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ABSTRACT

By combining cosmogenic nuclide data and rockfall inventories, we have employed a rigorous methodology to focus on long-term erosion trends and the increase in
rockfall in the Mont-Blanc massif (European Alps) over the last century. To do this, we used mathematical formulations based on power law integration, which
enabled us to identify the complex links between rockfall distribution and erosion rates. Our approach was applied to the Mer de Glace basin (Mont-Blanc massif),
where we combined analyses of 10Be concentration in the supraglacial load (based on 8 samples) with Terrestrial Laser Scanning (TLS) data capturing 123 rockfalls
ranging from 1 to 566 m°, as well as direct observations of 71 rockfalls ranging from 100 to 20,000 m®. Within the overlapping volume range of both inventories,
power law fitting yields a common exponent (b-value) of 0.75 + 0.18. However, the TLS-derived rockfall rate (a in m2.yr) is approximately 5 times higher than that
derived from the observation-based inventory. This difference is probably linked to the current intense permafrost degradation affecting scanned rockwalls at al-
titudes below 3800 m a.s.l. The 20,000 m® rockfall documented by the network of observers has a statistical return time estimated at <6 years, which suggests that
larger or more significant rockfalls will occur in the future. Based on a two-segment power law, the erosion rate is estimated at > 4.1 mm.yr for the period
2006-2011.

According to our study of glacial dynamics, the supraglacial clasts sampled aggregate-800 rockfalls greater than 1 m® that occurred diachronically between 1845
and 1987 but whose cumulative total corresponds to <7 years of present rockwall erosion rate in the upper Mer de Glace basin. The mean 10Be concentration of the 8
supraglacial samples is 2.7 + 1.3 10% at.g! and was obtained when exposing rock faces subjected to erosion of <1.2 + 1 mm.yr™’. The erosion rate would, therefore,
have significantly increased between the Little Ice Age (maximum 2.2 mm.yr’! from '°Be result) and the beginning of the 21st century (minimum 4.1 mm.yr for
2003-2011 surveys). These erosion rates do not consider past volume rockfalls greater than those observed recently and are minimal erosion rate estimates.
Nevertheless, they highlight the increase in mass movement hazards linked to global warming via permafrost degradation in high-altitude rockwalls.

1. Introduction

Since the end of the Little Ice Age (~1855), human activity has
drastically been affected by the sensitivity of high-mountain landscapes
to climate, and climate change impacts have become a matter of
growing global concern in Alpine areas (Haeberli and Beniston, 1998;
Adler et al., 2019). The European Alps, a densely populated region, face
rising mass movement risks with climate change, endangering commu-
nities, infrastructure, and the tourism economy (Beniston, 2003; Gobiet
et al., 2014) as the cryosphere is degrading and erosion processes are
changing (Ballantyne, 2002; Cossart et al., 2008; Biskaborn et al., 2019;
Hartmeyer et al., 2020).

Past rockfall inventories provide a base for estimating rockfall
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hazards (Dussauge et al., 2003). However, what areas and periods are
inventories representative of? Is there really a change in rockfall activ-
ity? In this paper, we use a method that considers an independent esti-
mate of long-term erosion, enabling a better assessment of rockfall
hazard. Long-term erosion, on the scale of river catchments, is classically
estimated using methods based on the concentration of cosmogenic
nuclides in sediments (von Blanckenburg, 2006). This approach has also
been adapted to the rockwalls surrounding glaciers (Ward and Ander-
son, 2011; Sarr et al., 2019; Scherler and Egholm, 2020; Orr et al., 2021;
Wetterauer et al., 2022; Wetterauer and Scherler, 2023) as glacial
transport amalgamates rockfalls deposited on them and the supraglacial
load is composed of rockfalls from various rockwalls in the upper part of
the supply basin.
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It is suggested that a major factor in rockwall destabilization in high-
Alpine areas is permafrost degradation due to global warming (Gruber
and Haeberli, 2007; Biskaborn et al., 2019). This is linked to a deepening
of the active layer subject to annual freeze/thaw cycles and general
warming at greater depths (Krautblatter et al., 2013). Permafrost
degradation would be particularly intense at elevations below 3800 m a.
s.l. in the Mont Blanc massif (MBM) (Magnin et al., 2017; Courtial--
Manent et al., 2024).

This study is a comprehensive approach to rockwall erosion trends
by integrating three methods: collecting rockfall inventories (Terrestrial
Laser Scanning (TLS) and a network of observers), analyzing them with a
power law (Graber and Santi, 2022), and estimating erosion by
measuring cosmogenic nuclides concentration on glacier-transported
clasts. The upper basin of the Mer de Glace (UMdG hereafter), located
between-2950 and-4200 m a.s.l. in the MBM, was chosen as the study
area for applying all three methods. This location was selected due to its
exceptional suitability for this research, owing to the abundance of
existing studies across various disciplines in terms of glacier dynamics
(from Vallot, 1900 to Peyaud et al., 2020), dating old rockfall scars
(Gallach et al., 2020), rockfall analysis (Ravanel et al., 2011; Deline
et al., 2015; Courtial-Manent et al., 2024), or temperature-related
destabilization processes (Legay et al., 2021).

This paper presents new cosmogenic nuclides data from amalgam-
ations of supraglacial clasts from the UMdG, as well as 2009 to 2011
rockfall observations that, complemented by the Ravanel et al. works
(2010; 2011; 2017), furnish a 2003 to 2011 inventory in the UMdG
(Fig. 1A). For this period, being the beginning of rigorous rockfall ob-
servations in the MBM, the broad inventory is considered reasonably
complete (Rabatel et al., 2008; Ravanel and Deline, 2013). The
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contributions of these combined approaches are discussed, in particular,
to clarify the notion of “long-term erosion” and give a minimum esti-
mate of the increase of the rockfall rate since one century.

2. Setting

The MBM is the highest range in the European Alps, reaching 4806 m
a.s.l. (Fig. 1A). It is a heavily glaciated massif, with 145 km? covered by
glaciers (Kaushik et al., 2022). Its central part is made up of homoge-
neous granite (Bussy et al., 1989). On the southern slopes of MBM, large
rock avalanches (volume > 10° m® and thickness~50 m) have been
evidenced (Deline et al., 2015).

After 2003, rockfall occurrence and volume have been estimated
using three methods: diachronic TLS surveys (Rabatel et al., 2008;
Ravanel et al., 2011), recognition of rockfall deposits on satellite images
(Ravanel et al., 2017), and surveys carried out with a network of ob-
servers (Ravanel et al., 2010, 2017). These two last methods allowed us
to record >313 rockfalls in the central part of MBM, in the range of 100
m3 to 50,000 m? (Ravanel et al., 2010), and the cumulative frequencies
of rockfall events show a power law model with an exponent of 0.77 +
0.04 (Ravanel et al., 2017). TLS surveys show that the annual volume of
rockfalls from specific rockwalls has increased 8-fold over the 21st
century due to global warming (Courtial-Manent et al., 2024).

Initial estimates of the long-term erosion rates of rockwalls were
based on the cumulative effect of rockfalls estimated from the concen-
tration of 1°Be in clasts transported near glaciers (Guillon et al., 2015).
Results vary by one order of magnitude, from 0.38 + 0.16 mm.yr'! for
the highest north face of the Mont Blanc summit to 2.16 + 0.24 mm.yr ™!
in the west face of Aiguille du Midi (Sarr et al., 2019).

Velocity average
2016.2022

(i)
63976

Fig. 1. (A) The Upper Mer de Glace (UMdG) study area. Black rectangles: this figure and Fig. 7. (B) Rockfall reach susceptibility. Scale in % according to Cathala
et al. (2024). Dotted line: boundary between glacier and rockwall. (C) Glacier velocities (Rabatel et al., 2023). Black lines: isotransport time relative to the ELA
considered at 2900 m a.s.l. in 2005-2008; yellow point: start of the Forbes band count of Fig. 7. (D) Convergence index (light-grey color) following the glacier surface
gradient outlining the glacier flow. Red line: Fig. 5a cross-section. (E) Contributing rockwalls to the supraglacial load (red color: surely; heavy grey: possibly) and TLS
scanned rockwalls (yellow zones, see Ravanel et al., 2011; Supplementary Material S1). Black diamonds: inventoried rockfalls (Ravanel et al., 2010, 2017; Sup-
plementary Material S2); blue lines: snow isoaccumulation (positive) or ablation value (negative) (2005-2008 period, adapted from Glacioclim). The location of 10Be

samples, Forbes bands, and rockfalls are in a kmz-file in Supplementary material.
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We focus our work on the UMAG (Fig. 1), with the largest glacier in
the MBM (28 km?) located between 4213 and 1520 m a.s.l. (Kargel et al.,
2014). Climate change over the 20th century led to an increase of the
equilibrium line (ELA) from 2750 to~2900 m a.s.l. and a decrease in
glacier velocity (Vincent et al., 2017). In the lower part of the MdG, a
decrease of over 100 m.yr‘1 (i.e.~66 %) was observed between 1890 and
1950 (Liboutry and Reynaud, 1981), based on counts of the annual cycle
of white and grey ice bands (Forbes, 1843).

The UMAG rockwalls feed supraglacial moraines. In the area below
the equilibrium line, erosion of the Holocene lateral moraines supplies
debris to MdG margins (Le Roy et al., 2015), and rockfalls from lower
MdG slopes are very unlikely to go farther than the glacier margins, as
shown by rockfall propagation models (Fig. 1B, Cathala et al., 2024).

3. Methods
3.1. Distribution of the rockfall volumes and erosion rate

3.1.1. Rockfall inventories

Reiterations of topographic measurements by TLS (Fig. 2A) enable
an inventory of rockfalls and the associated volumes for periods close to
the year (Supplementary Material S1). Given the accuracy of the TLS
given by the constructor (7 107, i.e., 7 mm at a distance of 100 m
(Teledyne Geospatial Optech, 2024)), many blocks < 1 m® can be
identified (Guerin et al., 2020). However, to ensure that the distribution
of rockfall volumes is not affected by a bias linked to incomplete data
acquisition, only rockfalls exceeding a minimum volume (Vp;,) of 1 m®
have been included in the inventory.

Thanks to a systematic procedure to describe rockfalls in the MBM
(Fig. 2B), mainly by a network of mountain professionals (Ravanel and
Deline, 2013), an inventory of rockfalls > 100 m? was obtained (Ravanel
etal., 2010, 2017) (Supplementary Material S2). Satellite images ata 2.5
m resolution have also been used to map the rockfall deposits of the hot
summer of 2003, but the uncertainty in the volume estimation can reach
40 % (Ravanel et al., 2017).

3.1.2. Rockfall volume distribution and power law

The volumes of rockfall inventories are classically described by their
rockfall volumes’ cumulative distribution of magnitude (CDM) (Graber
and Santi, 2022), and can be approximated by a power law (Hantz et al.,
2021). Power laws describe many series of events in Earth sciences
where any observed magnitude distribution is regarded as an estimate of
the mean value of a random variable (Aki, 1965). Assuming that the
power law reflects scale-invariant physical processes (Turcotte, 1986;
Malamud and Turcotte, 2006), cumulated distributions obtained for
different periods by different observation methods would fit a unique
power law. The power law is therefore used to merge data from different
sources and time periods, facilitating the creation of regional inventories
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that integrate observations from different acquisition procedures and
areas (Hantz et al., 2003).

The comparison of different CDM requires approximating them with
specific rockfall frequency functions (SRFF) defined by Eq. (1):

fs(V)y=a/(ST)V? or fs(V)=av™ ¢))
where fs (V) is the frequency of rockfalls with volume (V) > 1 m® per
year and per unit rockwall area (m?), a is the number of rockfalls, S is the
projection of the oblique surface area of a rock face on the horizontal, T
the observation time, b is the power law exponent, and a is the annu-
alized frequency of rockfalls > 1 m® per unit of rockwall (a = a/(S*T))
(Hantz et al., 2021).

3.1.3. Rockfall erosion rate and power law

In this paper, all the erosion rates are defined normal to the rockwall.
The mean observed erosion rate ¢, is the sum of the rockfall volumes
observed (Vtyp) in the range between the minimum (V;;;;) and maximum
(Vinax) values for a period (T) and a rockwall surface area (S).

Eob = Vtgb/(S.T) (2)

The mathematic integration of the power law is another way to
determine the erosion rate. The total eroded volume Vi, due to rockfalls
of volumes comprised between v; and v, is (Hantz et al., 2003):

Vi
Vt,= [aVdv or

V2

Vi, =

a ; (v(217b) _ vgl—b)) (3)

In this work, Eq. (2) and Eq. (3) are combined (details in Supple-
mentary Material S3.1) to calculate an erosion value (ep) that depends
on the maximal volume V,,;, through a power law relation:

a ya-b

__a (1-b)
AT ™ v )

or &= ( 1_ b) mp
3.1.4. The application domain of the power law

The fit of the SRFF parameters was performed only in the range
between the cutoff values V¢ and Vg (Fig. 3).

For volumes lower than Vcp;, the cumulative number of rockfalls
observed is usually lower than that calculated by the SRFF power law.
This discrepancy can be attributed either to the incompleteness of the
inventory linked to the detection threshold of the acquisition (Graber
and Santi, 2022) or a change in the processes behind the delimitation of
blocks before they fall (Guthrie and Evans, 2004). Various methods can
be used to determine the V¢, value (Schovanec et al., 2021), and we
analyze here the influence of V¢, on the coefficient of determination r2,
defined as 1-(SSe/(SSe+SSr)), where SSe is the residual sum of squares
and SSr is the regression sum of squares.

For very large rockfalls, the power law may not be suitable (Coles,

Fig. 2. Used methods. (A) Example of TLS survey on the east face of Tour Ronde. (B) Example of a rockfall in the north face of Tour Ronde documented by the
network of observers (August 2022, 12 x 10° m®). (C) Sampling of clasts on supraglacial moraines for 1°Be concentration analysis.
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Fig. 3. Definition of cumulative volume distribution, power law, erosion rate
estimation, and parameters @, b, Vinin, Vemi Vema Vimax, and V. Colored dots:
rockfalls of a catalog (CDM), dotted and dashed lines: power laws (SRFF). Ar-
rows below: range of volumes used to calculate different erosion rates e.p, €p1,
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2004), and the upper cutoff volume V¢, is determined to exclude them
from the SRFF fit. The chosen V¢, value excludes rockfalls greater than
Vinax Or whose statistic return time is superior to the observation time
(See details in Supplementary Material S3.2):

s (V) =@V if [V < Ve With |Vema < Vinax  0F Vo < (

It should be noted that V¢;,q can be greater than Vi, as Poisson’s
law indicates that the probability of an event occurring during its sta-
tistical return time is only 0.63. An iterative calculation is required to
estimate both a and the upper limit V¢, of the fitting domain.

Extrapolation of the SRFF for rockfalls larger than V¢, or smaller
than V¢p; would be possible, but only if the power law reflects scale-
invariant physical processes (Turcotte, 1986). These scale-invariant
processes can only be envisaged if rock mass, geology, and climate
conditions are fairly constant (Graber and Santi, 2022). In the MBM,
these conditions are verified. Furthermore, the large inventory covering
the surface of the entire massif (references in Sarr et al., 2019) fits with a
reliable power law, from the application of Eq. (5), at least up to a
regional Vcpm, of 77,000 m® (see Supplementary Material S3.2). In
contrast, the detailed inventories of the Dru rockwall (MBM) indicate
that a power law is reliable at least down to 0.1 m? (Guerin et al., 2020).

Therefore, we consider using power laws to estimate erosion rates
between 0.1 m® and 77,000 m® possible. The components of the erosion
rate — eq; on the SRFF fitting domain, &gnq, and ejgr outside of this
domain, and & the erosion rate for the whole domain (Fig. 3) — are
estimated from the integration of the different SRFF power laws to feed
the discussion.

3.2. Cosmogenic nuclide concentration in clasts and erosion rate

The transport path of a volume of rock coming from close to a
rockwall’s surface to a supraglacial location is formed by a succession of
several stages: 1) approach to the surface by erosion; 2) incorporation

SxTxa
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into a rockfall; 3) deposition on the glacier surface; 4) englacial trans-
port; 5) transport on the glacier surface. 10Be concentration is mainly
acquired during the stages of approach to the surface and transport on
the glacier surface, the other stages being either very rapid or protected
from cosmic radiation. The duration of rockfall transport depends on the
stages of englacial transport and transport on the glacier surface.

3.2.1. Cosmogenic nuclides produced close to the surface

Terrestrial cosmogenic nuclides are produced by the interaction of
cosmic rays with rock close to the surface (Dunai, 2010). For the 1OBe,
whose radiogenic decay is 1.39 Ma (Chmeleff et al., 2010), radiogenic
decay loss is considered negligible (Supplementary Material S4)
(Heisinger et al., 1997), and:

— 2

C(z) = P()T e A (6)

where C(,) is the concentration at a depth z, Py is the 10Be surface pro-
duction rate, T is the period of exposition, z is the depth below the
surface, p is the rock density, and A is the absorption mean free path.
Several particle sources exist, but only neutrons, which are the most
energetic, are considered here with the attenuation length Al, = A/ p =
0.6 m (Braucher et al., 2013).

3.2.2. 19Be concentration and rockfalls

The °Be surface concentration of a rockwall is heterogeneous due to
the succession of rockfalls (Gallach et al., 2020). This affects the con-
centration of the rockfall clasts. Nevertheless, Ward and Anderson
(2011) numerically modeled the influence of power law exponent value
(b) and maximum rockfall thickness (D,qx) on the average 10Be con-

)(i) -

centration of a rockfall amalgam. They found that an amalgam of 30
rockfalls approaches the average !°Be concentration of the rockwall
surface with a deviation of <10 % when b = 0.75 and Dj;q = 50 m.
Therefore, the approach used for river sediment fluxes (von Blancken-
burg, 2006) is used for supraglacial clasts (Ward and Anderson, 2011;
Scherler and Egholm, 2020; Orr et al., 2021; Wetterauer et al., 2022;
Wetterauer and Scherler 2023) and leads to:

_ P, mrAln

Eml

Co @)

where the average concentration (Cp) of the clasts is a function of the
average concentration of a surface with an average production rate Pp,,
and eroded at a steady-state rate (&) during a period longer than the
nuclide integration time (Al,/e,;) (von Blanckenburg, 2006).

3.2.3. Clast formation

During rockfall, disaggregation generates a fractal distribution of
clast size (Turcotte, 1986; Ruiz-Carulla et al., 2017). The sand and gravel
fractions on the glacier come from in situ rock compartments of different
sizes, originating from different in situ depths in the rockwall. To in-
crease the likelihood of amalgamating clasts from various rockfalls and
various depths in the rockwall compartments, we sampled the sand and
gravel fractions (Sarr et al., 2019) that can reach 5 % of the clast volume
(Godon et al., 2013). This choice is supported by no apparent de-
pendency of 1°Be concentration with size fractions in supraglacial
sediment (Wetterauer et al., 2022), contrary to fluvial sediment pro-
vided by landslides (Puchol et al., 2014). We use a manual amalgam
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Fig. 4. The various processes and parameters controlling the °Be concentration of supraglacial clasts (parameters: see Table 1).

protocol where each sample (sand to pebble size,~1-30 mm) is taken by
filling a spoon and where the number of samples is large (hundreds
evenly distributed over the sampled area), resulting in a final sample
weighing several kilograms.

The map extension of the deposits on the glacier is estimated by
superimposing fall-out zones derived from statistical rockfall propaga-
tion models (Cathala et al., 2024) with the extent of the glacier (Fig. 1B).

3.2.4. Clasts transported and aggregated by glacier dynamics

The deposits are then embedded in the accumulation zone and flow
englacially before emerging in the ablation zone as supraglacial clasts
(Dunning et al., 2015) (Fig. 2C). The cumulated ice ablation (Cg, see
Supplementary Material S5.2) progressively aggregated clasts, and the
exposure times of clasts located at a point on the surface of a glacier
range from zero (for those just released by ablation) to the ice transport
time (Tp from the ELA (for those previously released from the ice at the
ELA) (Fig. 4).

Numerous studies have focused on glacier dynamics, and some nu-
merical models couple clast transport with ice flow modeling (Scherler
and Egholm, 2020). However, most assume a steady-state dynamic. A
decrease in velocity, such as that observed at MdG (Lliboutry and Rey-
naud, 1981), may invalidate the results obtained from such models. We,
therefore, relied on geomorphological markers and mass balance to
approximate the MdG dynamics.

We mapped the supraglacial moraines from satellite images (Fig. 1B)
to define the flow lines. In addition, as secondary topographic ridges
often outline these moraines (Kirkbride and Deline, 2013), we specified
their position by calculating the maximum values of the convergence
index along the slope gradient using the QGIS software function
(Fig. 1D).

Mass balance is expressed by the evolution of ice discharge from the
upper to the lower part of the glacier (Bens and Evans, 2010). In this
paper, ice flow is calculated from the relationship between elevation and
glacier area distribution obtained from the DEM and the relationship
between elevation and ablation/accumulation obtained from field
measurements (Supplementary Material S5.2). Accumulation rates (Ac),

and ablation rates (Ab) (Fig. 1E) of the MdG have been observed since
the end of the 19th century (Glacioclim, 2023; Vincent, 2002; Six and
Vincent., 2014). Downstream, the transport time is estimated by
counting the annual succession of Forbes bands, a method that considers
the significant velocity changes during the 20th century (Lliboutry and
Reynaud, 1981). Upstream, the velocities are assumed constant over
time as the thickness changes that partly control velocity changes are
reduced (Berthier et al., 2014). This assumption enables transport times
between two points at the glacier surface (T to be estimated by inte-
grating recent velocity fields (Rabatel et al., 2023; Fig. 1C).

Two types of ice discharges are found, one linked to a mass balance
close to an equilibrium state (1954-1981 period; Vincent, 2002) and
another one (2018-2022 period, data from Glacioclim) linked to a
negative mass balance due to global warming (Vincent et al., 2017).

The 3D flow pattern of the MdG is highly complex, particularly
through the large serac zones of the glacier du Géant. It is, therefore,
impossible to precisely follow the flow lines and associated transported
moraines from the top to the bottom of the glacier. We have limited the
estimation of ice-transported clast fluxes to a bulk 2D approach, and we
consider the axial line flowing from the summit of Cirque Maudit to be
representative of the whole catchment (Fig. 1D, Fig. 5A).

For a portion of a steady-state glacier, a balance of the entering and
leaving ice mass is obtained, as illustrated by Eq. (8):

Esam Eetq
E FAc (k)Fsu(k) = Z FAc(k) -Fsu(k) (8)
k=Eq k=Ehq

where ablation up to the elevation of a sample (E;q,) and accumulation
up to an upper elevation (Ey,) are equalized on either side of the ELA
elevation (Eey). Fsy(k) and Fa (k) are respectively the relationships be-
tween elevation (k) and glacier area distribution, and the relationship
between elevation and ablation/accumulation (Fig. 4).

As with the glacier’s mass balance, the flux of rocks leaving the
glacier and aggregated by ablation at the surface between Egqp, and Eeq
equals the flux of rockfalls entering the deposition surfaces between E pq
and E., The rockwalls contributing to the fallout deposition zone
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Fig. 5. Glaciological characteristics of the Mer de Glace. (A) Cross-section from
the top of the Cirque Maudit to the glacier’s tongue (surface topography from
IGN DEM,; glacier base from Millan et al., 2022). Horizontal arrow: fluctuation
of the ELA between 1995 and 2022 (B) Ablation/accumulation (interpolated
1995-1999 glaciological field measurement, from Glacioclim); cumulated per-
centage of the surface area of the glacier (base from IGN DEM) and cumulated
percentage of the rockwalls area (S/St) as a function of the distance from the
top of the Cirque Maudit. (C) Cumulated ablation and transport time from ELA
(calculated from Supplementary Material S5). (D) Ice discharge. Steady
cumulated mass balance (~1995 mass balance) and negative mass balance (
2018 mass balance). Yellow area: partial mass balance linked to MG18.3 sample
(see text).

between E,, and E p, are estimated from mapped rockfall release areas,
derived from statistical models (Fig. 4B; Cathala et al., 2024). Assuming
a spatially constant erosion rate, the flux of rockfall is considered pro-
portional to the rockwall surface area (S) above the domination the
deposition zone. The rockwall flux is normalized by the whole UMdG
flux and expressed as (S/S;), where (Sy) is the surface area of all
contributing rockwalls (Fig. 7B). The dates of the older and younger
aggregated rockfalls are estimated from the glacial transport times be-
tween E pq and Egq, and between Epq and the elevation of lower deposits
above the ELA, respectively.
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Nonetheless, correction factors must be introduced in the 2D glacier
description (see Supplementary Material S5.2), and only the orders of
magnitude should be retained for the glacier kinematics. In peculiar, the
transverse distribution of the clasts in a glacier has been estimated by
assuming that clasts are only concentrated in supraglacial moraines and
that the clast composition of a single moraine is homogenous due to the
transversal dispersal processes (Kirkbride and Deline, 2013).

The volume of amalgamed rockfall debris in a portion of a moraine is
therefore estimated by integrating the flux during the period required to
cross this zone and normalized according to the present-day annual
production of the whole rockwalls of the UMAG to facilitate the com-
parison with the present-day period. This leads to the equation:

AT, S L
Vtmor/Pt* Ads Ax Etﬂ (9)

where L is the width of this moraine, Lt is the width of all moraines
cumulated in a glacier cross-section, Pt is the present-day annual pro-
duction of the whole rockwalls, Vtyor is the volume of accumulated
rockfall debris for a zone where the velocity is Ax/AT:, and with high
and low boundaries separated by a distance Ag;. It should be noted that
the actual flux of aggregated clasts is greater than that calculated,
assuming steady-state conditions, as present-day glaciers have a nega-
tive mass balance.

3.2.5. 1%Be concentration and glacial transport

Clasts are shielded from cosmic rays by the ice when its thickness
exceeds 10 m (Guillon et al., 2015) but are exposed during supraglacial
transport beneath the ELA (Wetterauer and Scherler, 2023). The con-
centration acquired is therefore approximated by a function of the
average nuclide production rate on the glacier, and Eq. (7) becomes:

PuAlL, (T,
Co=—"—"+ (—% Tp> Prot
Eml 3

(10)

where Py, is the average nuclide production rate on the glacier, T, is the
ice transport duration from ELA and T, the exposure period near the
glacier surface (Supplementary Material S4.1).

4. Results
4.1. Rockfall inventories

4.1.1. Inventory from the network of observers

The rockwalls representing the source zones of the supraglacial load
cover a projected surface area of 3.5 km? (Fig. 1E). 71 rockfalls were
identified from satellite images for 2003 (Ravanel et al., 2017) and from
the network of observers for 2007-2011 (Ravanel et al., 2010; Supple-
mentary Material S2) (Fig. 6). The associated erosion rate & is 3.0 + 0.6
mm.yr, and the most considerable rockfall is 20,000 m°.

The CDM distribution is fitted by a SRFF function with a = (1.8 +
0.3) x 10~ rockfall.yr'.m? b = 0.83 + 0.1 and r? = 0.7. For this in-
ventory, Vcmi was chosen to be higher than 200 m® to exclude the 100 m®
— Vmin value frequently indicated by observers for small rockfalls of
actual volume <100 m® — and Vema (24,433 m3) is greater than V.« The
erosion rate g is then 5.6 + 1.4 mm.yr’, with an extrapolated part
(&sma) of 2.2 + 0.6 mm.yr‘l for volumes < 100 m® of 3.4 + 0.9 mm.yr'1
for volumes between 100 and 20,000 m?>.

4.1.2. Terrestrial laser scanning inventory

Five rockwalls (Fig. 1E) covering a surface area of 0.19 km? have been
scanned (Ravanel et al., 2011) in the UMdG (Supplementary Material S1).
Their altitudinal distribution ranges from 3320 m to 3842 m a.s.1., aver-
aging 3570 m. Between 2006 and 2011, repeated TLS surveys revealed
123 rockfalls > 1m> while the largest has a volume of 566 m3 (Fig. 6). The
related erosion rate &g, is 4.0 & 0.4 mm.yr'l.

The SRFF function, which fits the CDM curve with r’= 0.71, is
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Fig. 6. Comparison of the cumulative volume frequencies of rockfall events estimated by TLS comparison and direct observations for the UMdG.

characterized by a b-value of 0.55 =+ 0.05 and a cumulated frequency (a) of
2.2 + 0.07 x 107 rockfall.yr'l.m'z. For this inventory, Vp, is a
completeness value considering the technical choice, and V¢p,; has been
chosen equal to Vi, as the coefficient of determination r*> does not decrease
when Vg, is greater than Vi, and Vi, (16,129 m3)is greater than V4.
The erosion rate &y is then 8.1 £ 0.4 mm.yr?, with an extrapolated part
(esma) of 0.5 £ 0.1 rnrn.yr'1 for volumes < 1 m3, and an estimated part (€es1)
of 7.6 £ 0.3 mm.yr'l for volumes between 1 and 566 m* (Fig. 6).

4.2. Comparison of the two rockfalls inventories

Six rockfalls have been recorded twice in the 100 to 566 m® range
covered by the two methods when the temporal and spatial coverage were
common, confirming the methods’ robustness. However, the observations
underestimated the TLS-derived volume by an average of 20 %, varying
between 3 and 29 %.

Over the common range of volumes, the productivity of rockwalls
surveyed by TLS is much higher than that of rockwalls observed by the
network: the a-values are 6.66 + 0.5 and 0.98 + 0.2, respectively,
whereas the estimated b-values are close: 0.78 4 0.24 and 0.72 4+ 0.15,
respectively (Fig. 6).

4.3. Erosion rate inferred from supraglacial nuclide concentration

4.3.1. Sample location and origin of amalgamated clasts

Samples of supraglacial clasts were taken from the downstream part
of the MdG to be distributed transversely and longitudinally (Fig. 7A)
out of the deposits from rockfalls coming from the side rockwalls
(Cathala et al., 2024) or from lateral moraine erosion (Le Roy et al.,
2015). The samples are located on Forbes bands b15 to b56 (Fig. 7A).
They were taken from the supraglacial moraines over the width of-50 m
and longitudinal distances between 154 and 643 m (Table 2).

The UMAG that collects clasts was laterally delimited by tracing from
downstream supraglacial moraines (Fig. 7A), two transport lines
deduced from topography analysis (dashed line, Fig. 1D). Considering
the uncertainty surrounding the transport lines and the extension of the
rockfall deposit zones, a distinction was made between “certainly” (red
polygons) and “potentially” (black polygons) contributing rockwalls
(Fig. 1D). The altitude of the contributing rockwalls ranges from 2960 to
4177 m a.s.]., with an average of 3608 m. The °Be production rates of
the rockwalls range from 35.6 at.gl.y"! and 78.3 at.g’’.y"! with a mean
of 53.1 at.gl.y’l. (Supplementary Material S4.2).

For the uppermost sample (MG18-3- Fig. 7), an ablation of 90-96 m
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accumulates clasts whose exposure times at the glacier surface vary from
zero (for those just released by the ablation) to 42 years (for those
released from the ice at the ELA) (Table 2). For the lowermost sample
(MG23-3 - Fig. 7), 185-366 m ablation accumulates clasts with expo-
sure times at the glacier surface between 0 and 85 years. Partial mass
balance (yellow zone, Fig. 5D) shows that MG18-3 corresponds to
rockfalls deposited below 3400 m a.s.l. in the period 1913-1987, while
MG23-3 corresponds to rockfalls deposited below 3700 m a.s.l. in the
period 1820-1949. Finally, each sample accumulates clast flux that
amalgamates rockfalls from 9 to 22 % of the whole annual UMdG
rockwall production (Table 2).

4.3.2. 1%Be concentration of samples

The concentration acquired during supraglacial transport was esti-
mated as a function of the transport time under the ELA (Fig. 5C) and an
average production rate of 24 at.g’l* yr! at 2200 m a.s.l. It ranges be-
tween 0.06 and 0.12 x 10* at.g™, a value less than half the analytical
uncertainty on concentrations (0.17 to 0.44 x 10* at.g'l) (Table 2).

Measurements of 1°Be concentrations range from 1.22 x 10* to 6.69
x 10* at.g’. Their arithmetic mean is 2.7 + 0.3 x 10* at.g’}, and their
average weighted by the number of rockfalls probably amalgamed in
each sample (Table 2) is 3.6 + 0.4 x 10* at.g'l. There is no trend asso-
ciated with the transverse position: the three strong values above the
regression line are located on the left, the center, and the right parts of
the glacier, respectively. A downstream increase in 1°Be concentrations
could be suggested in Fig. 7, but the best fit is characterized by a small r2
of 0.26 (Fig. 7B). Without the two outliers, there would be no trend in
concentration downstream of the glacier and the mean concentration
would be lower; nevertheless, such a selection is rather subjective as it is
based solely on visual consideration and leads to the elimination of
samples that have statistically amalgamated the greatest number of
rockfalls (Table 2). Therefore, the arithmetic mean and average
weighted concentrations are used to estimate the erosion rates in the
discussion section (Table 3).

5. Discussion

5.1. Estimation of sub-actual erosion based on the two types of rockfall
inventory

Poisson’s law predicts that an under-occurrence of rare and impor-
tant events may occur over a short observation period. This under-
occurrence slightly influences the b-value estimate but strongly in-
fluences the total volume estimate due to the large volume of rare
events. The observed rate (go of 4.0 &+ 0.4 mm.yr'l) and the estimated
rate (gegi Oof 7.6 + 0.3 mm.yr'l) from TLS records differ significantly,
likely due to an under-representation of observed events within the 350
and 566 m° vol range, which was subsequently corrected for data
collected during 2011-2015. This suggests that numerous biases affect
inventories acquired during short observation periods, and power law
integration is a powerful method in erosion rate estimation.

Threshold values used in the employed methods hinder the small
volumes, leading to underestimating the erosion rate (Graber and Santi,
2022). This underestimation can be approached using the SRFFF func-
tion. For the inventory carried out by the network of observers, esti-
mates of esmqr and €5 Suggest that the erosion rate is underestimated by
64 % because rockfalls < 200 m® are excluded. Conversely, &es; un-
derestimates the erosion rate by 6.5 % for the TLS, where rockfalls of < 1
m® are excluded.

Nonetheless, extrapolation on a very large domain of a SRFF is
misleading. The direct extrapolation of the power laws on the whole
domain between 1 and 20,000 m?® gives a probably unrealistic erosion
rate g of 40.0 + 3.0 mm.yr? for the TLS. A robust estimate of the total
erosion rate, therefore, requires an analysis of the differences and
complementarities between the two catalogs.

Both inventories are reliable and statistically representative in the
two distinct intervals from 1 to 566 m® and from 200 to 20,000 m®, with
different b-values, respectively 0.55 + 0.1 and 0.83 + 0.1 (Fig. 6).
Nevertheless, the b-values calculated for the overlapping interval of the
two inventories are not significantly different, with a value close to 0.75.
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Table 1
Parameters and acronyms used in the paper.
Symbol Description Unit
CDM Cumulative Distribution Magnitude of the rockfall Succession of
volume data
SRFF Specific Rockfall Frequency Function Continuous
function
S Rock wall area (projected horizontally) m?
St Surface area of the whole rockwalls m?
v Rockfall volume m?
T Period of observation or exposition yr
Jmor (V) Cumulative distribution of rockfalls aggregated in a -
moraine
fs (V) Cumulative frequency of rockfalls for an area yrt. m?
(power law)
Vip Potential greatest volume of rockfalls m?
Vinax Maximum observed volume of rockfalls m3
Vnin Minimum observed volume of rockfalls m3
Vemi Minimum cutoff volume used in the power law fit m?
Vcma Maximum cutoff volume used in the power law fit m?
No Number of rockfalls with a volume > V, -
Vtop Sum of the volumes of observed rockfalls m?
vt, Total volume inferred from integrating the power m®
law
Pt Annual production of the whole rockwalls of the BG mS.yr!
Vtmor Volume of the rockfalls aggregated in a moraine m?
Dmax Maximum thickness of the rockfalls m
A Number of rockfalls > 1 m® (power law)
A Frequency of rockfalls > 1 m® per surface unit yrtm?
(power law)
B Power law exponent -
r Coefficient of determination -
SSe Residual sum of squares
SSr Regression sum of squares
€ Erosion rate mm.yr!
Rr Retreat rate (perpendicular to the face) mm.yr!
Eob Erosion rate deduced from rockfall inventories mm.yr!
£p1 Erosion rate estimated from the power law mm.yr!
Einfer Erosion rate extrapolated from the power law m?
between Vcy,q and Vi,
Eesti Erosion rate from a fit of the power law between m3
two volume values
Esmal Erosion rate extrapolated from the power law m?
between 0 and Ve,
Sg Surface area of the glacier km?
Ac or Accumulation rate (positive value) or ablation rate m/yr
Ab (negative value)
Cap Cumulated ablation m
FAc(E) Relationship between elevation and ablation
Fsu(E) Relationship between elevation and glacier surface
area distribution
Echa Upper elevation of part of glacier subject to local m a.s.l.
glacier mass balance
Eelq ELA elevation m a.s.l.
Esam Sample elevation m a.s.l.
Ags Distance between the two ends of the sampled zone m
L Width of the sampled moraine m
Lt Width of all the moraines cumulated in a glacier m
cross-section
Emi Steady-state erosion rate (nuclide approach) mm.yr!
Z Depth below the surface m
Cew 10Be concentration as a function of depth atoms g !
P, 19Be surface production rate atoms g ! yr!
P Density Kg.m®
P Mean production rate of a rockwall atoms g ! yr!
Co 19Be measured concentration atoms g !
A Absorption mean free path g.m™>
Al Mean attenuation length (n for neutrons) -
Py Mean production rate during transport atoms g ! yr!
T: Mean transport time of the clasts at the glacier yr
surface
T, Exposure time of the clasts close to the glacier yr
surface

This common value would correspond to a continuous function, com-
mon to both inventories, with an evolution of the b-value from 0.83 for
rockfalls greater than 566 m> to~0.55 for rockfalls <566 m°>. As the b-
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value partly reflects the fractal distribution of initial boulder fragmen-
tation (Turcotte, 1986), such variability of b-values across the whole
range could suggest a scale-dependent change in the processes and ge-
ometry leading to rock mass failure (Malamud and Turcotte, 2006),
although our results are too tenuous to confirm such an interpretation
definitively.

However, the productivity of the TLS rockwalls (a) is 5.1 times
greater on the overlapping interval. This greater productivity is
considered a local result as the TLS surveyed rockwalls (0.19 km?)
constitute only5 % of the rockwalls of the observer network (3.5 kmz),
and their productivity is diluted within the lower production of the
observer network zone. This great productivity of the TLS rockwalls
could be linked to their specific elevation range (3320 to 3842 m a.s.l.)
where the permafrost degradation is particularly intense (Magnin et al.,
2017) and, at least for some of the rockwalls, to the diminution of their
permanent snow cover (Courtial-Manent et al., 2024).

We therefore consider that the TLS study gives a valuable estimate of
the b-value for the cumulative distribution of the small (less than~100
m>) blocks in the MBM but that the @-value cannot be extrapolated at a
larger scale. At the scale of the whole MdG catchment, the CDM issued
from the observer network is only formed of blocks greater thar 100 m*
and we extrapolate it towards smaller volumes by using the bvalue
evolution from the TLS rockwalls. As a change in the productivity factor
preserves the form of a CDM distribution and only induces a translation
of its representation in a classic log-log graphic, a continuous but com-
posite CDM distribution (Fig. 8A) has been represented by weighting by
a 1/5.1 factor the volume issued from the TLS inventory, to test various
SRFF.

This composite CDM appears as a generally concave curve in a log-
arithmic diagram (Fig. 8A). Nevertheless, a single SRFF derived from
this composite CDM and expressed as “y = 0.5 x —061 provides r?and o},
values (0.71 and 0.04 respectively) that suggest that a single power law,
spanning more than four orders of magnitude, is still a reasonable
approximation to the distribution of rockfall volumes. Integration of this
SRFF yields an erosion rate of 6.1 + 2 mm.yr'.

SRFFs that approximate the weighted CDM and are formed from two
successive power laws minimize the erosion estimate. In particular, the
two-segment power law, with the empirical cut-off value of 100 m®
between the b-values of 0.42 and 0.91, provides a minimum erosion &
of 4.1 + 1.5 mm.yr! in the volume range below 20,000 m>.

5.2. Estimating rockwall erosion rates from cosmogenic nuclide
concentration

Wetterauer and Scherler (2023) have shown that the °Be concen-
trations acquired during supraglacial transport could be in the same order
of magnitude as those obtained from the rockwalls. At MdG, estimates of
concentrations acquired during transport are lower than the analytical
uncertainty (Table 2), and measured concentrations are considered ac-
quired in the rockwall. Fluctuations in measured concentrations between
1.22 and 6.69 x 10* atg! may be from local incorporation of
high-concentration parts of the rockwall that had failed after a long return
time between events. Alternatively, they could be related to variations in
erosion rates. The downstream increase in concentrations, weakly sug-
gested by our data, could align with an increase in erosion intensity over
time. However, the number of rockfalls amalgamated in each sample
corresponds to <2.2 years of rockfall production at UMdG, suggesting
that these fluctuations reflect the records of a short rockfall production
period. Therefore, only an average erosion rate of all the UMdG rockwalls
is estimated from all the '°Be concentrations (Orr et al., 2021). Approx-
imately 800 rockfalls are > 1 m3, (from the sum of the columns in Table 2)
equivalent to-7 years of UMdG rockfall production are then amalgamated
in all the samples and erosion rates of 1.25 mm.yr" and 0.94 mm.yr " are
found from the arithmetic mean or the weighted average concentrations
(Eq. (10)). The uncertainty surrounding these erosion rates has been
estimated by adding together the relative uncertainties associated with:
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Table 2
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Supraglacial sample characteristics. Due to the 2D description of glacier dynamics, only the orders of magnitude should be retained for the dates, E pq, S/S;.L/L,, and
Vtmor/Pt. FOr Vityor/Pt, only the maximum estimate is indicated. Details of the '°Be sample location and chemistry are available in Supplementary Material S4.

Geomorphology Glacier dynamics Clasts transport 10Be Measurement
L/Lt Ags ty Cap Etha Vtimor/Pt A.S.Vityor/Pt tep-Prme Co
Forbes ~Width sampled Length of Ice Cumulated  Period of rockfall Max Equivalent Amalgamated 10ge 10Be and 1o
bands moraine/ the transport ablation elevation of annual UMdG rockfalls (> produced analytical
cumulative sampled  time from the rockfall 1m®) during uncertainty
width of all zone the ELA collected production transport
moraines deposits amalgamed in
samples
Sample Number % m yr m yr m a.s.l. yr Number 10* at.g? 10* at.g?!
MG17.01 39 10 170 66 + 7 161-233 1865-1962 3550 0.1 11 0.09 1.7 £ 0.2
MG17_02 40 30 255 67 £7 163-240 1864-1961 3580 0.4 50 0.09 1.8+ 0.2
MG18_03 15 20 195 42+7 90 -96 1913-1987 3330 0.2 21 0.06 20+ 0.4
MG21_ 01 46 14 154 73+7 170-281 1873-1959 3590 0.4 49 0.10 2.0+0.3
MG21_02 28 17 326 55+7 150-163 1891-1977 3560 0.3 37 0.08 1.2+0.2
MG23_01 56 12 515 83+7 173-353 1822-1951 3595 1.3 165 0.11 6.7 £0.4
MG23_02 42 25 653 69 +7 164-253 1836-1965 3610 2.2 277 0.10 41+03
MG23_03 58 17 440 85+7 185-366 1820-1949 3617 1.6 203 0.12 23+0.3
Table 3

Summary of erosion rates obtained by the different methods (cosmogenic 1°Be for long-term, observer network and TLS catalog for short-term) and different periods in

the UMdAG catchment.

Long-term summary

Surface area (horizontal projection)

Arithmetic mean °Be concentration of the supraglacial clasts

Mean '°Be production in the rockwalls
Mean '°Be production during transport beneath the ELA
Mean transport time below the ELA
Mean transport time above the ELA

Estimation of the period when the sampled rockfalls occurred
Period on which the erosion rate is averaged before the rockfall

10Be long-term erosion

3.5 km?
2.7 +0.310*at.g?!
53.1 at.g’h yr!
20 at.g'l' yr'1
60-74 yr
22-36 yr
Between- 1822 and 1987
~400-560 yr
0.2 - 2.2 mm.yr’!

Short-term summary Observers catalog TLS
Period 2003 and 2007 to 2011 2006-2011
Surface area (horizontal projection) 3.5 km? 0.19 km?
Cumulated rockfall volume 63,030 m*® 4229 m®
Volume of the greatest event 20,000 m® 566 m®
Volume of the smallest observed event 100 m® 0.2m?
Volume of the smallest considered event 200 m® 1m?
Number of events 71 123
@ productivity (number of events greater than 1 m®) 1.7 10*m? yr! 2.1 10*m? yr!
b: (exponent power law) 0.82 + 0.1 0.55 + 0.1

€ob: erosion inferred from cumulated volume

3.0 + 0.6 mm.yr! 4.0 + 0.4 mm.yr’!

(#1) the 1o uncertainty on the analytical measurement (~13 %; from
Supplementary Material S4.2); (#2) the uncertainty on the production
rate calculation (~10 % considering that the absence of shielding
compensate the effect of snow cover, see Supplementary Material S$4.2),
(#3) the uncertainty on the origin of the rockfalls (47 %, assuming un-
realistically that all rockfalls originate from either the upper or lower part
of the rock face, see Supplementary Material S4.2), and (#4) the error due
to the application of Eq. (7) to a series of stochastic rockfall events (~10 %
from Ward and Anderson, 2011). Under these conditions, the total rela-
tive error on the '°Be erosion rate reaches 80 %, and we conservatively
consider that the most probable '°Be erosion rates of 1.25 mm.yr" and
0.94 mm.yr™! to be between 2.2 and 0.2 mm™.

A sample amalgamates a limited number of rockfalls (Table 2) as the
collection window shifts in space over time. As a result, the rockfalls in
each sample extend temporally throughout the order of a century
(Table 2), covering in total, from the summation of all the samples, the
period 1820-1987. Furthermore, the production of 1°Be in the rockwalls
precedes the rockfall events and occurs over the nuclide integration time
(ALy/&m1) necessary to erode the attenuation length (von Blanckenburg,

10

2006). Given the average °Be erosion rate, the period required to erode
60 cm thickness is-500 years, and taking into account uncertainties in this
erosion rate, it is between 300 and 3000 years. The °Be erosion rate,
therefore, takes into account erosion over a multi-centennial span, which
predates the present by several decades to two centuries. The average
erosion rate calculated using '°Be, thus, corresponds to a period covering
the entire Little Ice Age (LIA), which lasted between the 15th and 19th
centuries (Robock, 1979).

5.3. Recent increase in erosion rates

A >200 % increase in erosion rate is estimated between the LIA and
the period 2003-2011 (from 1.2 to-4.1 mm.yr'}), and even a very con-
servative estimate of the errors still proves a >150 % increase
(from < 1.4 mm.yr'l to > 2.2 mm.yr'l). Such an increase does not
contradict the hypothesis of a 1°Be steady-state erosion during LIA,
given the time lag between the periods covered by the inventories and
the 1°Be radioactive decay. This increase could be linked to a
temperature-related destabilization following climate change (Gruber
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Fig. 8. (A) A composite cumulative rockfall frequency for the UMdG rockwalls. The volumes obtained by TLS were weighted by 1/5.1 to form a rockfall distribution
(black dots) in continuity with that of the observers. A unique SRFF is issued from this weighted CDM (blue power fit). Two-part power laws are also shown (with cut-
offs at 30 and 100 m®, respectively) to estimate a minimum erosion rate. (B) Relationships between the maximum volume of the rockfalls, erosion rate, and rockfall
distribution power law parameters, calculated using Eq. (4). Blue zone for present solutions domain, pink for past solution domain. Black arrow (1): influence of a
decrease of the a-value; red arrow (2): influence of an increase of the value of the greatest rockfall (V;,,); blue arrow (3): influence of an increase of the b-value.
Maximum and minimum °Be erosion rates, respectively, from arithmetic mean and weighted average concentrations.

and Haeberli, 2007) when permafrost-affected rockwalls become un-
stable due to changes in the rock-ice-mechanical relationships
(Krautblatter et al., 2013).

Such an increase in rockfalls since the LIA has already been envis-
aged by studies in the MBM (Ravanel and Deline, 2008) or the Caucasus
mountains (Haeberli et al., 2004). Our study emphasizes its significance
within the setting of the third largest glacier in the Alps, suggesting a
3-fold increase in the rate of rockfalls (indicated by an increase in the
a-value). This assumption is made under the condition that the distri-
bution of volumes (i.e., b-value) and the maximum volume (V¢gpg) are
constant and equal to those observed (Fig. 8B, arrow (1)). A past vari-
ation in b-value cannot be ruled out (Fig. 8B, arrow (3)). However, the
case of Tour Ronde, with an 800 % increase in annual volumes without a
clear evolution in the b-value (Courtial-Manent et al., 2024), does not
support this hypothesis.

The erosion studies carried out using inventories and '°Be mea-
surements take into account cumulative volumes corresponding to five
years and around seven years of UMdAG production, respectively.
Furthermore, considering a300 % increase in erosion rates, the number
of amalgamated rockfalls in all 1°Be samples is equivalent to <2.3 years
of sub-actual production from the UMdG rock faces. Subactual TLS and
10Be erosion rates are, therefore, both estimated over periods of a few
years, and both erosion rates may be underestimated due to the absence
of larger volumes with a high return time (arrow (2) in Fig. 8B).

5.4. Influence of very large rockfalls

The observation of large volumes is biased due to their recurrence
time exceeding the inventory period (Mavrouli and Corominas, 2020).
However, the role of large volumes is fundamental in estimating the
representative, longer term average erosion rates. Power law extrapo-
lation is reliable up to a Vg of 77,000 m® in the MBM from a catalog
covering the surface of the entire massif (Sarr et al., 2019; Supplemen-
tary Material S3). Extrapolating the SRFF from the surveys beyond the
observed Vg (20 x 10° m®) at UMAG till a Vg of 77,000 m® increases
the erosion rate e, by 30 % and ¢y reaches 5.5 mm.yr(Fig. 8B).
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Vima volume of 10° m? is similar to the largest rockfalls on the
southern slopes of MBM (Deline et al., 2015), and that cannot be
excluded as a priori in our study area. Indeed, the rockwalls of the UMdG
are characterized by the same lithology, extent as the southern slopes of
the MBM (~700 m high), and the largest rockfall volumes notably depend
on the rockwall’s dimensions and other intrinsic characteristics (Hantz
et al., 2003; Brideau et al., 2009). Estimation of &, would be almost
doubled using the power law extrapolation, but such a volume is out of
the proved domain of the power law (Coles, 2004).

However, the 1°Be erosion estimate did not provide evidence for very
large rockfalls, as the recent increase in the rate of rockfalls masks their
potential influence (Fig. 8). Furthermore, our analysis shows that the
amalgamed clasts are equivalent to-7 years of UMdG rockfall produc-
tion, i.e., in the same order of magnitude as the production of the period
2003-2022, when the largest rockfall was 20,000 m>. In other words,
10Be erosion, although considered over an ancient period, does not
necessarily represent long-term erosion.

6. Conclusion

We used data from three approaches to assess erosion rates’ temporal
and spatial evolution. TLS reiteration provides inventories of low-volume
rockfalls (typically < 1000 m®) with good spatial accuracy but is limited
to specific areas and timeframes. Direct observations cover larger areas
and provide precise event dates, excluding the smallest rockfalls (< 100
m®). Cosmogenic nuclides only provide an average value of erosion rate
over time periods and surfaces, equivalent to <10 years of rockfall pro-
duction on all the rockwalls considered. To compare the results of these
methods, it was necessary to clarify the significance of the different
erosion rate estimates. We used a mathematical integration of the power
law describing the cumulative distribution of observed volumes to
compare them systematically. By normalizing it by the rockwall surface
and observation time, we proposed a method for providing an integrated
long-term erosion rate.

Our work shows that block falls < 1 m® account for <6 % of rockfall
volumes, whereas rockfalls smaller than 100 m® account for a significant
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proportion. Since direct observations do not include volumes < 100 m?,
we have estimated them using results from TLS reiteration, weighted by
rockwall specificities, suggesting that rockfalls under 100 m® account for
>20 % of the total.

Overall, our estimates for the period 2006-2011 indicate a total
erosion rate ranging from 4.1 to 5.6 mm.yr'l. This comprises approxi-
mately 1 mm.yr! linked to rockfalls < 100 m®, the rest for rockfalls
whose volume is less than the largest observed (20,000 m?). However,
the local erosion rate of some rock faces is up to 500 % higher than that
of all rock faces in the UMdG basin.

In addition, an analysis of the transport conditions of the clasts
before their sampling in supraglacial position allows us to assess the
representativeness of the measured °Be concentrations. This analysis is
based on a glaciological mass balance model incorporating numerous
observations from the MdG. It provides an order of magnitude for the
total number of rockfalls amalgamated in the supraglacial load and
shows that aggregated rockfalls fell during a long time — but with a
rather small total volume - equivalent to a few years of the whole UMdG
production. To maximize the number of amalgamated rockfalls, we
adopted an approach in which only the average erosion rate of the entire
area is estimated. Fluctuations in the 1°Be concentrations of the samples
collected at different points are considered to reflect the stochastic
aspect of the rockfalls. An erosion rate ranging from 0.2 to 2.2 mm.yr™ is
found.

Comparison between the minimum erosion rate estimated from in-
ventories and the '°Be erosion rate indicates that the erosion rate in the
UMAG has increased-3-fold between the period before the beginning of
the 20th century and the beginning of the 21st century (2006-2011).
Continuous observations in this area will enable us to estimate the
magnitude of this increase more accurately in the future.
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