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Supraglacial clasts originate from rockfalls onto glacier surfaces, accumulating in situ-produced '°Be
during rockwall exposure and glacial transport. For small glaciers, the transport-related '°Be component is negli-
gible, enabling millennial erosion rate estimates based on clast concentration measurements. Since 2009, 11 stud-
ies — to our knowledge — have analyzed '°Be concentrations in supraglacial clasts across 31 glaciers in Alaska,
the Western Alps, and the Himalayas. These studies reveal high variability in '°Be concentration among glaciers.
This variability is due to the heterogeneous '°Be content of large rockfalls. In this paper, recommendations are
proposed to improve the reliability of the method. In particular, reliability can be increased by amalgamating
numerous small clasts taken from large supraglacial areas and by carrying out several (at least five) geochemical
analyses per glacier. Erosion rates range from 0.24 to 11 mm yr~!. Comparison with long-term exhumation and
contemporary uplift rates reveals three situations: erosion rates that align with, exceed, or fall below uplift and
exhumation rates. Low erosion rates suggest permafrost shielding, while high rates may reflect climate-driven
thermal changes. These findings highlight the interplay between glacial processes, erosion, and climate dynam-
ics.

a challenge (Dussauge et al., 2003). Rockfall invento-
ries (Ravanel and Deline, 2011) do not encompass high-
volume, low-frequency events, and therefore, erosion rate es-

Earth’s landscape, shaped by the interplay between tecton- timates from these inventories are biased (Courtial-Manent et

ics and climate, is a dynamic interface over which many
physical, biological, and geochemical cycles operate (Allen,
2008). Erosion encompasses the processes by which the
Earth’s surface is progressively worn down, either gradually
through meteoritic forcing or abruptly during instantaneous
events such as debris flows or landslides. In mountain ranges,
characterized by numerous steep rockwalls, rockfalls consti-
tute the dominant erosion mechanism (Burbank et al., 1996).
However, it is still debated if the primary erosion driver is
climate (Gabet et al., 2004) or tectonics (Burbank and An-
derson, 2011).

In addition, determining the temporal distribution and
magnitude of rockfall events affecting a rockwall remains

al., 2025). Geochronology using terrestrial cosmogenic nu-
clides (TCNs), which enables the estimation of long-term
erosion rates (von Blanckenburg, 2006), provides additional
insight into rockfall studies (Puchol et al., 2014).

In glacial catchments, long-term (10°~10° years) rock-
wall erosion rates have been quantified since 2009 using in
situ-produced '°Be measurements of supraglacial debris. In-
deed, glaciers transport and amalgamate rockfall debris from
their upper supply zones to the supraglacial deposits of their
tongues. Since 2009, 11 studies — to our knowledge — have
employed this approach: Seong et al. (2009), Ward and An-
derson (2011), Orret al. (2019, 2021), Sarr et al. (2019), Mat-
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mon et al. (2020), Scherler and Egholm (2020), Wetterauer
et al. (2022), Wetterauer and Scherler (2023), and Courtial-
Manent et al. (2024b, 2025).

An overview of the influence of rockfall characteristics is
provided by Ward and Anderson (2011), while that of glacial
transport is provided by Scherler and Egholm (2020). The
cumulative number of supraglacial debris analyses was 147
in 2024 (Fig. 1), and 10 new analyses, presented in this pa-
per, bring the total to 157 (Table S1 in the Supplement).
Although all these analyses provide erosion rate estimates
for an increasing number of glacier catchments, their total
number remains small: '°Be studies have covered 31 glacier
catchments worldwide, while 375 river catchments have been
studied in the Alps alone (Delunel et al., 2020). Differ-
ences in the application of the methodology make com-
parison between datasets difficult. Moreover, this set of
10Be supraglacial studies still debates the primary erosion
driver that is either tectonics for Orr et al. (2021) or climate
for Wetterauer and Scherler (2023) and Courtial-Manent et
al. (2025).

In this paper, we review the fundamental principles used to
infer rockwall erosion rates from in situ-produced '°Be con-
centrations of supraglacial clasts. We critically examine the
relevant studies and propose recommendations to improve
the method’s reliability. We emphasize the need to collect
samples from as many rockfalls as possible, over a wide area,
and using small grain sizes, as well as the necessity of con-
ducting numerous '°Be analyses for each glacier.

We provide a compilation of previously published
147 19Be measurements that we complemented with 10 new
10Be measurements from a low-altitude (Tsijiore Nouve) and

high-altitude (Bossons) catchment. Those new data also in-
clude measurements aiming at analyzing the TCN signa-
ture of a rockfall of over a scale of 10°m?> years (derived
from '°Be concentrations in supraglacial clasts) with vertical
change rates at a scale of 10° years (exhumation rates from
apatite fission track; AFT) and at a scale of 10! years (up-
lift rates from geodetic measurements). This multi-timescale
comparison emphasizes that tectonics only plays a clear role
if it is rapid, as seen in the Himalayas. Our geomorpho-
logic analysis, which integrates the whole alpine '°Be dataset
(86 measurements), does not show a robust correlation with
the mean slope and a thermal parameter, such as the mean an-
nual rock surface temperature (MARST) but outlines a nega-
tive correlation between erosion rate and the mean elevation
of rockwalls.

The use of TCNs as indicators of surface evolution is cur-
rently one of the most effective methods in quantitative geo-
morphology (Gosse and Phillips, 2001; Dunai, 2010; Schae-
fer et al., 2022). TCNs are produced by nuclear reactions
between cosmic ray particles and the nuclei of elements
in Earth’s environment (Balco et al., 2008; Dunai, 2010).
The cascade of nuclear reactions induced by cosmic rays,
from interactions in the upper atmosphere to in situ-produced
19B¢ production within the top few meters of the Earth’s sur-
face, is complex. This cascade has been described in numer-
ous studies (e.g., Dunai, 2010; von Blanckenburg and Wil-
lenbring, 2014) and is not detailed further in this article.

The most commonly used TCNs are beryllium (!°Be), ra-
diocarbon (1*C), aluminum (?°Al), chlorine (*°Cl), and he-
lium CHe). Each isotope has its intrinsic characteristics (pro-
duction modality and rate, half-life, etc.) and rock target.
Beryllium’s main target mineral is quartz (SiO;), and 'Be is
therefore suited for studying the geomorphology of quartz-
rich rock areas. It is currently the unique TCN used, as far as
is known, for studying supraglacial clasts.

10Be is a radioactive TCN, meaning its concentration de-
creases over time when the production rate is zero or lower
than its rate of radioactive decay. However, '"Be has a long
half-life (1.3940.012 Ma; Chmeleff et al., 2010; Korschinek
et al., 2010), so radioactive decay is generally negligible in
studies where intense erosion rates remove °Be accumulated
over more than a few tens of thousands of years (Beel et al.,
2016), particularly in supraglacial clasts studies.

The distribution of cosmic ray particles reaching the
Earth’s surface is anisotropic due to the effect of orientation
on trajectory length through the atmosphere, with the highest
particle flux occurring near vertical incidence (Dunai, 2010).
Cosmogenic nuclide production rates vary with geographic
location and over time, as changes in Earth’s magnetic field



intensity and the thickness of atmospheric layers traversed
by cosmic rays influence them (von Blanckenburg and Wil-
lenbring, 2014). Estimating cosmogenic nuclide production
rates at any point on Earth requires physical models incorpo-
rating a scaling scheme, atmospheric models, and a geomag-
netic database. An international initiative is currently under-
way to establish a standardized methodology (Borchers et al.,
2016; Marrero et al., 2016; Martin et al., 2017), but its devel-
opment remains in progress, and the methodology is contin-
ually being refined.

Several particles (muons, slow, and fast neutrons) con-
tribute to 1°Be production (Braucher et al., 2003; Farber et
al., 2008). Muons dominate production only at great depth
(Braucher et al., 2003), while on the Earth’s surface, neutron-
induced production prevails (98 %). As a result, studies fo-
cusing on supraglacial clasts or any exposed rock surface
typically consider only the neutron-induced component of
10Be production.

According to Heisinger et al. (1997) and Dunai (2010), the
10B¢ surface concentration is mainly determined by three
variables: surface production rate, exposure time, and ero-
sion rate.

A surface exposed to cosmic rays accumulates cosmo-
genic nuclides proportionally to the exposure time and the
surface production rate. Topographic features that obstruct
the flux of incoming cosmic rays are accounted for using to-
pographic shielding estimates (Norton and Vanacker, 2009).
Snow cover effects are generally neglected in rockwall stud-
ies, as snow must remain for at least 4 months per year at
a thickness of 150 cm to reduce annual cosmogenic nuclide
production by ~ 10 % (Dunai, 2010), conditions that steep
rockwalls typically prevent.

Conversely, erosion decreases TCN concentration at the
surface by bringing material to the surface where cosmic
rays have been partly or totally attenuated. Thus, the higher
the erosion rate, the lower the 9Be concentration in sam-
ples. Under conditions of constant erosion over a long period,
equilibrium is achieved between cosmogenic production by
cosmic rays and losses due to radioactive decay and ero-
sion. At this equilibrium, surface concentration tends toward
a constant value independent of exposure time: equilibrium
surface concentration (Cop) is then proportional to the pro-
duction rate at the surface (Pp) and the attenuation at depth
of the production (Agp the attenuation length) and inversely
proportional to the erosion rate ¢ and to the rock density (o)
(Eq. 1 from von Blanckenburg, 2006):

Py Agp/p
—

Co= (D

This theoretical equation applies to local outcrops subject
to continuous and constant erosion (Nichols et al., 2007),
such as lateritic soils (Braucher et al., 1998), and requires a

continuous erosion over a period sufficient to erode a thick-
ness equal to the attenuation length, at which point nuclide
concentrations reflect the steady-state erosion rate.

This constant and continuous erosion assumption has been
adapted to catchment-wide erosion studies by applying the
concept of “letting nature do the averaging” (Allen, 2008),
meaning that the transported sediments through the land-
scape (Fig. 2) naturally integrate erosion signals from across
diverse geomorphological settings. Then, average sediment
concentration (Cgeq) at the catchment outlet is considered
representative of the average catchment-wide erosion (&p)
(Fig. 2a) over timescales required to erode a thickness equal
to the attenuation length (~ 60 cm, von Blanckenburg, 2006).
The average erosion rate is calculated from the average
10Be rockwall production rate (Ppr) using Eq. (2) (Granger
et al., 1996):

Por - Asp/p

Csed (2)

Eml =

The adaptation of the “letting nature do the averaging” con-
cept to englacial catchments (Fig. 2b) was pioneered by
Seong et al. (2009) and Ward and Anderson (2011). In these
studies, clasts were sampled from glacier surfaces, and their
10Be concentrations are assumed to reflect the mean up-
stream erosion rate (von Blanckenburg et al., 2004). How-
ever, the formation and transport processes for supraglacial
clasts differ markedly from those occurring for river sedi-
ments.

In glacial catchments, transport involves a succession of
distinct phases (Fig. 3): (I) rockwall erosion, which brings
rock closer to the rockfall surface (this process is not linear
on a site, as it may involve large pieces falling off, but an
average erosion rate could be estimated for a large rockwall
and over a long period); (II) rockfall; (II) englacial trans-
port; and (IV) surface transport on the glacier. The duration
of each phase varies significantly by context, with the erosion
phase scaled with the time necessary to erode the attenuation
length (Dunai, 2010), i.e., several hundred to several thou-
sand years, while the englacial and glacier-surface transport
phases range from a decade to several hundred years. In most
cases, the °Be concentration accumulates primarily during
the exhumation stage, whereas supraglacial transport makes
a minor contribution, and other stages either are too rapid or
occur under conditions shielded from cosmic radiation.

Nonetheless, supraglacial 10Be concentrations within a
single glacier catchment (Sarr et al., 2019) exhibit a large dis-
persion, illustrating the difference between fluvial and glacial
transport processes. In contrast to fluvial systems, glacial
transport involves more limited mixing, as clasts largely ad-
here to specific flow lines with minimal lateral interaction.
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Figure 2. Comparison of the sampling strategy between (a) an unglaciated sedimentary catchment and (b) a glaciated catchment.
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Figure 3. The geomorphological system considered in this review.
Schematic view of a valley glacier incorporating rockwall erosion
products into medial and lateral moraines. Adapted from Ward and
Anderson (2011) and Scherler and Egholm (2020). Roman numer-
als describe the different phases: (I) rockwall erosion, (II) rockfall,
(ITT) englacial transport, (IV) surface transport on the glacier, and
(V) sampling location.

In addition, while rivers facilitate relatively continuous mix-
ing over time, glacial ablation accumulates rockfalls from
discrete and often brief periods, in particular in small, fast-
moving glaciers.

3 Application of the supraglacial clasts method by
previous studies

The objectives of previous supraglacial studies are varied,
from developing glacial transport models to test how dif-
ferent source zone scenarios influence the final location of
clasts (Scherler and Egholm, 2020) to analyzing the influ-
ence of sample distribution and grain size (Ward and An-
derson, 2011). Some studies focus on assessing the temporal
and spatial variation of erosion rates (Wetterauer et al., 2022;
Wetterauer and Scherler, 2023; Courtial-Manent et al., 2025),
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while others aim to estimate erosion rates at the scale of a
glacier catchment (Seong et al., 2009; Sarr et al., 2019; Orr
etal., 2019, 2021; Matmon et al., 2020). These objectives in-
fluence sampling location, granulometric selection, sampling
surface area, and transport analysis.

Scherler and Egholm (2020) used a forward description of
the transport sequence through numerical modeling, whereas
the other studies analyzed the transport sequence in reverse,
tracing from the clast’s final position back to its source; we
adopt this last approach in our review.

3.1 Study locations

We included only studies that directly measured “Be in
supraglacial clasts to estimate erosion rates. Therefore, the
study by Heimsath and McGlynn (2008), although often re-
garded as a precursor to the method, has not been considered
here. Heimsath and McGlynn (2008) used the 10Be concen-
tration to date supraglacial deposits and estimated erosion
rates (Eq. 1) only for bedrock located on valley sides. The av-
erage erosion rate of upward rockwalls was estimated from
the supraglacial sediment volume and glacier velocity, the
latter assessed by measuring the thickness of the deposits.
Seong et al. (2009) were therefore the first to derive rockface
erosion rates from '°Be concentrations in supraglacial clasts

Studies by Ward and Anderson (2011), Orr et al. (2019,
2021), Sarr et al. (2019), Matmon et al. (2020), Scherler
and Egholm (2020), Wetterauer et al. (2022), Wetterauer and
Scherler (2023), and Courtial-Manent et al. (2024b, 2025)
extend from Alaska to the Himalayas, with a concentration
in the European Alps (Fig. 4). Differences in the application
of the methodology (Table 1) are discussed in the following
sections.

3.2 Supraglacial clast sampling

The clasts found on glacier surfaces exhibit a wide range of
granulometry, from large blocks of several cubic meters to
fine sand (Benn and Evans, 2010). This supraglacial load ei-

https://doi.org/10.5194/gh-80-339-2025



Comparative overview of the studies analyzing supraglacial sediments and the parameters. Glacial velocity: derived through
satellite-based methods (satellite), literature review (biblio), numerical modeling (model), or past kinematic proxies (proxies). Source zones:
identified using field-based and lithological observations (field), remote sensing (remote), numerical modeling (numeric), or temporal anal-
yses (temporal). Concentration estimates during transport: obtained through approaches based solely on estimated velocity and transport
distance (velocity), simplified dynamics models (simple), assumption of negligible transport time (n0), comprehensive models integrating
glacier dynamics and sediment transport (complex), or adapted formulations based on glacier mass balance (mass balance). Average erosion
rate from the original study.

@

Research paper  Location Number of  Granulometry Number of  Glacial Source Concentration
glacier samples velocity zone estimate
catchments during

transport

Seong et al. K2 region, 3 < lmm 5 Satellite - Velocity

(2009) northeast

Pakistan

Ward and Kichatna 3 Small 7 Satellite Remote Simple

Anderson Mountains, rocks/clasts

(2011) Alaska, USA

Orr et al. Uttarakhand, 1 <3cm 6 Biblio Remote Simple

(2019) North India

Sarr et al. Western 2 <30cm 14 Biblio Remote No

(2019) European Alps,

France

Matmon et al. Denali region, 1 2-5cm 7 Biblio Remote -

(2020) Alaska, USA

Scherler and Himachal 1 1-30 mm 5 Model Numeric Complex

Egholm (2020)  Pradesh, North

India
Orr et al. Himalaya of 12 <3cm 26 - Field Simple
(2021) northwestern

India

Wetterauer et Southern 1 1-30 mm 15 Satellite Remote Mass

al. (2022) Valais, Temporal balance
Switzerland

Wetterauer and  Southern 6 1-30 mm 24 Satellite Remote Mass

Scherler (2023)  Valais, Proxies Temporal balance
Switzerland

Courtial- Western 1 Sand and 8 Proxies, Biblio Remote Mass

Manent et al. European Alps, gravel fraction balance

(2024b) France

(b)
Production rate Ranges of the Sealevel Number of 10Be Average  Min and max  Component
calculation production rates  high-latitude analyses (10% at g” 1) erosion rate erosion rate  used to express
(at g_1 yr_l) production (mm yr_l) calculated for  the erosion
(at g_1 yr_l) each sample
(mmyr~1)
Area-altitude 83.98 4.98 5 4224036 1.27+0.53 0.65+0.03 Horizontal
distribution of 170.30 15.54£0.75 2.48+0.24
the catchment
DEM grid 43 m 20 4.5 15 0.79+£0.21 - 0.47+0.03  Perpendicular
21 2.94+0.36 1.334+0.28




Continued.

(b)
Production rate Ranges of the Sealevel Number of 10Be Average  Min and max Component
calculation production rates  high-latitude analyses (10* at g71 ) erosionrate erosion rate used to express
(at g_l yr_l) production (mm yr_l) calculated for  the erosion
(at g_1 yr_l) each sample
(mmyr~1)
DEM grid 30 m 93.1+12.1 4.08+0.23 6 1.1£0.2 - 24+04 Vertical
95.4+12.2 27+£03 69+1.9
DEM grid 30 m 35.35 4.334+0.21 14 1.97+0.24 0.65 0.11+0.01 Perpendicular
45.33 23.82+1.68 1.08 £0.12
- - 4.01 7 1.64+0.12 - 0.14£0.020 -
4.75+0.5 0.54£0.08
DEM grid 30 m 59 4.01 5 27.09+1.66 - 0.57%£0.05 Perpendicular
93 61.63 £2.65 1.30£0.15
DEM grid 30 m 60.2+7.8 - 26 0.7£0.02 - 0.02£0.00 -
108.5+14.0 260.0+12.5 7.6+1.0
DEM grid 30 m 37.88+2.58 4.01 31 0.30+0.04 - 0.6£0.1 Perpendicular
41.92+£2.62 3.83£0.19 10.8£2.6
DEM grid 30 m 35 4.01 24 0.17£0.31 - 0.6+£0.1 Perpendicular
44 3.83+1.86 34.5+21.7
DEM grid 25m 35.6 4.09£0.19 8 1.22+0.17 1.254+0.15 Notcalculated Vertical
78.3 6.69 £0.44

ther is distributed broadly across the glacier’s surface below
the equilibrium line altitude (ELA) (Fig. 5a) or is concen-
trated on medial moraines, which run parallel to the direc-
tion of glacial flow (Fig. 5b). Medial moraines are longitu-
dinal debris bands on a glacier’s surface (Anderson, 2000),
often formed when two neighboring glaciers merge (Small et
al., 1979; Gomez and Small, 1985). Most 10Be studies focus
on sampling these medial moraines due to the ease of col-
lection and the rather straightforward identification of debris
sources. Additionally, the lateral dispersion of debris from
medial moraines (Kirkbride and Deline, 2013) contributes to
clast mixing and exposes clasts as they are released through
ablation. Nevertheless, at the Bossons glacier in the Western
Alps, supraglacial clasts have been sampled considering that
debris cover is minimal, and clasts are more widely scattered
(Sarr et al., 2019).

Ward and Anderson (2011) were the first to describe the
details of their field sampling strategy. They emphasized that
amalgamating debris is essential to ensure the representa-
tive mixing of sources, enabling a balanced averaging of the
stochastic distribution of '°Be concentrations from rockwall
source areas. Ward and Anderson (2011) made an amalgam
by collecting small rocks every ~40m until 30—40 chips
were gathered while walking along a single medial moraine
crest, which provided a relatively small rockwall source area.

Subsequent studies used a similar methodology with adap-
tations tailored to their specific study areas. Orr et al. (2019)
sampled an area under 200 m?, while Sarr et al. (2019) col-
lected samples within a circular area of roughly 20m in di-
ameter. Matmon et al. (2020) followed a sampling transect of
100-200 m by 30—40 m along the medial moraine. Scherler
and Egholm (2020) collected samples from surface patches
of approximately 5—10 m by 5-10 m, centered along the me-
dial moraine. Wetterauer et al. (2022) and Wetterauer and
Scherler (2023) collected samples from surface patches rang-
ing from about 10 m by 30 m near debris source areas and
glacier terminus to approximately 6 m by 20 m in the central
glacier region where medial moraines narrow.

Courtial-Manent et al. (2025) collected samples (Fig. 5¢)
over broader zones than other studies, as they suggest that
larger sampling areas help integrate material from large rock-
falls evidenced in their study area. They sampled widths
of approximately 50 m, with longitudinal transects between
~ 150 and > 600 m.

Most authors sample sand-to-pebble-sized clasts (gener-
ally between 1 mm and < 3cm), with Ward and Ander-
son (2011) and Sarr et al. (2019) also collecting small flakes
from boulder-sized rocks.
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Figure 4. Location of the different studies quantifying 10Be in supraglacial sediments. (a) Spread across the Northern Hemisphere (USA,
France, Switzerland, Pakistan, and India). (b-h) Satellite images of the different sites, presented from west to east. Red dots: published
samples; yellow dots: new samples from this study (see File FS1 for a visualization on © Google Earth 2024).

Sarr et al. (2019) and Wetterauer et al. (2022) studied the
potential influence of sample size on '“Be concentration,
sampling multiple granulometries. Unlike in a fluvial envi-
ronment, where grain size may significantly affect concen-
trations (Carretier et al., 2015), these studies suggest that
grain size is not a major control of 'Be concentration in
supraglacial clasts. Therefore, sampling sand and gravel of-
fers a straightforward approach to amalgamating supraglacial
load over larger areas.

https://doi.org/10.5194/gh-80-339-2025

3.3 Glacial transport of the debris

Supraglacial clasts may originate from upstream rockwalls
but are also likely to be reworked rocks from lateral moraines
(Orr et al., 2019). Understanding glacier transport is there-
fore essential for estimating the origin of supraglacial clasts,
their duration of transport on the glacier surface, and the pro-
cesses involved in clast amalgamation.

Geogr. Helv., 80, 339-362, 2025
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Figure 5. (a) Dispersed supraglacial load at Mer de Glace (Western Alps); the first block is 60 cm long. (b) Medial moraines parallel to the

glacial flow. (¢) Supraglacial clast sampling.
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Figure 6. The geomorphological system considered in this review. Roman numerals describe the same phases as Fig. 3: Roman numerals
describe the different phases: (I) rockwall erosion, (II) rockfall, (III) englacial transport, (IV) surface transport on the glacier, and (V) sam-
pling location. (a) 2D sketch of the supraglacial clasts transport (modified from Sarr et al., 2019). (b) Influence of the different processes
involved in glacial transport on cosmogenic nuclide concentration (adapted from Scherler and Egholm, 2020).

Consequently, the methods used to estimate glacial ve-
locities, glacier dynamics modeling, and clast trajectories
were analyzed in the compiled studies examining '°Be in
supraglacial clasts.

3.3.1 Clast transport general description

Glacier dynamics are mainly controlled by basal sliding
and continuous flow deformation (Benn and Evans, 2010),
with clast transport generally following englacial flow lines
(Fig. 6). Transport can also occur vertically within the
glacier: from the surface downward via englacial hydraulic
flows (Guillon et al., 2017) or from the glacier’s base upward
through shear zones. These shear zones bring basal material
to the surface where ice velocity decreases sharply down-
stream, particularly in the glacier’s lower sections (Benn and
Evans, 2010). Among the studies, only Orr et al. (2019)
specifically identified such shear zones on the Bhagirathi
glacier (Himalayas) and sampled at the hanging wall of these
zones to exclude their influence. All other studies assumed
that englacial transport of clasts occurs along flow lines,

Geogr. Helv., 80, 339-362, 2025

with supraglacial material originating exclusively from up-
ward rockwalls. During the supraglacial transport phase, the
clasts are assumed to be passively transported by the glacier
(Fig. 6).

3.3.2 Data collection for estimating glacier transport
dynamics

Field measurements of glacier velocity, ablation, and ac-
cumulation are essential inputs for glacier transport mod-
els. Some studies collected glacier velocity data directly via
GPS during field campaigns or through feature tracking us-
ing aerial or satellite imagery (“satellite”, Table 1). Early
work by Seong et al. (2009) and Ward and Anderson (2011)
combined GPS measurements with feature tracking to de-
termine mean annual velocities. More recently, Wetterauer
and Scherler (2023) and Courtial-Manent et al. (2025) used
a global glacier kinematics database derived from satellite
imagery (Millan et al., 2022). Comparisons show that the ve-
locities extracted automatically from satellites have a large
uncertainty and, near the rockwalls of small or slow glaciers,

https://doi.org/10.5194/gh-80-339-2025



an uncertainty as large as the velocity estimated from mon-
itoring features in the field (Wetterauer and Scherler, 2023).
Other studies used published velocity values (“biblio”, Ta-
ble 1), including Orr et al. (2019), Sarr et al. (2019), and
Matmon et al. (2020).

Past glacier velocities have also been studied (“proxies”,
Table 1). Courtial-Manent et al. (2024b, 2025) used Forbes’
band counting method (alternating light and dark bands that
appear on the surface of some glaciers; Lliboutry and Rey-
naud, 1981) to estimate the long-term glacier motion. Wet-
terauer and Scherler (2023) reconstructed historical glacier
velocities by first manually tracking the displacement of me-
dial moraine blocks on ortho-images and then deriving ve-
locity changes by linear interpolation from 1977 to 2020.
To estimate velocities between 1880 and 1977, they aligned
the gradient of velocity change with that of glacier length
changes inferred from paleo-moraine records. Their work
highlights that earlier velocity estimates involve greater un-
certainty. However, glacier velocities have been reduced by
a factor of 3 in less than 50 years (Wetterauer and Scherler,
2023; Courtial-Manent et al., 2025), underscoring the need to
account for these decreases, despite the significant challenge
involved.

The surface velocity vectors derived from satellite images
(e.g., Millan et al., 2022) have limitations in defining flow-
line trajectories due to high uncertainty in vector orienta-
tion. Therefore, transport times are calculated from satellite-
derived velocities (“satellite”, Table 1) but are modeled along
longitudinal profiles deduced from mapped moraine trans-
port paths, which serve as the basis for determining flow lines
in all the studies. Mapping moraines can be challenging, es-
pecially on glaciers with complex geometries, seracs, or mul-
tiple upstream tributaries, such as the Tsijiore Nouve glacier
(Swiss Alps; Wetterauer and Scherler, 2023) and Mer de
Glace (Western Alps; Courtial-Manent et al., 2024b, 2025).
In complex geometries and above the ELA, alternative
methods are needed for modeling transport dynamics. Ward
and Anderson (2011) developed an idealized glacier model
reused by Orr et al. (2019, 2021). Wetterauer et al. (2022)
also developed a simple 1D debris particle trajectory model
based on glacier mass balance (Benn and Evans, 2010), in-
corporating transport distance and surface velocity, later used
by Wetterauer and Scherler (2023). Finally, Courtial-Manent
et al. (2025) built the longitudinal profiles above the ELA
using GIS-based routines that analyze the steepest surface
slope. Additionally, automatic geomorphological tools, such
as the D-Infinity flow direction in QGIS, applied to high-
resolution DEMs (~ 1 m, e.g., RGE ALTI®, IGN ), help iden-
tify lines that align with flow directions (Courtial-Manent
et al., 2025), providing a complementary approach to man-
ual moraine mapping. Further, Courtial-Manent et al. (2025)

quantified the influence of ablation on clast exposure at the
glacier surface downstream and estimated both total transport
time and surface exposure duration.

Scherler and Egholm (2020) used a different approach,
based on full-Stokes mechanical modeling (e.g., Benn and
Evans, 2010) (“model”, Table 1), to calculate flow lines
and better constrain ice dynamics and supraglacial sediment
transport pathways. By integrating particle tracking within
the ice, this method estimates the position of a clast on the
glacier from its initial point of incorporation into the ice (Jou-
vet and Funk, 2014). Specialized software now enables this
modeling for both glaciers (Scherler and Egholm, 2020) and
debris-covered glaciers (Anderson et al., 2018), estimating
supraglacial exposure times based on particle trajectory and
velocity. However, these models presently use shallow ice
approximations (Hindmarsh, 2004), which may underrepre-
sent the transverse components of glacier kinematics and in-
troduce bias. Additionally, these models require parameters
not commonly available, rendering their application some-
what empirical (Wetterauer and Scherler, 2023).

In simple glaciated catchments, such as those studied by
Orr et al. (2021), the entire catchment is considered a
source of supraglacial clasts. For well-defined transported
moraines, the moraines were traced using field-based obser-
vations (“field”, Table 1; Sarr et al., 2019) or remote sensing
data by most of the authors (“remote”, Table 1). The clast
source zones were visually determined from ice-free rock-
walls overhanging the glacial confluence, from which trans-
ported moraines developed.

Wetterauer et al. (2022) and Wetterauer and Scher-
ler (2023) also estimated temporal changes in source zone
boundaries (“temporal”’, Table 1). These changes, which are
influenced by historical evolution in glacier apron extents,
were analyzed using historical archives.

In most cases, it is assumed that rock deposits accumulate
directly at the base of the rockwall, and the fall trajectory is
generally disregarded. This assumption is partially justified
by the presence of a bergschrund — a crevasse at the glacier
boundary — into which clasts can fall. However, for larger
rockfalls, this assumption appears unrealistic, as these events
often overfill the bergschrund and extend significantly across
the glacier surface (Fig. 7a and c).

To estimate the extent of rockfall deposits, several mod-
els were used. The linear diffusion model, commonly used
in hillslope studies (Beaumont et al., 1992), has been applied
to transport particles formed at headwalls down to the ice
surface below (Scherler and Egholm, 2020). However, this
trajectory model does not account for the effect of rockfall
size on propagation distance. Alternatively, statistical meth-
ods for estimating rockfall propagation areas (Cathala et al.,
2024), fed by rockfall catalogs from the French Alps (Ra-
vanel and Deline, 2013), offer a more realistic estimate of
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Figure 7. Examples of rockfalls in the Mont-Blanc massif (Western Alps). (a) The Brenva very large rockfalls (greater than 10 m3, from
Deline et al., 2015). Yellow: boundaries of the 1920 rockfall; red: boundaries of the 1997 rockfall; green circle: location of 10Be sampling of
the 1997 rockfall (0.35 x 10*£0.17 at g*1 ); green dot: supraglacial clasts (1.13 x 10*+£0.15at gfl) (see Table S1). (b) A rockfall formed of
one block and sliding on the glacier (credits: Compagnie des Guides de Chamonix). (¢) Rockfalls that partly fill the bergschrund and partly

slide on the glacier. The left rockfall extends ~ 50 m onto the glacier.

the extent of deposits on glacier surfaces (Courtial-Manent
et al., 2025).

Rockfall production, or sediment generation, is deter-
mined by the initial spatial distribution of rock compartments
within the rockwall (Hantz et al., 2021). Various assump-
tions are used to model sediment production: Scherler and
Egholm (2020) suggest it is proportional to slope (Beaumont
et al., 1992), while other studies spatially distribute produc-
tion based on parameters from frost-cracking models (An-
derson et al., 2015). The temporal and volume distributions
of rockfalls, which follow power laws (Ward and Anderson,
2011), cannot be directly accounted for in rockfall produc-
tion but imply averaging the erosion rate on a timescale cor-
responding to the recurrence time of the larger rockfall event
(Courtial-Manent et al., 2025).

3.5 10Bg erosion rate

The average erosion rate is calculated in all studies using
Eq. (2) (Granger et al., 1996), which requires the measure-
ment of '°Be concentrations and an estimate of the mean
10Be production in the rockwall. Additionally, most studies
include an extra term that accounts for the '°Be production
during supraglacial transport.

3.5.1 19Be concentration measurement

Sample preparation protocols for extracting °Be concentra-
tions are now well-established, with details of the methods
and parameters available in each respective publication. In
the summary table (Table S1), we provide a brief overview,
noting the quartz mass used for measurement, the calculated
10Be concentration, and the associated 1o analytical uncer-
tainty.

Furthermore, this study includes 10 new samples: three
samples from Argentiere glacier (French Alps), three from
Bossons glacier (French Alps), one from Tsijiore Nouve
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(Swiss Alps), and three from the 1997 very large rockfall
(Deline et al., 2015) at Brenva glacier (Italian Alps, Fig. 7a).
The details of these new sample analyses and the data are not
yet publicly available (Courtial-Manent et al., 2024b) and are
provided in Sect. S3.

3.5.2 19Be production rates in rockwalls

Measurement accuracy, including '°Be production rates, is
continuously refined by the TCN community. Early studies
on supraglacial clasts in the 2000s used a higher sea level
high-latitude (SLHL) '°Be production rate in quartz than
those in recent studies, with rates varying from 4.5 (Ward and
Anderson, 2011) to 4.01 atg~! yr=! (Wetterauer and Scher-
ler, 2023) (Table 1b).

Additionally, models to calculate cosmogenic nuclide pro-
duction require careful selection (Dunai, 2010; Lifton et al.,
2014) of the relevant scaling factors linked to topographic
shielding (Norton and Vanacker, 2009), as well as the lati-
tude and altitude distribution of eroded surfaces (Dunne et
al., 1999).

Topographic shielding reduces cosmic radiation flux on
samples with slope or skyline obstructions (Dunne et al.,
1999), and corrections are often applied. Most studies cor-
rected production rates per DEM cell by calculating indi-
vidual topographic shielding values. In particular, Scherler
and Egholm (2020), Wetterauer et al. (2022), and Wetterauer
and Scherler (2023) used the TopoToolbox (Schwanghart and
Scherler, 2014) and the online calculator CRONUS v2.3
(Balco et al., 2008; Borchers et al., 2016) to compute produc-
tion rates and correct for topographic shielding. Nonetheless,
Seong et al. (2009) calculated a single shielding value at the
catchment mid-point, whereas Courtial-Manent et al. (2025)
did not apply a topographic shielding correction, following
DiBiase (2018). Indeed, standard shielding algorithms ig-
nore the effect of oblique cosmic ray irradiation at depth
(Codilean, 2006), which can result in an underestimation of
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erosion rates by up to 20 % (DiBiase, 2018). Accurate esti-
mation of irradiation geometry requires complex numerical
simulations (Masarik et al., 2000), currently in partial devel-
opment (Scherler and Egholm, 2020). Given the opposing
impacts of topographic shielding and oblique cosmic ray ir-
radiation on erosion rate estimates, omitting both corrections
may provide a closer approximation than addressing just one
(Wang and Willett, 2021; Courtial-Manent et al., 2025).

The '“Be production rate strongly increases with altitude
according to an exponential law (Dunai, 2010). Seong et
al. (2009) initially calculated a '°Be production rate based on
the area—altitude distribution of rockwalls across the entire
catchment. All other studies calculated the '°Be production
rate by considering the altitude of each cell in DEMs with
resolutions of 25 to 43 m and averaging the rates of the cells
within the rockwall source zone. As the altitude strongly in-
fluences the '°Be production rate, uncertainties in the altitude
of the source zone introduce a significant source of error in
10Be erosion rate estimates in rockwalls.

The 'Be component acquired during supraglacial transport
has been estimated through various models. When glaciers
flow very fast, it is deemed negligible (“no”, Table 1; Sarr
et al., 2019), as for the Bossons glacier (Western Alps),
where the local velocity can exceed 1 md~! (Godon et al.,
2013). For slower glaciers, different approaches have been
employed: a transport time estimated as the product of mean
glacier velocity and transport distance (“velocity”, Table 1;
Seong et al., 2009); from analytical transport models, as de-
veloped by Ward and Anderson (2011) and subsequently ap-
plied by Orr et al. (2019, 2021) (“simple”, Table 1); from a
clast transport model adapted from glacier mass balance data
(“mass balance”, Table 1; Wetterauer et al., 2022; Wetterauer
and Scherler, 2023; Courtial-Manent et al., 2025); or from a
complex numerical model combining glacier dynamics with
clast transport (“complex”, Table 1; Scherler and Egholm,
2020).

Wetterauer and Scherler (2023) found that for glaciated
catchments where transport distances are short, glacier ve-
locities are high, and rockwall '°Be concentrations are ele-
vated due to low erosion rates, the additional '°Be accumu-
lation during supraglacial transport remains minimal or even
negligible. The significance of °Be production during trans-
port (Cg) can be approximated at first order (Courtial-Manent
et al., 2025) by the following equation:

T
Cg = gP mt» 3
where Ppy is the nuclide production rate at the average ele-
vation of the glacier below the ELA, and T is the ice trans-
port duration from the ELA. This formula can be universally
applied to estimate '°Be accumulation during transport for

glaciers worldwide, as global estimates for velocity (Millan
et al., 2022) and ELA elevation (Davaze et al., 2020) are
available in global databases (https://www.theia-land.fr/en/
blog/ceslist/glaciers-sec/, last access: August 2025).

Ward and Anderson (2011) provided a foundational analy-
sis using Monte Carlo simulations to evaluate errors when
applying a steady-state erosion model to stochastic rockfall
events. They calculated '°Be concentrations for a theoretical
sample composed of 30 clasts, where the clast accumulation
followed a power law distribution based on rockfall thick-
ness. They show that the calculated concentration asymp-
totically approaches the average concentration of the rock-
wall surface when small rockfalls are dominant (i.e., when
the power law exponent exceeds 1). Even for large rockfall
with thickness up to 100 m, the concentration underestimate
remains under 20 % for typical power law exponents (Ward
and Anderson, 2011). Applying Ward and Anderson’s (2011)
methodology to the Mont-Blanc massif (Western Alps) —
where the statistical distribution of rockfall size is known
(Ravanel et al., 2010; Ravanel and Deline, 2011) and in-
cludes large rockfalls up to 50 m thick (Deline et al., 2012) —
suggests that the average '*Be concentration of 30 clasts ex-
ceeds 95 % of the concentration calculated with Eq. (2) (Sarr
et al., 2019).

Robustness, which refers to the method’s capacity to
downweight and flag possible outliers, is often approached in
supraglacial clast studies by estimating the probable number
of rockfalls sampled on the glacier surface: a greater num-
ber of statistically amalgamated rockfalls indicates increased
robustness in the results.

Findings indicate that each sample likely amalgamates
between 10 (Orr et al., 2019) and 140 rockfalls exceeding
1 m? (Courtial-Manent et al., 2025). For samples statistically
amalgamating fewer than 30 rockfalls and insufficiently rep-
resentative of the rockwall’s overall concentration (Ward and
Anderson, 2011), a more robust erosion rate estimate can be
obtained by averaging the concentration of multiple samples,
which collectively amalgamate a greater number of rockfalls
(Sarr et al., 2019).

The number of rockfalls sampled has been estimated em-
pirically (Orr et al., 2019) or through analytical approaches
(Sarr et al., 2019; Courtial-Manent et al., 2025). These ap-
proaches consistently show that robustness declines with in-
creasing glacier speed and increases with a larger glacier
sampling surface, greater downstream distance from the
ELA, and larger rockwall dimensions. Moreover, the number
of statistically amalgamated rockfalls is positively correlated
with erosion intensity: stronger erosion facilitates more ro-
bust results in '°Be concentration measurements from clasts.
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Biases may occur if sampling is carried out at a single de-
posit associated with a specific rockfall event, particularly
a large one (Kober et al., 2012). In this case, such bias
may be greater than the erosion rate estimates derived from
individual samples (Small et al., 1997). For example, the
very large 1997 rockfall at Brenva (Western Alps; Deline
et al., 2015) illustrates this effect: the concentration from
this rockfall, inferred from amalgamated sand over an area
of around 10000 m?, is only 0.35 x 10*+£0.17atg™!, ie.,
less than one-third of the concentration of supraglacial clasts
(1.13 x 10* £0.15at g~!) sampled above the rockfall eleva-
tion (Fig. 7a; Table S1).

The recurrence of rockfall volumes is generally assumed
to follow a Poisson statistical distribution (e.g., Hantz et al.,
2021). Courtial-Manent et al. (2025) compared the number
of rockfalls statistically amalgamated in '°Be samples with
those inventoried in the Mer de Glace region (Western Alps),
estimating that their supraglacial samples amalgamate only
~ 10 years of rockfall production in the Mer de Glace rock-
walls. Consequently, rockfalls with a recurrence interval ex-
ceeding ~ 10 years are not statistically captured when esti-
mating erosion rates via 10Be concentration, leading to an
underestimation of long-term erosion rates.

The absence of rare, very large rockfalls thus biases ero-
sion rate calculations towards lower values. If extreme rock-
fall events — such as the major Brenva rockfall (Fig. 7a) —
are considered to follow the same power law distribution as
smaller events, then long-term erosion rate estimates could
almost double (Courtial-Manent et al., 2025). However, such
large volumes may fall outside the valid range for power law
distributions (Coles, 2004). Therefore, while 10Be-based ero-
sion rates account for extended historical periods, they may
not fully represent true long-term erosion.

The inherent complexity of glacial transport systems in-
troduces significant uncertainty into the interpretation of
10Be concentration measurements in clasts, with cumulative
uncertainty arising from multiple stages of the transport pro-
cess. One major source of uncertainty is the stochastic na-
ture of TCN production (Ward and Anderson, 2011). Another
arises from the difficulty in precisely identifying the source
zones of the sampled clasts. Additional uncertainty stems
from the '"Be production rate, including both shielding fac-
tors and physical parameters. Finally, the analytical uncer-
tainty related to '°Be concentration measurements accounts
for only a small part of the total uncertainties. Taken together,
these factors can yield uncertainty estimates as high as 80 %
for the erosion rate (Courtial-Manent et al., 2025). In the ab-
sence of standardized reporting practices across supraglacial

studies, a moderate uncertainty estimate of 50 % is applied in
the current discussion.

In the corpus of published articles (Fig. 8, Table S1), the
number of samples collected and analyzed per glacier varies
between 1 and 15, the latter recorded for the Otemma glacier
in Switzerland (Wetterauer et al., 2022). The °Be con-
centration in supraglacial clasts spans 3 orders of magni-
tude, ranging from 0.17 x 10* atg~! for the Tsijiore Nouve
glacier (Swiss Alps; Wetterauer and Scherler, 2023) to 260 x
10*atg~! for the Karzok glacier in the northern Himalayas
(Orr et al., 2021). This wide range of values appears to be re-
lated to the dynamics of glaciers and rockfalls, which induces
dispersion over approximately 1 order of magnitude, whereas
the remaining 2 orders of magnitude in dispersion are likely
associated with the geographic, geodynamic, and climatic
characteristics unique to each studied glacier (Fig. 9).

Comparisons of concentration measurements on the same
glacier, where five or more samples were analyzed, generally
reveal substantial dispersion — up to nearly 1 order of mag-
nitude, as observed on the Bossons glacier (France; Fig. 9).
Brenay glacier (Switzerland) displayed the least concentra-
tion variability, with values between 2.3 and 3.3 x 10% at g’1 ;
Wetterauer and Scherler, 2023). A trend towards increas-
ing '°Be debris concentration downstream, suggested for the
Otemma Glacier (Wetterauer et al., 2022), is of the order of 3
but is not systematic. For other glaciers, measured concen-
trations fluctuate by over a factor of 4. Notably, the Chhota
Shigri glacier (northern India) was examined by two studies
(Orr et al., 2021; Scherler and Egholm, 2020) that indicate a
dispersion of the whole dataset not greater than that of other
glaciers.

In places where various granulometries were simultane-
ously sampled, no significative difference in '°Be concen-
trations of the amalgams was observed. For the Bossons
glacier, the order of the sand, gravel, and pebble concen-
trations varies, and their concentration ratios are less than 2
(Sarr et al., 2019). For the Otemma glacier, coarse-grained
samples (4-22.4mm) exhibited lower concentrations than
fine-grained ones (0.125—4 mm), but the ratio between the
two concentrations generally varies from a factor of less than
2 (Wetterauer et al., 2022).

Given the observed dispersion in '°Be concentrations
within individual glacier catchments, we recommend collect-
ing multiple clast measurements across different supraglacial
flow paths and debris sources to better account for spatial
heterogeneity and improve the reliability of exposure inter-
pretations.
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Figure 8. Comparison of all the measured 10Be supraglacial concentrations. Each color refers to a study. Solid columns: at least five
samples were taken from one glacier. Outlined columns: fewer than five samples were taken from a glacier. The x axis refers to individual

10ge analysis; the ID number can be found in Table S1.

4.2 Rockwall erosion estimates

No erosion rate was estimated for sites with fewer than five
10Be measurements, and the mean '°Be-derived erosion rate
was estimated for the other study sites based on the average
concentration of all available '°Be measurements. This ap-
proach mitigates the variability within single rockfall scars,
where '°Be concentrations may fluctuate significantly across
a rockwall (Gallach et al., 2020). Averaging multiple con-
centrations thus provides a more reliable estimate of overall
rockwall erosion. In contrast, individual concentration mea-
surements can be skewed by the stochastic nature of rock-
falls, rendering them less representative in isolation (Small
et al., 1997).

Erosion rates were calculated using the production rate
initially estimated in each published study. Due to the of-
ten insufficiently described source zones, we did not at-
tempt to standardize production rates at the rockwall scale
across studies. Additionally, since methodologies for esti-
mating supraglacial '°Be production vary, we disregarded the
supraglacial contribution to '°Be concentration, as it is min-
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imal in most cases compared to the concentration produced
within rockwalls. This approach may lead to a minor under-
estimation of the erosion rate. The erosion rate (change of
the topographic surface altitude at a constant geographic lo-
cation) is presented for each study site (Fig. 10). For sites
where only rockwall retreat rates were estimated in the ini-
tial studies, we calculated the vertical erosion rate (&) using
the following Eq. (4):
& =Rr/ — cos(a), %)
where Rr is the retreat rate, and « is the mean rockwall
slope. Due to the variability in methodologies across stud-
ies, we applied a conservative uncertainty estimate of 50 %
(Fig. 10). This accounts for an approximate 20 % bias in the
parameters affecting TCN production and the '°Be produc-
tion rate at SLHL (Table 1b), another 20 % from uncertainties
in source zone identification and production rate, and ~ 10 %
analytical uncertainty. For the Baltoro glacier system (Seong
et al., 2009), 14 samples were distributed along seven trib-
utaries. While this distribution precludes a detailed analy-
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Figure 9. Comparison of results from the 13 glaciers with at least five 10Be samples. Glaciers are organized from west to east. Purple:
Alaska; green: the European Alps; orange: the Himalayas. Numbers above the whisker box: number of analyses carried out. Asterisks (*):
glaciers where we have carried out additional analyses, presented in Table S1.

sis of concentration dispersion within individual tributaries,
it allows for an averaged '"Be-derived erosion rate for the
entire glacier system, estimated between 1 and 3.5 mm yr~!
(Fig. 10).

4.3 Drivers of rockwall erosion

The previously published studies have proposed different
factors influencing rockwall erosion. For instance, the ob-
served increase in supraglacial '°Be concentrations down-
stream on the Otemma glacier has been attributed to intensi-
fied erosion since the Little Ice Age (Wetterauer et al., 2022).
Furthermore, the influence of the evolution of ice and snow
cover (Krautblatter et al., 2013), nicely revealed by terres-
trial laser scanning (Courtial-Manent et al., 2024a), would
be captured by '°Be erosion rates: for the Petit Mont Col-

Geogr. Helv., 80, 339-362, 2025

lon rockwalls (Swiss Alps), ice-free areas have expanded
by ~ 150 % since the Little Ice Age, likely contributing to
the observed increase in '°Be erosion rate (Wetterauer and
Scherler, 2023). For the Chhota Shigri glacier (Himalaya),
increasing '°Be concentrations downglacier may reflect in-
tensified erosion of recently deglaciated sidewalls (Scherler
and Egholm, 2020).

In contrast, Orr et al. (2021) suggest that tectonic up-
lift, rather than climate variation, is the primary control on
rockwall erosion patterns, as evidenced at the scale of the
Himalayas. In addition, geomorphological features such as
rockwall elevation (Sarr et al., 2019), slope, and aspect (Wet-
terauer and Scherler, 2023) appear to influence erosion rates
but are themselves simultaneously influenced by tectonics
and climate (Burbank and Anderson, 2011).
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of the same order of magnitude.

Studies of '"Be concentrations in fluvial sediments sim-
ilarly indicate a dichotomy between regions where erosion
processes are controlled by tectonic activity (Wittmann et al.,
2007) versus those driven by climatic fluctuations (Delunel
et al., 2010). These insights from 10Be-derived fluvial ero-
sion rates have been further corroborated through compar-
isons with climatic proxies (Hales and Roering, 2007) or
other methods that estimate the vertical component of ero-
sion (Sternai et al., 2019). Using this comparative frame-
work, we assess the relative contributions of climate and
geodynamic drivers, including tectonics, in shaping rockwall
erosion.

All components of Earth’s vertical motion, whether origi-
nating from plate tectonics or lithospheric thermally driven
processes that are glacially or erosionally driven rebound,
are grouped here as “geodynamics drivers” (Van Zelst et

al., 2022). The influence of geodynamic drivers is evalu-
ated through comparisons of '°Be-derived erosion rates with
methods that quantify either the absolute motions of rock
masses (uplift rate, in a Lagrangian-type description) or their
approach towards Earth’s surface (exhumation rate, in an
Eulerian-type description).

Spatial geodesy has facilitated the estimation of uplift
rates over the past few decades, although data coverage re-
mains uneven. In the European Alps, several studies have
provided estimates of present-day uplift rates (Nocquet et
al., 2016; Sternai et al., 2019). These geodetically measured
uplift rates are approximately double the exhumation rates
obtained from apatite fission track (AFT) data (Nocquet et
al., 2016). In regions like the Himalayas and Alaska, where
geodetic uplift data are sparse, we compare '*Be erosion
rates with AFT-derived exhumation rates.

AFT analysis is a well-established method for estimating
exhumation rates over timescales of 10°~107 years (Kohn et
al., 2024) and has been applied globally. AFT cooling ages



have been compiled for the sites of 10Be studies, from direct
measurements in Alaska (Fitzgerald et al., 1995; Benowitz et
al., 2011) and the Himalayas (Searle et al., 1999; Kotinkova
etal., 2014; Eugster et al., 2018) through interpolation for the
European Alps (Vernon et al., 2008). Long-term exhumation
rates are derived from AFT cooling ages, assuming an AFT
system’s closure temperature of 60—110 °C and a geothermal
gradient of 25-35°C km™~! (Deeken et al., 2011), which pro-
vides estimates of very long term (~ 10° years) erosion rate.

AFT exhumation rates are generally comparable (and
compatible, given uncertainties) to '"Be-derived rockwall
erosion rates across various study sites (Fig. 10), includ-
ing Himalayan glaciers (Gangotri, Chhota Shigri, Baltoro),
Alpine glaciers (Argentiere, Mer de Glace, and Brenay), and
the Kahiltna Glacier in Alaska. However, rockwall erosion
rates are lower than exhumation rates for the Bossons and
Fréney glaciers (Western Alps) and exceed exhumation rates
for two Alaskan glaciers (Shadows and Trident) as well as
for three Swiss glaciers (Otemma, Cheillon, and Tsijiore
Nouve).

In the Alps, the measured uplift rates align with '"Be-
derived erosion rates for the Mer de Glace (Western Alps)
and Brenay (Swiss Alps). However, '°Be erosion rates are
lower for three glaciers in the Western Alps (Bossons, Argen-
tiere, and Fréney) and exceed uplift rates for three glaciers in
the Swiss Alps (Otemma, Cheillon, and Tsijiore Nouve).

The coherence across timescales — ~ 10 years (geodesy),
~ 10* years (1°Be), and ~ 10° years (AFT) — suggests a rela-
tively stable driver, as expected from geodynamic processes.
This geodynamic influence is particularly evident in the Hi-
malayas, where high exhumation rates (~ 0.81’8:; mmyr~')
are observed. This coherence is also observed in large glacier
catchments, suggesting that their size may buffer spatial and
temporal fluctuations in erosion rates, providing an averaged
signal of rockwall erosion.

For the glaciers where '°Be and AFT results differ signif-
icantly, it is suggested that climatic drivers override geody-
namic drivers of erosion, at least on the timescale represented
by !°Be measurements. Five of the seven glaciers in this case
are located in the European Alps, providing a strong basis
for analyzing the influence of climatic drivers on recent ero-
sion rates when compared to studies of thermal conditions in
rockwalls (e.g., Boeckli et al., 2012a).

In the European Alps, high-altitude catchments (up to
4800m a.s.1.) with steep average slopes exceeding 55°, such
as the Bossons and Fréney glaciers (Western Alps), exhibit
10Be erosion rates 3 times lower than exhumation rates and
more than 5 times lower than the uplift rate (Fig. 10). These
reduced rates may result from persistently low temperatures,
where even summer conditions fail to induce daily thawing,
maintaining deep permafrost in most rockwalls (Fischer et
al., 2012; Magnin et al., 2023).

Conversely, for glacial catchments with lower-elevation
areas, rockwall erosion rates are significantly higher. For ex-
ample, the Tsijiore Nouve rockwalls (Swiss Alps, mean al-
titude ~ 3300 ma.s.l.) exhibit erosion rates of 11 mm yr~!
(Wetterauer and Scherler, 2023), i.e., 35 times greater than
the exhumation rate (Fig. 10).

High erosion rates have been observed at elevations below
4800 m a.s.l. (Fischer et al., 2012; Ravanel and Deline, 2013;
Courtial-Manent et al., 2024a). At these altitudes, frequent
freeze—thaw cycles within the active layer of permafrost drive
numerous rockfalls. For these relatively low-lying catch-
ments, both slope and aspect have also been shown to sig-
nificantly influence rockwall erosion rates (Wetterauer and
Scherler, 2023).

Thermal conditions at the rock surface strongly influ-
ence erosion rates and are primarily controlled by eleva-
tion, slope, aspect, and cumulative solar insolation (Gruber,
2012; Boeckli et al., 2012a). These factors are integrated into
the MARST model (mean annual rock surface temperature),
which provides a spatially distributed estimate of surface
thermal regimes (Boeckli et al., 2012b). Although MARST
serves as a useful proxy for assessing rockwall stability, its
absolute values can be affected by factors such as the DEM
resolution (Magnin et al., 2017), introducing biases and rein-
forcing its role as a primarily qualitative tool. In this study,
MARST has been calculated uniformly across the Western
and Swiss Alps, following the methodology of Boeckli et
al. (2012b), which incorporates climatic data from 1961—
1990 (Table S2) and the same DEM input.

The correlation between erosion rates and topographic or
thermal parameters was analyzed to evaluate their respective
influences (Table 2; Fig. 11). A significant statistical corre-
lation was observed only between erosion rate and the mean
elevation of rockwalls (Fig. 11a), with a Spearman correla-
tion coefficient (Hauke and Kossowski, 2011) of 0.7. No-
tably, the sharp increase in erosion rates below a mean el-
evation of approximately 3300 m a.s.l. suggests a power law
relationship (Fig. 11a). This preliminary result aligns with
other studies that identify frost cracking as a major driver
of erosion (e.g., Delunel et al., 2010), supporting the hy-
pothesis that frost cracking is elevation-dependent. For mean
MARST (Fig. 11b) and slope (Fig. 11c), statistical corre-
lations are weak, with Spearman correlation coefficients of
less than 0.24. Visual inspection nonetheless suggests non-
linear relationships: with a maximum erosion rate at a slope
of around 45° (Fig. 11c) and a MARST of approximately
—1.75°C (Fig. 11B). These findings are consistent with pre-
vious research: permafrost degradation is likely increased
within a MARST range of —2 to —4°C (e.g., Gruber and
Haeberli, 2007; Legay et al., 2021), and erosion depends on
slope (e.g., Culling, 1960) and is limited by thresholds (DiB-
iase et al., 2023).



These preliminary results highlight the complex interplay
of climatic and topographic controls over !°Be erosion rates.
Models like MARST, which integrate elevation, solar radia-
tion, and air temperature, remain insufficient to fully explain
variations in erosion rates. Progress requires incorporating
long-term records of thermal and precipitation evolution, as
well as the dynamics of ice and snow cover. Nonetheless,
the elevation and slope angle of glacier catchments quali-
tatively emerge as important topographic controls. Overall,
these studies illustrate that rockwall erosion rates are modu-
lated by climatic fluctuations superimposed on a background
of tectonic uplift.

To address the challenges encountered in the preceding anal-
yses, standardization in data collection, presentation, and
analysis is critical. Detailed documentation of field sampling
campaigns should be provided, including metadata such as
geographic coordinates (latitude, longitude, and altitude), the
fraction of material collected, and the surface area of the
sampling zone. This documentation should be complemented
by photographs of the sampling site, encompassing both the
sampled zones and their surrounding rockwalls or source ar-
eas.

Accurate mapping of the inferred source zones is also es-
sential. These maps should include the assumptions used to
determine clast paths, such as fall zones on the glacier, clast
trajectories, and glacier velocities. Wherever possible, such
data should be made accessible through GIS files to facilitate
simultaneous visualization with satellite imagery and other
maps that quantitatively describe the local morphology.

The presentation of '°Be results should follow established
norms for chemical procedures, as outlined by Dunai (2010),
with 10*atg~! and mmyr~! serving as the recommended
units for '%Be concentrations and erosion rates, respectively.
Erosion rates must also specify the orientation of the erosion
vector. The vertical component provides ease of comparison
with other studies, such as 10Be erosion rates at the river
catchment scale, AFT studies, or alternative methods. For
steep and small-scale rockwalls, where retreat rates are of-
ten preferred (e.g., Wetterauer and Scherler, 2023), it is cru-
cial to clearly indicate the mean slope and orientation of the
rockwall.

To ensure robust estimates of 'Be production during
supraglacial transport, glacier velocity data (Millan et al.,
2022) and ELA estimates (Davaze et al., 2020) are now avail-
able, either globally or for the European Alps only, and can
be integrated into simple models such as those proposed
by Wetterauer and Scherler (2023) or Courtial-Manent et
al. (2025). It is also important to account for the temporal
context of the erosion rate estimates, considering both the

time required to erode the '"Be attenuation length (~ 60 cm)
and the duration of glacial transport.

The robustness of erosion rate estimates should be as-
sessed by statistically evaluating the number of rockfalls
amalgamated in the supraglacial samples. Uncertainty esti-
mates for the erosion rates should include not only analyti-
cal uncertainties but also those arising from source zone al-
titude distributions, snow cover, shielding calculations, and
assumptions of continuous erosion for stochastic rockfall
events. A more systematic approach to addressing these un-
certainties would greatly enhance the comparability and reli-
ability of future studies.

The use of the '°Be method to supraglacial deposits implies
a detailed understanding of the origin and transport path-
ways of clasts, which requires increasingly quantitative ap-
proaches. Addressing this challenge will depend on the de-
velopment of interdisciplinary transport models that combine
insights from rockfall mechanics, glaciology, and the dynam-
ics of supraglacial load movement. This represents a signifi-
cant but promising area of research.

The study of rockfalls requires detailed inventory work,
as well as the creation of advanced statistical tools, to ana-
lyze their spatial and temporal distributions. Existing meth-
ods, such as those by Hantz et al. (2021) or Courtial-Manent
et al. (2025), provide useful frameworks but require refine-
ment and broader application. Robust rockfall databases will
allow for the calibration of models estimating the extent of
rockfall deposits on glaciers.

Avalanches and crevasses, especially those near rockwall
bases, contribute to the temporary storage of clasts and re-
quire further research (Ravanel et al., 2023). Additionally,
the lateral spread of supraglacial material caused by uneven
ice movement (Kirkbride and Deline, 2013) remains a com-
plex modeling challenge, especially considering its impact
on debris dispersal.

In the realm of glacier modeling, advanced systems like
Elmer/Ice, which apply full-Stokes flow models (https://
elmerice.elmerfem.org/, last access: August 2025), can sim-
ulate complex glacier dynamics. Alternative models, such
as the Open Global Glacier Model (OGGM, https://oggm.
org/, last access: August 2025) and the Instructed Glacier
Model (IGM, https://github.com/instructed-glacier-model/
igm, last access: August 2025), can also be used for broad-
scale projections. However, their application is hampered by
uncertainties in basal topography and disequilibrium mass
balances (Lofgren et al., 2024). Promising approaches in-
clude inverse modeling procedures to deduce ice flow ge-
ometries from observed kinematics (Jouvet and Cordonnier,
2023). Such methods will provide valuable tools for calculat-
ing clast trajectories and estimating '°Be production during
supraglacial transport (Wetterauer and Scherler, 2023).


https://elmerice.elmerfem.org/
https://elmerice.elmerfem.org/
https://oggm.org/
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rate in the European Alps.

The temporal evolution of rockwall erosion rates could
benefit from multi-isotope approaches. Pairing isotopes with
distinct half-lives and attenuation lengths, such as l4c
and '%Be, is particularly promising (Goehring et al., 2013).
Complementary studies are needed to explore the stochas-
tic nature of rockfalls and their influence on '°Be concentra-
tions. A combination of the theoretical approach of Ward and
Anderson (2011) with the analysis of real rockfall catalogs
seems promising (Courtial-Manent et al., 2025). Addition-
ally, while both topographic shielding and oblique radiation
impact '°Be production on steep rockwalls, user-friendly
software that accounts for their combined and opposing ef-
fects is currently lacking (DiBiase, 2018). These challenges
highlight the need for an integrated computational proce-
dure (Fig. 12) that simulates the entire supraglacial transport

system, incorporating variability in glacier geometry, source
zones, and debris pathways based on on-site data. While re-
cent work by Jouvet and Cordonnier (2023) illustrates how
artificial intelligence (Al) can accelerate glacier modeling by
pre-solving complex equations, the broader potential of Al in
this context remains largely untapped. Specifically, Al tech-
niques could be leveraged for tasks such as identifying clast
origins, reconstructing transport trajectories, analyzing re-
mote sensing imagery, or integrating large heterogeneous
datasets. Such applications would enhance trajectory mod-
eling and enable erosion rate estimates for individual rock-
wall sections. Ultimately, these advances would also illumi-
nate the feedback between glacier dynamics and supraglacial
debris transport, thereby refining our understanding of land-
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Table 2. Thermal and topographic characteristics of the European Alps glaciers where more than five supraglacial samples were analyzed.

Mean Glacier  Mean Max. Mean Rockwall Mean Erosion MARST

MARST surface  glacier glacier rockwall aspect rockwall rate difference

°C) area elevation elevation elevation slope (°) (mmyr~ 1) from

(kmz) (ma.s.l.) (ma.s.l.) (ma.s.l.) average
Fréney —-2.9 14 3023 3645 3574 ESE/SE 38 0.2 —-04
Western
Alps
Bossons -3.1 7.1 3559 4778 3419 ENE-ESE 51 0.2 —0.6
Western WNW-NW
Alps
Argentiere 3.2 15.7 2862 4079 3356 NNE 53 0.4 -0.7
Western
Alps
Mer de -3.1 28.4 3157 4214 3608 NE-ENE 49 1.3 -0.5
Glace SSW-SW
Western
Alps
Brenay 2.1 6.4 3275 3766 3398 WSWwW 43 1.0 0.4
Swiss Alps
Cheillon —-3.3 3.5 3033 3638 3150 NW 43 5.6 —-0.7
Swiss Alps
Otemma —0.6 8.5 2978 3623 3132 SW/WNW 37 2.3 2.0
Swiss Alps
Tsijiore —2.0 2.8 3188 3773 3103 E 48 10.8 0.6
Nouve
Swiss Alps
Rockfall inventories Geometry of rockwalls
Rockwall
Statistical model source area

for rockfall A

distribution Rockfall
propagation
model

Terrestrial Laser Scanning
(QIES))
production model

Distribution of the clasts onto the glacier ~ Supraglacial
\ distribution of clasts

TLS

Snow accumulation

erosion rate
Climatic model

Ice ablation

Measurement of
Terrestrial Cosmogenic Nuclide
Geometry of the (TCN)
glacier substratum concentration

Figure 12. A procedure to calculate the rockwall erosion rates from supraglacial clasts.
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scape evolution under changing climatic conditions (Scherler
et al., 2011; Rowan et al., 2015).

Estimating rockwall erosion rates from supraglacial '°Be is
an original and promising approach, although significant ad-
vances are necessary to address its current limitations. Unlike
river catchments, for which average erosion rates are also in-
ferred from '9Be, the dynamics of glacial systems and their
associated rockwalls present unique challenges, in particular
the following:

1. The portion of the basin covered and eroded by the
glacier is not accounted for in this approach, leaving a
component of the erosion system unquantified.

2. The dynamics of clast mixing during glacial transport
differ from fluvial transport as glacial mixing is far less
efficient and does not induce the grain-size segregation
observed in rivers.

3. A detailed understanding of the trajectory of
supraglacial load is essential to accurately locate
clast origins, thereby enabling erosion rate estimates
specific to individual rockwall sections.

Future progress in this field will depend on the develop-
ment of numerical tools capable of modeling the clast trans-
port system in greater detail. Such tools would improve the
systematic determination of clast origin and enhance both the
robustness and the accuracy of the methodology. Realistic
glacier dynamic models incorporating rheological complex-
ity must be coupled with, likely statistical, models of rockfall
propagation. The incorporation of key boundary conditions,
such as basal glacier geometry, and the temporal evolution
of snow accumulation and ablation, will be essential for re-
fining these models. Testing the influence of these boundary
conditions would further enhance understanding of their role
in erosion processes.

At this stage, the spatial and temporal resolution of the
10Be supraglacial method remains limited. To address this,
we proposed good practices. In particular, we judge essen-
tial to sample supraglacial debris across extensive areas and
perform multiple measurements on the same glacier. This
would allow for averaging the significant spatial and tempo-
ral variability inherent in rockwall erosion rates. Standard-
izing sampling protocols and systematically reporting meta-
data are foundational steps to harmonize calculated erosion
rates, enabling meaningful comparisons and fostering their
integration into broader studies.

A distinctive advantage of the 'Be method applied to
supraglacial clasts lies in its ability to estimate erosion
rates over a timescale of approximately 1000 years, fo-
cusing on the most upstream sections of catchments. This

temporal window is particularly valuable when compar-
ing '9Be-derived erosion rates with those obtained using
other methods, such as rockfall catalogs, which provide
shorter-term insights, or low-temperature thermochronology,
which captures rates over geological timescales. Such cross-
comparisons hold great promise for advancing our under-
standing of the interplay between glacial dynamics, rockwall
erosion, and long-term landscape evolution.

All of the underlying research data used in this
study are available in Table S1 in the Supplement.

The supplement related to this article is available
online at https://doi.org/10.5194/gh-80-339-2025-supplement.
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