of granitic boulders along the slope. In this part, the deposit has a thickness of 0.5 m.

v, AN 2™ | (<)

225  Figure 5: Photographs of the boulders deposited by the rock avalanche. A) A large and ca. 5 m high boulder. B) Sampled boulder
FREB-14. C) Sampled boulder FREB-13.

On the northern edge of the cone and south of the river, an alluvial plain with a length of more than 400 m and a width of 250
m is observed (Figure 3). Only a few blocks are exposed there. The plain is veined by small, inactive channels and terraces.
An accumulation of blocks delineates the plain in the south and the deposit of the 1717 AD Triolet rock avalanche in the north.

230 Till dominates the topmost part of the cone. Three broad-crested lateral and terminal moraines are present, which are disrupted

12
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by river channels in the central part (Figures 2 and 3). Outermost Moraine-A at an elevation between 1900 and 1750 m a.s.l.
has a length of ca. 300 m and a height of 2-3 m. Moraine-B represents a latero-terminal moraine starting at an elevation of
1950 m a.s.l. descending to 1815 m a.s.l. The north-eastern ridge is 500 m long and 2 m in height. On the southwestern side
the ridge is only preserved discontinuously. Moraine-C is found at an elevation between 2125 and 1965 m a.s.l. This latero-
terminal moraine is 380 m long and 1.5 m high. These three moraines are composed of weathered and poorly sorted till. The
grain sizes vary from clay to large blocks, which are of granitic composition. The clasts are subangular to subrounded in shape
and mainly striated. Furthermore, in the upper part of the cone, large and fractured blocks with evidence of glacial erosion are
present. They are up to 4 m high, polished, rounded, and striated on the upslope side and angular in shape on the downslope
side.

The Frébouge cone has been frequently affected by snow avalanches (Figure 3). Indicators such as freshly broken boulders are
observed. Furthermore, many boulders were displaced for a few meters and thereby left behind a track, which preserved their
original depositional position in the field. In addition, fallen trees and forest aisles were found in this area.

The secondary slope movements such as small-scaled failures, debris cones, and talus slopes interact with the Frébouge cone.
The south-eastern side of the valley could be affected by a deep-seated gravitational slope deformation (DGSD) and snow

creep, which could be indicated in the field by bent trees.

4.2 Chronology of the Frébouge cone

At the Frébouge cone, 16 rock surface samples in total were collected from granitic boulders and processed for the analysis of
cosmogenic '°Be (Figure 5; Tables 1 and 3). Four samples were taken from the northeastern rock avalanche deposits (FREB-
1 to FREB-4), three from the southwestern part (FREB-5 to FREB-7), and two from the center of the rock avalanche deposits
(FREB-13 and FREB-14) (Figure 5). Three samples were taken from moraine-A (FREB-8 to 10). From stabilized debris flow
noses, two samples were taken in the northeastern part (FREB-11 and FREB-12), and two from the southwestern part (FREB-

15 and FREB-16) (Figure 4). The results of the °Be measurements and the calculated exposure ages are shown in table 3.
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Table 3: Cosmogenic !°Be data of the samples and calculated exposure ages

Sample d%lsl;rvtez d °Be spike  !°Be/’Be Ratio Uncertainty Nb of ’Be 19Be Exposure Age

Name (@) (mg) (x10°1%) (%) (x10° atoms per g) (years)
FREB-1 48.8903 0.1481 9.96 10.1 19.59 +£2.04 1200 + 100
FREB-2 50.3040 0.1480 4.53 9.9 8.35+0.88 500 + 70
FREB-3 50.1357 0.1484 10.62 6.3 20.45+1.32 1300 + 100
FREB-4 54.2222 0.1483 11.35 8.2 20.23 +£1.70 1300+ 100
FREB-5 49.9940 0.1489 10.34 5.8 20.02+1.19 1300 + 100
FREB-6 50.7657 0.1475 8.55 9.7 16.05 +1.61 1100+ 100
FREB-7 50.6426 0.1483 10.21 7.7 19.45+1.54 1300 + 100
FREB13 50.1818 0.1985 2.09 9.5 4.72 +0.53 300 £+ 40
*FREBM 50.1102 0.1999 4.93 8.2 14.36 +3.22 900 + 200
FREB14 2 6.64 9.7
FREBS 49.9992 0.2034 2.09 10.8 4.85+0.62 290 + 40
FREB9 499712 0.2041 2.54 8.5 6.10 £0.59 360 £ 50
FREBI10 50.1080 0.1957 2.29 9.2 5.18 £0.55 310+40
FREBI11 49.9800 0.1966 5.68 6.3 14.13 +£0.94 900 £+ 90
FREBI12 49.9792 0.1978 5.02 5.6 12.47 +£0.75 800 £+ 80
FREBI15 50.0302 0.1984 11.48 3.6 29.61 £1.10 1900 + 200
“FREB16 9.15 9.6
‘FREB16 2 49.9732 0.1986 5.28 10.8 18.76 £2.77 1200 £+ 200
‘FREB16 3 7.18 8.6

*>] targets from the same sample were measured

Note: The reported blank ratio and the concentration are referenced to S2007N (Kubik and Christl, 2010, Christl et al.,
2013; Maxeiner et al., 2019). AMS measurement errors are at 1o level, including the statistical (counting) error and the
error due to normalization of the standards and blanks. he error weighted average '°Be/’Be full process blank ratio for

the samples FREB-1to 7is (2.76 £ 0.18) x le-15 and (3.05 +- 0.34) x le-15 for the samples FREB-8 to 16.

FREB-1 to 7 were measured in 2013 in Tandy, and the others in 2020 in Milea.

The '“Be/’Be ratios are between 2.09 x 107'* and 11.48 x 107'%, The relative measurement uncertainty of the '’Be/’Be ratios
ranges from 3 % to 11 %. The full process blank accounts for 2.48 % to 14.59 % of the measured °Be/’Be ratios. The
calculated, blank corrected °Be concentrations vary between (4.72 £ 0.53) x 103 atoms/g and (29.60 £ 1.10) x 10° atoms/g.

For the samples of the northeastern rock avalanche deposits surface exposure ages of 1200 = 100, 500 = 70, 1300 = 100, and
1300 = 100 years were calculated. The ages from the southwestern rock avalanche deposits are between 1100 + 100 and 1300
+ 100 years and the ones from the center of the deposit have an age of 300 & 40 and 900 + 200 years. The probability density
function plot of the exposure ages of the rock avalanche deposit indicates a mean age of 1300 + 100 years; FREB-2 (500 = 70
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a) and FREB-13 (300 + 40 a) were identified as outliers and excluded from the average age calculation (Figure 6). The surface
exposure ages of the moraine samples are 290 + 40, 360 + 50, and 310 + 40 years, with an average exposure age of 300 + 40
years for the Moraine-A (Figure 6). The stabilized debris flow noses northeastern part were dated to 900 + 90 and 800 + 80
years, whereas the ones in the southwestern part show ages of 1900 + 200 and 1200 + 200 years.

0.015 —

——— FREB-4
——— FREB-3
FREB-7
FREB-5
FREB-1
FREB-6

Mean age: 1.3 £ 0.1 ka

0.01 —

FREB-14
FREB-2
FRFB-13

Outliers

0.005 —

(a) Age (yrs)

0.015 —
FREB-9

FREB-10
FREB-8

0.005 [—

200 250 300 350 400 450
(b) Age (yrs)

Figure 6: Probability density functions of the exposure ages from the rock avalanche (A) and the Moraine B and associated landform
ages. Landform ages provided are calculated by the probabilistic cosmogenic age analysis tool published by Dortch et al. (2022).

4.3 Volume Reconstruction and Runout Modelling

The runout analysis allowed us to verify our geomorphic interpretation and place the mobility of the Frébouge rock avalanche
into a broader context. The runout analysis is based on a volume reconstruction (Figure 7), which resulted in a deposit volume
of 12 Mm?, and a source volume of 9.5 Mm?® (assuming 25% bulking). This volume was then used in the runout analysis, and
the most relevant output parameters of the runout modeling are shown in Table 4, and final simulation results are given in
Figure 7. We find that V3 (Table 4) provides the best-fit simulation results for both modeled release areas (Grandes Jorasses
(GJ) and the Petites Jorasses (PJ)). Further, the modeling revealed that the thickness and the extent of the deposit at the end of

the simulation are similar regardless of which of the two release areas (GJ or PJ) are used.
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344500 345500 346500 347500

Figure 7: Comparison of the different simulations at their end. The comparison uses the extent and thickness of the rock avalanche
deposit with Grandes Jorasses (GJ, left) and Petites Jorasses (PJ, right) as release areas. Displayed in brown is the impact area of
the rock avalanche. The black line indicates the extent of the rock avalanche deposit mapped in the field the real thickness plot shows
the thickness obtained during the topographic reconstruction.

The “Multimat” simulations, which separate out the effects of the various path materials encountered by the rock avalanche
(glacial ice and saturated sediment), are based on the calibrated V3 parameters and literature values. As shown in Figure 7 and
Table 4, the impact area is similar when compared to the one material simulation. Further, the “Multimat” simulations result
in higher peak velocities and no material deposited in the upper catchment. Considering all these results, the most realistic
simulation is the one using the “Multimat” parameters released from the GJ as this runout simulation of the rock avalanche is

best-fitting with the field observations. Therefore, we build our discussion on these results.
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Table 4: Output parameters of the rock avalanche modelling using DAN3D

Release Max. Deposit Max. Velocity Travel distance Max. Run-up Time to reach
Area Simulation Thickness (m) (m/s) (vert./horiz., m) SE (m a.s.l.) cone (s)
Vi 28 119 2200/4600 1885 40
V2 37 100 2150/4400 1875 40
V3 43 99 2140/4200 1850 45
V4 41 89 2125/4100 1825 50
GJ Multimat 40 120 2145/4300 1850 30
V1 28 122 1950/4800 1850 45
V2 36 106 1910/4450 1830 50
V3 40 82 1900/4200 1825 55
V4 39 99 1875/4100 1775 60
PJ Multimat 41 113 1900/4200 1825 30

5. Discussion
5.1 Evolution of the Frébouge Cone

The different processes building up the Frébouge polygenetic cone and their timing provide important information and
understanding on how the cone evolved. Our detailed mapping and chronology confirm the polygenetic origin of the Frébouge
cone by revealing its multi-origin composition, i.e. mainly made of sediments from rock avalanches, debris flows, glacial and
fluvial processes. Its composition in combination with the cosmogenic '°Be chronology suggests that the prevailing climate
and surface processes changed with time. During the Last Glacial Maximum (LGM,; 30 - 19 ka Ivy-Ochs, 2015), the Val Ferret
and Val Veny were completely covered by ice, and the glacier reached Ivrea (Gianotti et al., 2008; Serra et al., 2022). During
the cold period of the Younger Dryas (YD; 12.8 — 11.7 ka; Heiri et al., 2004), the ice surface in the Ferret Valley was up to an
elevation of 1950 m a.s.l. at Frébouge (Porter and Orombelli, 1982). The Frébouge cone is mainly composed of deposits from
slope failures such as rock avalanches or debris flows, which are enhanced in the context of deglaciation (e.g., Cossart et al.,
2008). Therefore, it is likely that the Frébouge cone started to build up during the paraglacial period (Ballantyne, 2002), when
glaciers retreated to higher elevations and freed the valley. Although we cannot accurately underpin the beginning of the
accumulation, considering the oldest debris flow nose on the southern side of the flank that we dated to 1900 + 200 years, we
conclude that it should have started well prior as this debris flow at the surface of a cone is several tens of m thick. In addition,

we identified pulses of debris flows occurring between 1200 + 200 years and 800 + 80 years ago.
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1300 + 100 years ago a rock avalanche with a volume possibly up to 12 Mm? occurred, overriding an already existing cone,
which was most likely composed of polygenetic deposits. We compared the timing of the Frébouge rock avalanche to glacier
advances and rock avalanches reconstructed at Brenva and Triolet (Holzhauser et al., 2005; Nussbaumer et al., 2007; Arnaud
et al. 2012; Deline et al. 2015; Le Roy et al. 2015) (Figure 8). The Frébouge rock avalanche would have occurred when the
glaciers started to retreat, after the glacier advance peak recorded around 1.4 ka at Mer de Glace (Le Roy et al., 2015) or
Aletsch (Holzhauser et al., 2005) (Figure 8), during the Goschenen Cold Phase II (ca. 1.8-1.1 ka). Titanium anomalies
measured in Lake Le Bourget (Savoie, France), indicating the terrigenous silicate input are high between 1450-1300 cal. BP,
suggest a larger contribution of the catchments located at high elevations, which is associated with climatic changes such as
major glacier advances (Arnaud et al., 2012; Figure 8). Possible reasons for this timing after a glaciation are rock strength
degradation due to pore pressure fluctuations or dynamic unloading during glacier melting (cf. Prager et al., 2008). Also,
permafrost degradation starting at the beginning of the Holocene or associated groundwater regime changes should have led
to an increase in rock avalanche activity (Dramis et al., 1995; Gruber and Haeberli, 2007; Parger et al., 2008; Ravanel et al.,
2010). The Mer de Glace record shows stronger glacier fluctuations during the last 500 years and no clear correlation is
recognizable between the rock avalanches and the glacier extent (Figure 8). However, the Frébouge rock avalanche fits the
major landslide period identified in the Italian Alps, which started 1500 years ago (Galadini et al., 2001; Sauro and Zampieri,
2001; Ivy-Ochs et al., 2017; Rossato et al., 2020; Vigano et al., 2021). For this rock avalanche period, neotectonic activity is
assumed as the trigger (Galadini et al., 2001; Sauro and Zampieri, 2001). Furthermore, the Frébouge rock avalanche likely
dammed the Doire River and led to the formation of the alluvial plain (Figure 3). Further evidence for the blocked Doire River
is given by the slightly higher ground surface in the northwest than at the alluvial plain because the ground surface on both
sides of the river should theoretically be at the same elevation. In addition, a large boulder is embedded in sediments in the

river bed.
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Figure 8: Comparison of the moraine chronology at Frébouge and the timing of the Frébouge rock avalanche to other rock
330 avalanches in the Ferret and Veny valleys, glacier extends and lacustrine records (modified after Deline et al., 2015; Le Roy et al.,
2015). a) Dendro-based chronology of advances of Mer de Glace (Mont Blanc massif) (Nussbaumer et al., 2007; Le Roy et al., 2015);
b) Dendro-based chronology of advances of Great Aletsch Glacier (central Switzerland) (Holzhauser et al., 2005); ¢) Terrigenous
input (titanium) in Lake Le Bourget (Savoie, France) as an indicator for glacial activity (Arnaud et al., 2012).

Moraine-A average age / Moraine-B and Moraine-C estimated ages (this study)
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The Frébouge Glacier readvanced multiple times over the Frébouge cone and deposited till and moraines (Deline, 2009). The
largest readvance of the Frébouge Glacier occurred 320 + 20 years ago, when Moraine-A was deposited (Figures 2, 6 and 8).
A similar timing of glacier advances was also reported in Austria (Braumann et al., 2020, 2021), Central Alps (Kronig et al.,
2018; Steinemann et al., 2021; Schimmelpfennig et al., 2022), and on the French side of the Mont Blanc Massif (Protin et al.,
2021). The chronology of Great Aletsch Glacier advances shows that the glacier reached a maximum around 1660 AD
(Holzhauser et al. 2005; Figure 8), while the Frébouge Glacier had its maximum at 1700 + 20 AD. Moraine-B could correspond
to the glacier advance at ca. 1820 or 1850 AD (e.g. Holzhauser et al. 2005; Ivy-Ochs et al. 2009; Schimmelpfennig et al. 2012;
Braumann et al., 2020). While the Great Aletsch Glacier had a similar size during its advance in middle 19th century as during
the 1660 AD advance (Figure 8), the advance 320 + 20 years ago at Frébouge was larger than the other LIA advances. Based
on photographs, the uppermost moraine on the cone (Moraine-C) corresponds to a glacier advance in the early 20th century
(Sacco, 1918; Gabinio, 1923). In contrast to the older debris flow deposits on the sides of the cone, the debris flow deposits in
the center of the cone cut the moraines and are therefore younger (Figures 3 and 4). Some of the debris flows on the sides of
the cone possibly occurred after the LIA glacier advances, fed by water coming from the bedrock on the sides of the cone.
Indicators for this scenario are the orientation of the debris flow levees and channels where some tend towards the bedrock lip.
Today, debris flows occur in the central part of the cone. First, they follow the channels already cut into the moraines. Beyond
the moraines, they are capable to deposit sediments without any obstacles. Evidence of snow avalanches is also found beyond
the moraine ridges. In the central part of the cone, shreds of evidence for repeated snow-avalanche activity are broken and
moved boulders, as frequent snow avalanches in that zone do not allow trees to grow. One boulder was identified as an outlier
(FREB-2: 500 £ 70 years) that is deposited among three older boulders (FREB-1, 3 and 4; Figure 3) because we think that it
could have been moved by a snow avalanche 800 years after its deposition by the rock avalanche. Finally, the two other
younger boulders, FREB-13 (300 + 40 years) and FREB-14 (0.9 £+ 0.2 ka), were identified as outliers. We argue that they could
attest to more recent and smaller rock avalanches because their displacement by a snow avalanche or a rockfall is very unlikely

due to their size (e.g., FREB-14 is 14-m-long).

5.2 The Frébouge Rock Avalanche

Our detailed analysis has revealed that the Frébouge rock avalanche played an important role in the formation of the cone. The
volume reconstruction revealed that this event initiated as a 9.5 Mm? failure, which then bulked to 12 Mm? and contributed a
large volume of sediment to the cone. However, there are some uncertainties associated with this volume reconstruction. When
reconstructing the deposit, a hill in the topography, composed of argillaceous schist and siliceous limestone clasts (indicated
by a gray colored dashed line in Figure 3), was included in the deposit volume. This hill could have been deposited during an
earlier earth flow coming down the channel from the southeastern slope, and represents a volume of approximately 0.13 Mm?
(Deline, 2009). To further explore the uncertainties in our reconstruction, we compared the reconstructed release volume of
9.5 Mm’® to empirical correlations provided between source volume and deposit area (Griswold and Iverson 2008), as well as

source volume and H/L glacier (Aaron and McDougall, 2019). Our reconstruction fits well with the Griswold and Iverson
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(2008) data, however the H/L for the Frébouge rock avalanche suggests low mobility, despite the presence of both saturated
substrate and glacial ice. This latter point is discussed below.

Our simulation results revealed that this large volume of sediment was delivered to the cone in a matter of minutes. These best
fit Dan3D simulations well reproduce the simulation constraints, however there are some discrepancies with the field
observations. The first is that the observed runup height of 150 m (1875 m a.s.l) above the valley floor was underestimated by
about 25 m by the simulation. In the field, granitic boulders are present on the slope until 1875 m a.s.1., and a runup height of
150 m fits well with other documented runups produced by rock avalanches with highly elevated release areas comparable to
the Grandes or Petites Jorasses (e.g., Evans et al. 1994). It is therefore likely that the simulation underestimates the runup,
which can be one limitation of using a depth-averaged numerical model and frictional/ Voellmy rheology (e.g. Aaron et al.,
2020).

The modelled extent of the rock avalanche in the south-western part came to standstill further down valley than expected. This
part of the Frébouge cone was strongly modified by glacier and debris flows since the rock avalanche occurred. A further
indication for the extent is the location of the samples FREB-1 to FREB-7, which are covered by the simulated deposit extent.
Finally, the simulation does not reach the mapped boundary in the north and moved instead more down valley. This over 100
m smaller runout of the simulation is unlikely, as the rock avalanche deposit is clearly delineated by a 2m high rim at the edge
of the cone from the surrounding deposits.

The debris flow sample FREB-15 has an age of 1900 + 200 years and is therefore older than the rock avalanche. According to
the simulation and the reconstructed topography, the rock avalanche deposit should be several meters thick at this location and
cover an older debris flow nose. Inheritance of this sample is unlikely, as the age is in a similar range as sample FREB-16,
which has an exposure age of 1200 + 200 years. Still the nose is striking out of the surrounding in field, which suggests, that
the rock avalanche deposit is thinner on the side of the cone than shown by the simulation.

As mentioned above, the simulation covers a smaller area than the topographic reconstruction to get the same volume, primarily
due to underestimation of the northeast deposits’ extent. This smaller area was compensated with a larger thickness of the
deposit. Both have a maximal thickness of 40 m; however, the simulation has a larger area with thicknesses over 30 m
compared to the topographic reconstruction. The maximal thickness of over 40 m is much larger than in the rock avalanches
that travelled onto glacier in the Mont Blanc massif, where the thicknesses are typically between 1 to 5 m (Deline, 2009), and
in other glaciated mountain ranges (Deline et al., 2021). In the southwestern part the thickness of the simulated rock avalanche
has a smooth decrease in volume despite the presence of the aforementioned hill (Figures 3 and 7).

During the modelling a constant turbulence coefficient of 500 was used, and the best fit friction coefficient was found to be
0.2. Compared to best fitting Voellmy parameters in other rock avalanches on saturated sediment, the friction coefficient is
slightly higher but within the range found for other events (Aaron and McDougall, 2019; Figure 9). This contrasts with the
H7L correlation presented earlier, which suggests low mobility for this event. H/L can be confounded by geometric factors
(e.g. Davies and McSaveney, 1999), and we consider the runout modelling results more reliable when placing the mobility of

the Frébouge rock avalanche in the context of other case histories.
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Based on all this, we consider the reconstructed volume of 12 Mm? representing the upper bound. This supports the assumption
that a release volume of 9.5 Mm?® and deposition of volume 12 Mm? are in the upper range of realistic volumes of the Frébouge

rock avalanche.
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Figure 9: A) Rock avalanche data with the best-fitting regression line and the confidence interval compared to the Frébouge rock

avalanche (modified after Griswold and Iverson, 2008). B) Volume vs. H/L plot of the Frébouge rock avalanche compared to a

database of rock avalanches (modified after Aaron and McDougall, 2019). C) Collection of best-fitting Voellmy parameters for

different path materials in comparison with the parameters used at the Frébouge rock avalanche (modified after Aaron and
410 McDougall, 2019).
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6. Conclusions

In this study, we investigated the evolution of the Frébouge polygenetic cone in the Ferret Valley based on geomorphological
mapping, '°Be surface exposure ages, and simulations of the rock avalanche. The geomorphological mapping revealed that the
different deposits show complex interactions. Snow avalanche activity is indicated by cracked and cut trees and broken and
displaced boulders. Moraines, till and debris flow deposits partially cover deposit of a large rock avalanche. The moraines
indicate several Frébouge Glacier advances onto the cone, with a LIA maximal extent 320 + 20 years ago. The oldest landforms
on the Frébouge cone are the debris flow deposits on the southwestern side dated to 1900 + 200 years. A rock avalanche with
a maximum released volume of 9.5 Mm? occurred 1300 + 100 years ago. Its source area in the Frébouge Glacier cirque remains
unclear, as the simulations showed no difference in runout comparing different release areas.

The Frébouge rock avalanche may have occurred at the onset of glacier retreat during the Géschenen Cold Phase II, therefore
possibly in connection with climate. Resulting glacier or pore pressure fluctuations were suggested as possible triggers for
rock avalanches (Prager et al. 2008). Furthermore, the Frébouge rock avalanche is contemporaneous with increased landslide
activity identified in northern Italy, which was assigned to regional neotectonic activity. Beside climate related factors,
tectonics as a trigger is therefore also conceivable. With ongoing global warming, the size of proglacial and polygenetic
landscapes will grow. Therefore, studying the evolution of further polygenetic landscapes to understand the interactions and
the timing of the different processes and to predict future hazards caused by debris flows or rock avalanches in similar settings

is of increasing importance as slope failures can cause severe damages to settlements and infrastructure located close by.
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