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Abstract

Climate change affects the stability and erosion of high-alpine rock walls above gla-

ciers (headwalls) that deliver debris to glacier surfaces. Since supraglacial debris in

the ablation zone alters the melt behaviour of the underlying ice, the responses of

debris-covered glaciers and of headwalls to climate change may be coupled. In this

study, we analyse the beryllium-10 (10Be)-cosmogenic nuclide concentration history

of glacial headwalls delivering debris to the Glacier d’Otemma in Switzerland. By sys-

tematic downglacier-profile-sampling of two parallel medial moraines, we assess

changes in headwall erosion through time for small, well-defined debris source areas.

We compute apparent headwall erosion rates from 10Be concentrations ([10Be]),

measured in 15 amalgamated medial moraine debris samples. To estimate both the

additional 10Be production during glacial debris transport and the age of our samples

we combine our field-based data with a simple model that simulates downglacier

debris trajectories. Furthermore, we evaluate additional grain size fractions for eight

samples to test for stochastic mass wasting effects on [10Be]. Our results indicate

that [10Be] along the medial moraines vary systematically with time and consistently

for different grain sizes. [10Be] are higher for older debris, closer to the glacier termi-

nus, and lower for younger debris, closer to the glacier head. Computed apparent

headwall erosion rates vary between �0.6 and 10.8 mm yr�1, increasing over a maxi-

mum time span of �200 years towards the present. As ice cover retreats, newly

exposed headwall surfaces may become susceptible to enhanced weathering and

erosion, expand to lower elevations, and contribute formerly shielded bedrock of

likely different [10Be]. Hence, we suggest that recently lower [10Be] reflect the degla-

ciation of the debris source areas since the end of the Little Ice Age.
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1 | INTRODUCTION

The sensitivity of high-alpine glacial landscapes to climate change is a

matter of growing concern. In the European Alps, one of the world’s

most populated mountainous regions (Haeberli & Beniston, 1998),

rock falls and slope failures endanger communities, infrastructure and

the tourist economy (e.g., Haeberli et al., 1997; Haeberli &

Beniston, 1998; Hartmeyer et al., 2020a, 2020b). Previous studies

suggest that enhanced rock fall activities and slope failures during the

last three decades are related to permafrost degradation and/or

changes in frost weathering (e.g., Gruber & Haeberli, 2007; Gruber

et al., 2004; Huggel et al., 2010, 2012; Phillips et al., 2016; Ravanel &
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Deline, 2009; Ravanel et al., 2010). Increased mass wasting has also

been linked to glacial thinning and associated stress changes in the

adjacent bedrock (e.g., Ballantyne, 2002; Cossart et al., 2008;

Hartmeyer et al., 2020a, 2020b). At the same time, studies on glaciers

from various mountain ranges report an increase in debris cover over

decades (e.g., Bolch et al., 2008; Deline, 2005; Glasser et al., 2016;

Kirkbride, 1993). This modifies ice ablation and may delay warming-

induced glacier retreat and alter regional impacts (e.g., Anderson &

Anderson, 2016; Benn et al., 2012; Rowan et al., 2015; Scherler

et al., 2011; Vincent et al., 2016). Therefore, if climate warming

induces an increase in debris delivery to glacier surfaces and a thick-

ening of glacial debris cover, climate change-related responses of rock

walls and adjacent glaciers are likely interrelated (Scherler &

Egholm, 2020).

Climate variability throughout the Holocene caused glaciers to

repeatedly advance and retreat in the European Alps (Holzhauser

et al., 2005). Since their maximum Little Ice Age (LIA) extent, typically

around 1850 (Ivy-Ochs et al., 2009), Alpine glaciers underwent wide-

spread and pronounced decline (Zemp et al., 2008). Their retreat

accounted for about �50% of Alpine ice cover loss by 2000, despite

brief re-advances in the 1890s, 1920s, 1970s and 1980s (Zemp

et al., 2008, and references cited therein); and glacier retreat has

accelerated since the 1980s (e.g., GLAMOS, 2019a, 2019b;

Huss, 2012; Paul et al., 2004; Zemp et al., 2008, 2019). On several

glaciers in the European Alps debris cover extent has substantially

expanded since the end of the LIA (e.g., Deline, 2005; Fleischer

et al., 2021). Observations of clean-ice glaciers transforming into

debris-covered glaciers and rapid expansion of supraglacial debris

(Deline, 2005) may be the result of more frequent rock falls and debris

deposition on glaciers, in addition to increasing ablation areas.

Yet, temporal changes in rock wall erosion above glaciers are

largely unconstrained. Estimates for the post-LIA deglaciation period

are rare and mainly based on records of a few years or decades

(e.g., Hartmeyer et al., 2020a, 2020b; Rabatel et al., 2008; Sass, 2005).

To quantify long-term (> 102–104 years) erosion rates within glacial

catchments recent studies have analysed concentrations of the in situ-

produced cosmogenic nuclide beryllium-10 (10Be) ([10Be], atoms g�1)

in supraglacial debris (e.g., Guillon et al., 2015; Heimsath &

McGlynn, 2008; Sarr et al., 2019; Seong et al., 2009). For example,

Ward and Anderson (2011) measured [10Be] in supraglacial debris

samples collected along medial moraines on Alaskan glaciers to esti-

mate spatially- and temporally-averaged erosion rates for distinct

headwalls. This strategy was revisited by Scherler and Egholm (2020),

who combined field-based data with a numerical ice flow model to

track [10Be] along a medial moraine of the Chhota Shigri Glacier in the

Himalaya and to evaluate temporal variations in headwall erosion

rates.

However, these previous studies employed a rather widely-

spaced or limited sampling scheme and little is known about the pro-

cesses governing variations in [10Be] along medial moraines. Specifi-

cally, low-frequency high-magnitude mass wasting processes, such as

landslides and debris flows, can impact detrital cosmogenic nuclide

concentrations, often manifesting themselves in grain size-dependent

nuclide concentrations (e.g., Kober et al., 2012; Niemi et al., 2005;

Puchol et al., 2014; West et al., 2014). Using a non-representative

grain size fraction, therefore, could bias the quantification of long-

term erosion rates.

In this study we quantify headwall erosion rates (i.e., the process

of headwall retreat perpendicular to the bedrock surface) from medial

moraine debris of a glacier in the European Alps and assess changes

thereof through time in a systematic way. For our analysis, we chose

Glacier d’Otemma in Switzerland, where the availability of long-term

monitoring data sets and historical documents allows for greater in-

depth analysis than at glaciers in more remote regions. We sampled

two parallel medial moraines that have small and well-defined source

areas. Samples were taken at regular intervals and at high spatial den-

sity to test for systematic downglacier variations in [10Be]. In addition,

we analyse different grain size fractions to identify the potential role

of stochastic mass wasting events. We combine our field-based data

with a simple model that simulates debris trajectories through the gla-

cier, allowing us to estimate both the additional production of cosmo-

genic nuclides during glacial transport and the age of our samples.

2 | GLACIAL HEADWALLS AND MEDIAL
MORAINES

Steep ice-free rock walls are prominent landforms in glacial land-

scapes. Where they tower at the head of valley glaciers, they are

often called glacial headwalls. Being exposed to weathering and ero-

sion, these headwalls retreat and shed bedrock debris onto the ice

surface that is eventually transported away from the source by the

moving ice. The debris entrainment itself varies with its deposition rel-

ative to the equilibrium line altitude (ELA, the elevation where annual

ice accumulation balances ablation). In the glacier’s accumulation zone

above the ELA, debris delivered from headwalls is buried by the accu-

mulating ice. It is first transported downglacier within the ice

(‘englacial’), before it subsequently re-emerges at the surface below

the ELA, and continues to be transported on the ice surface (‘supra-
glacial’). In the glacier’s ablation zone below the ELA, debris remains

on the ice surface, unless it falls into crevasses or off the glacier

(e.g., see summaries in Kirkbride, 1995; Benn & Evans, 1998; Ward &

Anderson, 2011).

Medial moraines are the surficial expression of ice-flow parallel

debris bands in a glacier’s ablation zone. They form where debris that

has been deposited in the accumulation zone and entrained englacially

is melting out below the ELA, or where two neighbouring glaciers join

below the ELA and their supraglacial marginal debris (lateral moraines)

merges (e.g., Anderson, 2000; Boulton & Eyles, 1979; Eyles &

Rogerson, 1978a, 1978b; Gomez & Small, 1985). Following the lami-

nar flow of ice, this debris is passively transported downglacier and as

a result, medial moraine debris deposits tend to be older downglacier.

Supraglacial debris has a strong control on melt rates. As shown by

Østrem (1959) and numerous subsequent studies (e.g., Anderson &

Anderson, 2016; Mattson et al., 1993; Nicholson & Benn, 2006;

Reid & Brock, 2010), sub-debris melt rates below a debris cover thin-

ner than a certain ‘critical thickness’ (often around 2 cm) are higher

than clean-ice melt rates but will be reduced underneath a thicker

debris cover. Accordingly, the insulating effect of supraglacial debris

exponentially reduces sub-debris melt rates as debris cover thickness

increases. Therefore, medial moraines often form ridges on the glacier

surface because the adjacent bare ice melts faster (e.g.,

Anderson, 2000; Boulton & Eyles, 1979; Eyles & Rogerson, 1978a,

1978b; Gomez & Small, 1985). For these reasons, medial moraines
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may serve as useful and visibly traceable archives to study headwall

erosion histories.

3 | STUDY AREA

3.1 | Glacier d’Otemma and its catchment

Glacier d’Otemma is a Swiss valley glacier located in the southern part

of the Valais, close to the Swiss-Italian border (Figure 1a). Originating

at the southern flank of the Pigne d’Arolla and fed by several smaller

tributary glaciers, the main glacier flows southwest into the Haut Val

de Bagnes. At present, Glacier d’Otemma has a length of �6 km and is

likely entirely composed of temperate ice (Langhammer et al., 2017).

The main trunk ranges from �3015 m elevation at the ice divide at

the Col de Charmotane, down to �2500 m elevation at its terminus

(elevations in this article are stated as above mean sea level). Its maxi-

mum ice thickness was estimated to be �290 m close to the ice divide

in the year 2009 (Gabbi et al., 2012), and the ice-covered area was

�15.5 km2 in the year 2013 (GLAMOS, 2019b). From high resolution

satellite images of the glacier catchment from the year 2017, we esti-

mate that at present, the ELA is located above �3100 m elevation.

Systematic long-term monitoring of glacier changes in the Swiss

Alps (Glacier Monitoring Switzerland; GLAMOS, 2019a, 2019b, 2021)

as well as historical maps, orthoimages, and photographs (Federal

Office of Topography swisstopo; swisstopo, 2021) reveal a continu-

ous recession history of Glacier d’Otemma since the end of the 19th

century (Mancini & Lane, 2020), unlike many other Alpine glaciers

F I GU R E 1 Glacier d’Otemma, Switzerland. (a) Orthoimage showing the glacier with its catchment, the debris source area Petit Mont Collon,
the UM and LM sample locations, and the approximate recent ELA. The upper inset outlines the location of the glaciated Haut Val de Bagnes in
Switzerland, the lower inset zooms on the glacier’s location in the Haut Val de Bagnes (orthoimage from 2017 by swisstopo, 2021; glacier outline
by Fischer et al., 2014). (b) Field photograph of the headwalls that contribute debris to the LM. (c) Field photograph of the UM downglacier
pathway with indicated concept of supraglacial sample amalgamation. Note that UM and LM are separated by an ice septum (photographs taken
in October 2018 from an UM position as indicated in (a)). UM/LM, upper/lower medial moraine; ELA, equilibrium line altitude [Color figure can be
viewed at wileyonlinelibrary.com]
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(Zemp et al., 2008, and references cited therein). The terminus ret-

reated about 2.3 km between 1881 and 2016 (GLAMOS, 2019a).

Between 1850 and 2010 the glacier lost �40% of its surface area and

�60% of its ice volume, while glacier thinning reached �70 m at the

ice divide (Lambiel & Talon, 2019). The geodetic glacier-wide mass

balance decreased from approximately �0.4 m water equivalent (w.e.)

yr�1 between 1934 and 1983 to approximately �1.0 m w.e. yr�1

between 1983 and 2013 (GLAMOS, 2019b). Thus, Glacier d’Otemma

has been losing mass faster than the average glacier in the Swiss Alps

(�0.62 m w.e. yr�1 between 1980 and 2010), implying a high sensitiv-

ity to climate change (Fischer et al., 2015). Gabbi et al. (2012), who

modelled the future evolution of several glaciers in the Haut Val de

Bagnes, predict that Glacier d’Otemma will retreat even faster in the

future, reducing to some relict ice patches by 2070.

3.2 | Medial moraines and their source areas

A major bedrock source delivering debris to Glacier d’Otemma is the

Petit Mont Collon, a nunatak with a peak at �3555 m elevation

(Figure 1a,b). Its west-northwest facing and south-southwest facing

headwalls are flanked by the glacier’s main trunk and the small tribu-

tary Glacier du Petit Mont Collon, respectively. These headwalls are

located in the distribution zone of modelled mountain permafrost in

the Swiss Alps (BAFU, 2005). They tower up to �500 m above the

glacier surface, with slopes up to �60�. While the steeper faces are

largely ice-free bedrock, the saddle-like centre of Petit Mont Collon is

covered by remnants of a small glacier (Figure 2). In 1973, this isolated

glacier used to flow into Glacier d’Otemma and, before, in 1850, its

accumulation zone was connected to Glacier d’Otemma

(swisstopo, 2021). Petit Mont Collon is composed mainly of gneiss

and schist (Figure 2). Only the northernmost and highest flanks are

composed of gabbro (swisstopo, 2021).

Two pronounced medial moraines are nourished from Petit Mont

Collon (Figures 1a and 2). They are fed by different but adjacent rock

faces and from now on we refer to them as the upper medial moraine

(UM) and lower medial moraine (LM). Debris input from higher up is

prevented by the isolated nature of Petit Mont Collon at the ice

divide. Running parallel and mostly 20–40 m apart from each other,

UM and LM exist between 3000 and 2650 m elevation. Currently, the

UM originates slightly above the 3000 m elevation contour, off the

west-northwest facing headwalls and is clearly traceable > 4 km dis-

tance downglacier. The LM starts slightly below 3000 m elevation, off

the south-southwest facing headwalls near the recent ice confluence,

and is well traceable along a downglacier distance of �3 km. Close to

their source areas (Figure 1b,c), both moraines have widths of up to

�20 m and a relief of �3 m, but they narrow down to �6 m and flat-

ten out in the central part of the glacier. At present, debris deposition

and transport in the UM and LM occur entirely in the glacier’s ablation

zone (Figures 1 and 2), implying that, except for seasonal snow cover,

the debris currently falling on the glacier is permanently exposed.

4 | MATERIAL AND METHODS

We provide an accompanying data publication with this study, which

comprises the cosmogenic nuclide data and detailed descriptions of

the sample processing and setup of our model, including its evaluation

(Wetterauer et al., 2022). Figures and sections in the data publication

are here referred to as Figures S1–S7 and Sections S1–S6.

4.1 | Medial moraine samples

In October 2018 we collected 15 debris samples from the UM and

LM (Table 1 and Figure 1a). Samples (�7 kg each) were collected

downglacier every �500 m. Nine samples were taken from the UM

(UM1–UM9) along a �4.2 km long profile, between 2918 and 2547 m

elevation. Six samples were taken from the LM (LM1–LM6) along

a �2.7 km long profile, between 2875 and 2668 m elevation. Samples

were mainly composed of schist and gneiss clasts with grain sizes

ranging from coarse sand (�1 mm) to pebble (�30 mm) size

(Figure S1). Clasts were randomly collected (amalgamated) over the

moraine surface (Figure 1c). The collection area for each sample was

approximately 10 m � 30 m near the debris source areas and the gla-

cier terminus, and approximately 6 m � 20 m in the central glacier

region where the medial moraines are narrower. Over the sampled

distance, the moraine topography was relatively smooth and not inter-

sected by open crevasses. We found no obvious indicators for lateral

debris input, such as runout deposits from valley side walls traversing

onto the ice, or for basal debris input, such as aligned deposits

sheared onto the glacier surface by internal ice thrusting or rounded

clasts (e.g., Alley et al., 1997; Boulton, 1978).

F I G U R E 2 Debris source area Petit Mont Collon and simplified
bedrock lithology of the headwalls. We only consider headwalls which
are made of schist, gneiss or quartz diorite and which deposit debris
below the ice divide at the Col de Charmotane. The source headwalls
are separated from gabbroic areas by a mapped thrust fault (dashed
grey line) and differentiated into headwalls to the upper or lower
medial moraine (dashed cyan line). Note that the angular course of the
headwall outline is the result of superimposing the glacier’s 2010
outline onto a 30 m resolution DEM. The glacier’s 2010 outline (black
dotted line) and the pathways of the upper/lower medial moraine
(dashed red/pink lines) are indicated (orthoimage from 2017 and
lithologic mapping by swisstopo, 2021; glacier outline by Fischer
et al., 2014) [Color figure can be viewed at wileyonlinelibrary.com]
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Cosmogenic nuclide sample processing was performed according

to standard in situ-produced 10Be separation techniques (e.g., von

Blanckenburg et al., 2004). Debris samples were sieved into different

fractions (Figure S1) and processed at the Helmholtz Laboratory for

the Geochemistry of the Earth Surface (HELGES) at the GFZ German

Research Centre for Geosciences in Potsdam, Germany. A total of

29 10Be/9Be ratio measurements (Table 2) were carried out using

accelerator mass spectrometry (AMS) at the University of Cologne,

Germany (Dewald et al., 2013), and normalized to the standards

KN01-6-2 (nominal 10Be/9Be value: 5.35 � 10�13) and KN01-5-3

(nominal 10Be/9Be value: 6.32 � 10�12). Details are provided in

Wetterauer et al. (2022).

To ensure comparability, we primarily focused on a fine grain size

fraction of 0.125–4 mm for all samples. To explore potential grain size

effects, we additionally analysed a coarser grain size fraction of 4–

22.4 mm from almost every second sample on the UM. At higher res-

olution, we separately analysed the five grain size fractions 0.125–0.8,

0.8–2, 2–4, 4–8, and 8–16 mm for the samples UM2 and LM1

(Tables 1 and 2).

4.2 | Cosmogenic nuclides in medial moraine
debris

Quantifying headwall erosion rates from [10Be] in supraglacial debris

relies on knowledge of (i) the 10Be production rate in the headwall,

which allows to quantify [10Be] in the headwall (‘[10Be]headwall’), and
(ii) the 10Be production rate during downglacier debris transport,

which allows to quantify [10Be] accumulated during glacial transport

(‘[10Be]transport’). The sum of these two components is the measured

[10Be] in supraglacial debris samples (‘[10Be]measured’). To disentangle

them, we developed a simple one-dimensional (1D) model to predict

[10Be]transport by estimating debris transport trajectories for our sam-

ples (see Section 4.3). We then subtract [10Be]transport from

[10Be]measured in order to estimate [10Be]headwall.

Using the estimated [10Be]headwall, Equation 1 (Lal, 1991) allows

us to determine ‘apparent’ headwall erosion rates E (mm yr�1):

10Be
h i

headwall
zð Þ¼Psp 0ð Þ

λþ ρE
Λ

e�z ρ
Λð Þ ð1Þ

When assuming a steadily eroding bedrock surface and an initial bed-

rock concentration of zero, [10Be]headwall(z) is the 10Be concentration

(atoms g�1) in the headwall as a function of bedrock depth z (cm),

Psp(0) is the spallogenic surface production rate (atoms g�1 yr�1), λ is

the decay constant (yr�1) (based on a half-life of 1.387 � 0.012 Myr;

Chmeleff et al., 2010; Korschinek et al., 2010), ρ is the material den-

sity (g cm�3), and Λ is the absorption mean free path (g cm�2). Build-

ing on the steady-state assumption, but being aware that headwalls

may inherit nuclide signatures from alternating episodes of exposure

and coverage as well as from changing erosion rates during these

phases, we consider our rates to be ‘apparent’ headwall erosion rates.

We computed 10Be production rates for ice-free surfaces using a

digital elevation model (DEM) of 30 m resolution (global raster dataset

SRTM GL1; NASA Shuttle Radar Topography Mission SRTM, 2013)

using MATLAB® and TopoToolbox Version 2 (Schwanghart &

Scherler, 2014). Gabbroic headwall areas were excluded due to their

low quartz content (Figure 2). We determined mean headwall 10Be

T AB L E 1 Data for medial moraine debris samples collected on Glacier d’Otemma

Samplea

Latitude Longitude Elevation Downglacier distanceb
Performed analysisc

(�N) (�E) (m) (m) /f /c GS

Upper medial moraine (UM)

UM1 45.9653 7.4657 2918 0 X X

UM2 45.9617 7.4622 2882 478 X X

UM3 45.9584 7.4559 2837 1088 X X

UM4 45.9543 7.4504 2789 1712 X X

UM5 45.9507 7.4458 2747 2248 X X

UM6 45.9483 7.4405 2707 2743 X

UM7 45.9455 7.4352 2663 3258 X X

UM8 45.9431 7.4297 2600 3758 X

UM9 45.9407 7.4248 2547 4224 X X

Lower medial moraine (LM)

LM1 45.9613 7.4621 2875 0 X X

LM2 45.9582 7.4560 2835 581 X

LM3 45.9542 7.4507 2791 1184 X

LM4 45.9504 7.4459 2749 1745 X

LM5 45.9480 7.4407 2712 2228 X

LM6 45.9450 7.4354 2668 2754 X

aAmalgamated supraglacial debris samples.
bDistance from uppermost sample UM1 and LM1 of upper and lower medial moraine, respectively.
c/f = fine-grained fraction (0.125–4 mm), /c = coarse-grained fraction (4–22.4 mm), GS = grain size sub-samples (0.125–0.8, 0.8–2, 2–4, 4–8 and 8–
16 mm).
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production rates for three different time slices using reconstructed

glacier outlines (Figure 3) that document the ice extent of Glacier

d’Otemma for the years 2010 (approximate recent ice extent; Fischer

et al., 2014), 1973 (interim stage; Müller et al., 1976), and 1850

(approximate final LIA extent; Maisch et al., 2000). We refined the

1850 glacier outline in the headwall region using the first editions of

the Dufour and Siegfried Map (swisstopo, 2021) as well as the 1850

LIA ice extent in the Haut Val de Bagnes as reconstructed by Lambiel

and Talon (2019). To examine both moraines individually, we sub-

divided the debris source area into UM headwalls and LM headwalls

(Figures 2 and 3b–d), using the DEM and the flow directions following

the steepest decent approach.

All 10Be production rates were calculated with the functions

provided by the CRONUS online calculator version 2.3

T AB L E 2 Measured accelerator mass spectrometry (AMS) 10Be/9Be ratios and 10Be concentrations

Sample
Grain size
(mm)

Qtz mass
(g)

Carrier mass
(mg)

AMS 10Be/9Be [10Be]measured

Blanka
� 10�14 � 103

� 1σ (atoms g�1) � 1σ

Upper medial moraine (UM)

Fine-grained samples

UM1/f 0.125–4 26.78 0.200 1.47 � 0.15 5.53 � 0.57 B3

UM2/fb 0.125–4 — — — 7.41 � 0.79 —

UM3/f 0.125–4 26.88 0.200 1.73 � 0.15 6.52 � 0.57 B3

UM4/f 0.125–4 22.82 0.201 8.50 � 0.40 38.32 � 1.86 B3

UM5/f 0.125–4 23.06 0.201 2.47 � 0.17 10.96 � 0.78 B3

UM6/f 0.125–4 22.97 0.200 3.48 � 0.22 15.52 � 0.98 B3

UM7/f 0.125–4 23.39 0.200 6.19 � 0.39 26.34 � 1.74 B2

UM8/f 0.125–4 22.39 0.201 4.43 � 0.26 20.32 � 1.23 B3

UM9/f 0.125–4 22.67 0.200 4.12 � 0.25 18.59 � 1.14 B3

Coarse-grained samples

UM1/c 4–22.4 32.25 0.200 1.23 � 0.15 3.69 � 0.47 B4

UM3/c 4–22.4 32.69 0.200 1.03 � 0.12 3.01 � 0.38 B4

UM4/c 4–22.4 37.09 0.205 1.65 � 0.15 4.48 � 0.44 B5

UM5/c 4–22.4 25.07 0.200 1.89 � 0.18 7.47 � 0.76 B4

UM7/c 4–22.4 32.43 0.200 4.19 � 0.28 13.06 � 0.89 B4

UM9/c 4–22.4 32.69 0.200 5.48 � 0.31 17.03 � 1.00 B4

Grain size sub-samples

UM2/0.8 0.125–0.8 21.29 0.206 2.30 � 0.22 9.34 � 1.18 B1

UM2/2 0.8–2 23.47 0.199 2.12 � 0.18 8.30 � 0.82 B2

UM2/4 2–4 32.07 0.200 1.78 � 0.16 5.47 � 0.51 B4

UM2/8 4–8 32.12 0.199 3.12 � 0.21 9.70 � 0.69 B4

UM2/16 8–16 32.78 0.200 0.65 � 0.11 1.80 � 0.34 B4

Lower medial moraine (LM)

Fine-grained samples

LM1/fb 0.125–4 — — ——— 17.78 � 1.14 —

LM2/f 0.125–4 22.64 0.200 4.94 � 0.30 22.37 � 1.39 B3

LM3/f 0.125–4 14.54 0.200 2.07 � 0.18 13.09 � 1.32 B2

LM4/f 0.125–4 20.31 0.199 2.72 � 0.21 12.66 � 1.10 B2

LM5/f 0.125–4 22.90 0.201 3.28 � 0.22 14.68 � 0.99 B3

LM6/f 0.125–4 17.11 0.200 5.34 � 0.32 30.81 � 2.00 B2

Grain size sub-samples

LM1/0.8 0.125–0.8 26.98 0.206 4.31 � 0.31 15.27 � 1.26 B1

LM1/2 0.8–2 22.58 0.201 3.58 � 0.23 16.28 � 1.06 B3

LM1/4 2–4 31.87 0.200 6.56 � 0.33 20.97 � 1.10 B4

LM1/8 4–8 32.08 0.200 5.75 � 0.33 18.22 � 1.08 B4

LM1/16 8–16 21.51 0.201 2.83 � 0.23 13.23 � 1.14 B4

aProcess blank used to correct respective sample batches, where corresponding 10Be/9Be ratios are B1 = 4.43 � 10�15, B2 = 2.16 � 10�15,

B3 = 2.55 � 10�16, B4 = 7.65 � 10�16, B5 = 1.19 � 10�15.
b[10Be] calculated from corresponding weighted mean of separate measurements of fractions 0.125–0.8, 0.8–2 and 2–4 mm.
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(Balco et al., 2008), using the constant spallation scaling scheme ‘St’
(Lal, 1991; Stone, 2000) and a sea level high latitude spallation pro-

duction rate of 4.01 � 0.33 atoms g�1 yr�1 (Borchers et al., 2016).

We neglected temporal variations in production rates due to paleo-

magnetic intensity changes as most of our samples are likely younger

than �200 years (see Section 5.2). Moreover, we neglected produc-

tion by muons in the headwalls as it accounts for < 1% of the

spallogenic production near the bedrock surface. Effects of topo-

graphic shielding on nuclide production rates were estimated follow-

ing Dunne et al. (1999) as implemented in the TopoToolbox Version

2 (Schwanghart & Scherler, 2014). Snow cover shielding of the

headwalls was neglected as large bedrock areas seem to remain

snow-free during snow cover seasons (swisstopo, 2021). We assumed

a bedrock density ρr of 2.65 g cm�3 in Equation 1 and also considered

the surface slope dependency of cosmic ray attenuation in bedrock by

calculating the absorption mean free path Λ for each DEM pixel fol-

lowing Masarik et al. (2000). Since headwall erosion rates are mea-

sured perpendicular to the surface, we applied an area correction

using the local slope angle to compute mean production rates.

4.3 | Computation of downglacier debris transport

The [10Be]transport is small compared to [10Be]headwall in settings where

erosion rates are low, glacier transport pathways are short or mainly

englacial, glacier surface velocities are high (≥ 30 m yr�1), and environ-

mental conditions are constant (Scherler & Egholm, 2020; Ward &

Anderson, 2011). However, [10Be]transport may be substantial if erosion

rates are very high, if transport is far and/or slow, and predominantly

supraglacial. Since both glacier velocity and transport depth vary

downglacier and through time when the glacier is changing, the rela-

tive contribution of [10Be]transport to [10Be]measured must vary in

time, too.

To estimate both [10Be]transport and the ages of our samples, we

developed a simple 1D model to reconstruct time-depth pathways

(Figure 4). We first derived modern horizontal glacier surface veloci-

ties by cross-correlating satellite imagery (Figure S2c; Leprince

et al., 2007; Scherler et al., 2008), and by tracking boulders on histori-

cal aerial images (Figure S2c; swisstopo, 2021). We then calibrated a

simple model using the centre-line velocity profile and recent ice

thickness and surface slope estimates, by tuning the rate parameter

in Glen’s flow law (Figure S2a–c; Glen, 1952, 1955; Farinotti

et al., 2019). Using the model calibrated to present conditions, we

then estimated past surface velocities with glacier thicknesses

and surface slopes reconstructed for the year 1850 as input

(Figures S2a–c and S3; Lambiel & Talon, 2019). To assess temporal

changes in horizontal velocities, we interpolated between the ice

thicknesses and slopes from 1850 and the sampling year 2018 in a

three-step linear mode (Figure S2d,e). To differentiate between

englacial and supraglacial transport, and to estimate debris particle

burial depth, we also calculated the vertical velocity in the ice. We

used a vertical mass balance profile based on a compilation of glacier

mass balances from the European Alps (Figure S5; Dyurgerov, 2002).

Temporal changes in vertical velocities were estimated by shifting

the mass balance profile according to a reconstructed ELA history

(Figure S4; Braithwaite, 2015; Kurowski, 1891). Finally, we generated

particle trajectories through the glacier for all samples, computed

sample ages, and estimated [10Be]transport under consideration of sea-

sonal snow cover (Figures S6 and S7). Details are provided in

Wetterauer et al. (2022).

F I GU R E 3 Glacier d’Otemma and debris source area Petit Mont Collon in 2010, 1973 and 1850 (glacier outlines by Fischer et al., 2014, and
Müller et al., 1976, and modified from Maisch et al., 2000). (a) Contour grid depicting the three superimposed glacier extents. (b–d) Detail of the
ice-covered and ice-free areas of the source headwalls and computed average 10Be production rates in (b) 2010 (c) 1973 and (d) 1850. The
contour line spacing corresponds to 50 m elevation and is based on the recent DEM where the glacier extent is smallest. Therefore, contour lines
on the glacier body itself are only valid for the most recent glacier extent in 2010. UM/LM, upper/lower medial moraine [Color figure can be
viewed at wileyonlinelibrary.com]
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5 | RESULTS

5.1 | Measured 10Be concentrations

The [10Be]measured of our 29 analysed debris sample fractions range

between 2 � 103 and 38 � 103 atoms g�1 (Table 2 and Figure 5a,b).

For the nine fine-grained (0.125–4 mm) UM samples, [10Be]measured

range between 6 � 103 and 38 � 103 atoms g�1 (Figure 5a). Overall,

samples near the glacier head (younger deposits) have lower concen-

trations, whereas samples farther downglacier (older deposits) have

higher concentrations. Sample UM4/f stands out with an extraordi-

nary high concentration compared to the neighbouring samples. For

the six coarse-grained (4–22.4 mm) UM samples, [10Be]measured range

between 3 � 103 and 17 � 103 atoms g�1, and are thus systemati-

cally lower relative to the fine fraction, half of them differing by <

35% (Figure 5a). Only sample UM4/c differs by almost 90%. For the

six fine-grained (0.125–4 mm) LM samples, [10Be]measured vary

F I GU R E 4 Schematic of the headwall-glacier-system and setup
of the debris trajectory model. An exemplary transport scenario
illustrates a debris trajectory from headwall to sample location.
(a) Initially, a debris particle with the 10Be signature of the headwall
([10Be]headwall) is deposited on the ice surface. (b) In the accumulation
area the debris particle is buried within the ice and transported
englacially. During its transport it accumulates additional 10Be
([10Be]transport). (c) In the ablation area the debris particle re-emerges
and is transported supraglacially until it reaches a sample’s 2018
location. It inherits a combined 10Be signature ([10Be]measured). Note
the indication of former ice surface elevations (thin dashed lines), new
bedrock exposure (highlighted stripes), decreasing glacier velocity
(thinning arrows), and ELA rise and shift in mass balance (red arrows)
through time. This scenario applies for our older samples (e.g., UM4–
UM9). Younger samples (e.g., UM1, UM2) were deposited in the
ablation area and experienced only supraglacial transport. UM/LM,
upper/lower medial moraine; ELA, equilibrium line altitude [Color

figure can be viewed at wileyonlinelibrary.com]

F I G U R E 5 [10Be]measured (�1σ analytical error) in medial moraine
samples along Glacier d’Otemma. (a) UM [10Be] obtained on a fine
grain size fraction (0.125–4 mm) for all nine samples and on a coarse
grain size fraction (4–22.4 mm) for every second sample. The grey bar
indicates the concentration range of the grain size sub-samples from
UM2. (b) LM [10Be] obtained on a fine grain size fraction (0.125–
4 mm) for all six samples. The grey bar indicates the concentration
range of the grain size sub-samples from LM1. (c) Normalized [10Be]
of grain size sub-samples from UM2 and LM1. The normalization is
based on the arithmetic mean of the five grain size fractions of UM2
and LM1, respectively. Note that symbol sizes are mostly larger than
the analytical error and that downglacier distances were measured
relative to the uppermost collected sample UM1. UM/LM, upper/
lower medial moraine [Color figure can be viewed at
wileyonlinelibrary.com]
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between 13 � 103 and 31 � 103 atoms g�1 (Figure 5b). Compared to

the UM, LM concentrations are higher and less variable.

For our grain size sub-samples (0.125–0.8, 0.8–2, 2–4, 4–8, and

8–16 mm) from UM2 and LM1, [10Be]measured vary between 2 � 103

and 10 � 103 atoms g�1 and between 13 � 103 and 21 � 103 atoms

g�1, respectively (indicated as grey bars in Figure 5a,b). Notably, varia-

tions in [10Be]measured between these grain size fractions are of similar

magnitude as variations between fine-grained samples along the first

�2500 and �3000 m distance downglacier of UM and LM, respec-

tively. To compare grain size-related variations in [10Be]measured

between the two samples (UM2 and LM1), we normalized the con-

centrations of each grain size fraction by the arithmetic mean of all

concentrations of the respective sample (Figure 5c). In both cases, the

variations are mostly < 50% and no systematic trend is discernible,

although the lowest concentrations are found for the coarsest (8–

16 mm) grain size sub-sample.

5.2 | Transport and headwall 10Be concentrations,
and sample ages

Based on our reconstructed debris trajectories (Figure S7), we estimated

the age of each sample, which corresponds to the estimated debris

transport time from the headwall to the sample location, and the total

amount of [10Be]transport. We then derived the [10Be]headwall by cor-

recting [10Be]measured for transport (Table 3 and Figure 6a). On the UM,

low-concentration samples (UM1–UM3) yield ages of �45 to

100 years, whereas high-concentration samples (UM6–UM9) yield ages

of �170 to 210 years. On the LM, the estimated transport time

is shorter, with ages ranging from �35 to 150 years. Modelled

[10Be]transport vary between �1 � 103 and 3 � 103 atoms g�1. For the

majority of fine-grained UM and LM samples, this accounts for less than

�25% of our [10Be]measured (Table 3). Overall, subtracting the minor

[10Be]transport from the dominating [10Be]measured does not change down-

glacier patterns for [10Be]headwall (see Section 5.1; Figures 5a,b and 6a).

We note that for two coarser sample fractions, UM3/c and

UM2/16, transport correction yielded very low and even slightly

negative [10Be]headwall values, respectively (Table 3). Especially nega-

tive concentrations are not possible, suggesting that our modelled

[10Be]transport are too high. Uncertainties in our model (see

Section S4.2.5) affect particularly samples in which [10Be]measured are

comparatively low and transport is almost exclusively supraglacial, as

in case of these two samples. Since our reconstructions are based on

several assumptions (see Section S4.2.1) it is difficult to verify the

model setup or to provide meaningful error estimates. Therefore, we

do not calculate apparent headwall erosion rates for UM3/c and

UM2/16. Nonetheless, given the continuous retreat history of Glacier

d’Otemma (see Section 3.1), we consider it unlikely that our model-

based estimates are far off the true values, especially for samples

older than �120 years that were most likely quickly buried under

snow and ice (Table 3).

5.3 | Apparent headwall erosion rates

The derived apparent headwall erosion rates are reported in Table 3;

for brevity, these are termed ‘erosion rates’ from now on. They were

calculated with mean 10Be production rates for UM and LM

headwalls, respectively (Table 4). Overall, derived erosion rates range

between 0.6 � 0.1 and 10.8 � 2.6 mm yr�1 (Figure 6b). For the fine-

grained UM samples, erosion rates range between 0.6 � 0.1 and

5.8 � 1.0 mm yr�1. Younger samples (UM1/f–UM3/f) yield higher

erosion rates of 4.2 � 0.7 to 5.8 � 1.0 mm yr�1, whereas erosion

rates for older samples (UM6/f–UM9/f) are lower, spanning between

0.9 � 0.1 and 1.6 � 0.2 mm yr�1. Erosion rates for the coarse-grained

UM samples decrease from 10.8 � 2.6 to 1.5 � 0.2 mm yr�1

downglacier and with increasing age. For the fine-grained LM

samples, erosion rates span a narrower range from 0.8 � 0.1 to

2.4 � 0.3 mm yr�1. Among our grain size sub-samples from UM2 and

LM1, erosion rates are fairly similar.

6 | DISCUSSION

6.1 | Grain size-dependent 10Be concentrations

Grain size effects in [10Be] have been observed ever since the first

studies have used cosmogenic nuclides for quantifying catchment-

average erosion rates (e.g., Brown et al., 1995). In studies of alluvial

sediments, coarser sand fractions have frequently lower cosmogenic

nuclide concentrations. Such trends are typically related to slope fail-

ures and mass wasting events that excavate larger rocks with lower

concentration from greater depth (e.g., Aguilar et al., 2014; Belmont

et al., 2007; Brown et al., 1995, 1998; Puchol et al., 2014; Tofelde

et al., 2018; van Dongen et al., 2019; West et al., 2014). Other expla-

nations attribute grain size dependent nuclide concentrations to dif-

ferences in source area properties, or to selective and abrasive fluvial

transport processes (e.g., Carretier et al., 2009; Lukens et al., 2016;

Matmon et al., 2003; van Dongen et al., 2019).

Our analysis of [10Be]measured along the UM reveals consistently

lower concentrations for coarse-grained (4–22.4 mm) compared to

fine-grained (0.125–4 mm) UM samples (Figure 5a). Within the finer

(< 16 mm) grain size sub-samples from UM2 and LM1 we observe no

systematic variation (Figure 5c). Based on findings from fluvial land-

scapes, we assess below the relevance of (i) variable debris source

areas and glacial transport, as well as (ii) erosive processes within gla-

cial landscapes, as potential controls on our grain size effects in

[10Be]measured from Glacier d’Otemma.

(i) Differences in headwall lithology, debris origin or transport

may result in selective contributions of grains with different [10Be].

However, we found no difference in mineral composition and no evi-

dence that debris originated from other source areas such as valley

side walls, lateral moraines, or even the glacier bed. The passive

nature of debris transport downglacier prevents significant post-

depositional mixing and temporal storage, hindering the sorting of

supraglacial debris. Moreover, the lack of transport processes that

abrade supraglacial debris impedes clast comminution. Therefore, we

consider the impact of source area and transport-related processes on

our grain size distributions negligible.

(ii) Erosion in high-alpine glacial environments occurs through fre-

quent small-scale rock falls and by infrequent medium- to large-scale

rock falls or avalanches (e.g., Anderson, 2000; Arsenault &

Meigs, 2005; Boulton & Deynoux, 1981). Large events have the

potential to excavate bedrock covering a wide depth range from high
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T AB L E 3 Modelled sample ages, burial depth and 10Be concentrations accumulated during glacial transport ([10Be]transport), as well as derived
10Be concentrations in the headwalls ([10Be]headwall) and apparent headwall erosion rates

Sample

Agea
Burial [10Be]transport

a [10Be]transport/ [10Be]headwall
b Apparent headwall

deptha,c �103 [10Be]measured �103 erosion rated

(years) (m) (atoms g�1) (%) (atoms g�1) � 1σ (mm yr�1) � 1σ

Upper medial moraine (UM)

Fine-grained samples

UM1/f 45 0.0 1.37 25 4.16 � 0.57 5.1 � 0.8

UM2/f 77 0.0 2.36 32 5.04 � 0.79 4.2 � 0.7

UM3/f 103 �1.2 2.84 44 3.68 � 0.57 5.8 � 1.0

UM4/f 130 �5.0 2.52 7 35.80 � 1.86 0.6 � 0.1

UM5/f 148 �9.1 2.35 21 8.61 � 0.78 2.5 � 0.3

UM6/f 167 �12.4 2.33 15 13.19 � 0.98 1.6 � 0.2

UM7/f 182 �14.7 2.36 9 23.98 � 1.74 0.9 � 0.1

UM8/f 199 �16.2 2.43 12 17.89 � 1.23 1.2 � 0.1

UM9/f 206 �16.7 2.47 13 16.12 � 1.14 1.3 � 0.1

Coarse-grained samples

UM1/c 45 0.0 1.37 37 2.32 � 0.47 9.1 � 2.0

UM3/c 103 �1.2 2.84 94 0.17 � 0.38 n.a.e � n.a.e

UM4/c 130 �5.0 2.52 56 1.96 � 0.44 10.8 � 2.6

UM5/c 148 �9.1 2.35 31 5.12 � 0.76 4.1 � 0.7

UM7/c 182 �14.7 2.36 18 10.70 � 0.89 2.0 � 0.2

UM9/c 206 �16.7 2.47 14 14.57 � 1.00 1.5 � 0.2

Grain size sub-samples

UM2/0.8 77 0.0 2.36 25 6.98 � 1.18 3.0 � 0.6

UM2/2 77 0.0 2.36 29 5.93 � 0.82 3.6 � 0.6

UM2/4 77 0.0 2.36 43 3.10 � 0.51 6.8 � 1.3

UM2/8 77 0.0 2.36 24 7.34 � 0.69 2.9 � 0.4

UM2/16 77 0.0 2.36 131 �0.56 � 0.34 n.a.e � n.a.e

Lower medial moraine (LM)

Fine-grained samples

LM1/f 35 0.0 1.05 6 16.73 � 1.14 1.3 � 0.1

LM2/f 67 0.0 2.04 9 20.33 � 1.39 1.1 � 0.1

LM3/f 94 0.0 2.84 22 10.25 � 1.32 2.2 � 0.3

LM4/f 115 �0.2 3.43 27 9.23 � 1.10 2.4 � 0.3

LM5/f 134 �1.8 3.46 24 11.23 � 0.99 2.0 � 0.2

LM6/f 152 �4.2 3.26 11 27.55 � 2.00 0.8 � 0.1

Grain size sub-samples

LM1/0.8 35 0.0 1.05 7 14.23 � 1.26 1.6 � 0.2

LM1/2 35 0.0 1.05 6 15.23 � 1.06 1.5 � 0.2

LM1/4 35 0.0 1.05 5 19.92 � 1.10 1.1 � 0.1

LM1/8 35 0.0 1.05 6 17.17 � 1.08 1.3 � 0.1

LM1/16 35 0.0 1.05 8 12.18 � 1.14 1.8 � 0.2

aComputed using a simple 1D debris particle trajectory model (Wetterauer et al., 2022).
bCalculated by subtracting [10Be]transport from [10Be]measured. 1σ estimates correspond to analytical uncertainties of [10Be]measured.
cMaximum burial depth modelled for debris particles of a sample. Negative numbers indicate partially englacial transport, zero indicates exclusively

supraglacial transport.
dCalculated using spallogenic mean source area production rates of Psp(0) = 39.44 atoms g�1 yr�1 and Psp(0) = 40.43 atoms g�1 yr�1 and mean source

area absorption mean free paths of Λ = 142.56 g cm�2 and Λ = 144.80 g cm�2 for UM and LM samples, respectively. 1σ estimates are based on the

analytical uncertainties of [10Be]measured.
eValues not available (n.a.) due to unreasonable [10Be]headwall estimates (see Section 5.2).
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[10Be] at the surface down to low [10Be] at depth (Niemi et al., 2005).

Distinguishing between supraglacial sand, pebbles and < 30 cm-sized

blocks, Sarr et al. (2019) found no significant size-dependent variation

in [10Be]. They argue that the distribution of supraglacial clast sizes

from sand to boulders results from numerous rock impacts over long

fall distances (Ruiz-Carulla et al., 2017), and thus, is independent of

their initial depth within the rock wall. However, their findings are

based on only two moraine samples from different glaciers in the

Mont Blanc Massif. These samples were taken close to the glacier ter-

minus, one of which actually reveals slightly decreasing [10Be] from

sand to cobble to blocks. We note that supraglacial debris near termini

is generally more susceptible to mixing as debris is compressed due to

declining ice surface velocities (Anderson et al., 2021), and basal

debris input is also more likely near the terminus (Boulton, 1978).

Therefore, termini samples may indeed show grain-size [10Be] pat-

terns different from our samples. Depending on the magnitude of rock

falls, we actually do think that larger events are also more likely com-

posed of coarser and more deeply anchored material compared to

smaller events. Although rocks detaching from headwalls typically

shatter upon impact, the resulting clast sizes are partly determined by

bedrock properties (e.g., discontinuities, joint patterns, rock strength;

see e.g., Ruiz-Carulla et al., 2015, 2017). Moreover, models on frost

weathering processes indicate that the magnitude of frost damage

decreases with depth into the rock wall (e.g., Rempel et al., 2016) and,

hence, relatively fewer fractures may be expected at greater depth

than near the surface.

Therefore, we propose that higher [10Be] in the fine fraction

reflect a higher proportion of fine superficial material frequently chip-

ped off the headwall by near-steady exhumation. The coarse fraction

may comprise relatively more coarse material of lower [10Be] from

greater depth within the bedrock. Importantly, both grain size frac-

tions (0.125–4 and 4–22.4 mm) reproduce a comparable and fairly

consistent downglacier [10Be] pattern (Figure 5a), indicating that pro-

cesses accounting for this effect cannot have changed by much over

the transport time invoked here. If our record was affected by exten-

sive rock falls or rock avalanches, low concentration outliers should

be present. Also, outlines of rock fall deposits can often be delineated

on glaciers (e.g., Deline, 2009), in the field or from remote sensing

products, which we did not observe on UM and LM.

6.2 | Temporal variations in apparent headwall
erosion rates

Our [10Be] from Glacier d’Otemma show systematic variations down-

glacier, and thus, variations with time. In particular, along both our

fine- and coarse-grained UM records, [10Be] generally decrease over

the last �200 years (Figure 6a), suggesting that erosion rates

increased towards the present (Figure 6b). We consider the fine-

grained sample UM4/f as an outlier, given that the coarse-grained

sample UM4/c fits the temporal systematics of the record well and

that the deviation between the two size fractions is large (Figure 5a).

In the following, we will address the question whether the decreasing

nuclide concentrations really reflect an overall acceleration in

headwall erosion through time. Later, we (i) inspect the reliability of

our derived erosion rates with respect to cosmogenic steady state,

and then (ii) focus both on processes modulating headwall erosion in a

F I GU R E 6 Medial moraine data of Glacier d’Otemma through
time. (a) Comparison of [10Be]measured and transport-corrected
[10Be]headwall (�1σ analytical error). (b) Apparent headwall erosion
rates (�1σ uncertainty). Concentrations and rates are plotted
against modelled sample ages. The end of the LIA and the
following deglaciation are indicated. For clarity symbols of coarse-
grained UM samples are smaller and unconnected. For fine-grained
UM samples, the connecting line to the high concentration outlier
UM4/f is dashed (see Section 6.2). Note that we did not calculate
an erosion rate for the coarse-grained sample UM3 (see
Section 5.2) and that symbol sizes are often larger than the
provided error. UM/LM, upper/lower medial moraine; LIA, Little
Ice Age [Color figure can be viewed at wileyonlinelibrary.com]

T AB L E 4 Computed headwall 10Be production rates and
absorption mean free paths for three different time slices

Year

Mean 10Be Mean absorption Mean
production rate mean free path slope
(atoms g�1 yr�1) � 1σ (g cm�2) (deg)

Upper medial moraine (UM) headwalls

2010 37.88 � 2.58 144.59 35

1973 39.44 � 2.30 142.56 43

1850 39.44 � 2.30 142.56 43

Lower medial moraine (LM) headwalls

2010 39.85 � 2.81 146.14 32

1973 40.43 � 2.65 144.80 36

1850 41.92 � 2.62 142.46 42
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deglaciating landscape and (iii–iv) on conditions controlling the nuclide

history of the rock itself.

(i) Under the assumption implied by Equation 1 that headwall sur-

faces erode steadily and uniformly, [10Be]headwall from UM and LM

samples translate into erosion rates between 0.6 and 10.8 mm yr�1

(Table 3). With an average attenuation length of �54 cm for the

headwalls of Petit Mont Collon and erosion rates of �1 to 2 mm yr�1

it would take at least �540 to 270 years to reach cosmogenic steady

state. However, our estimated sample ages are younger and large

parts of the source areas experienced ice cover retreat after the LIA,

which argues against cosmogenic steady state. Still, source areas

exposed during the LIA were most likely also exposed for centuries

before, as glaciers were smaller prior to the LIA (e.g., Holzhauser

et al., 2005), making cosmogenic steady state possible. We therefore

consider samples older than �150 years with erosion rates of 0.9 to

2.0 mm yr�1 (UM6–UM9) to be the most reliable (Figure 6b). Samples

younger than the LIA, with erosion rates of up to 10.8 mm yr�1,

should be treated with caution (Figure 6b). Overall reliability is

supported by other studies from the European Alps that derive similar

cosmogenic nuclide-based erosion rates for rock walls close to glacier

surfaces (Mont Blanc massif: �0.1 to 1.1 mm yr�1, Sarr et al., 2019;

Eiger Mountain: �1.7 and �2.6 mm yr�1, Mair et al., 2019, 2020) and

for glacial catchments (Glacier du Mont Miné: �1.8 to 6.4 mm yr�1,

Wittmann et al., 2007). Moreover, our estimates compare well to

headwall erosion rates from medial moraine debris in the Alaska

Range (�0.5 to 1.3 mm yr�1; Ward & Anderson, 2011) and the Indian

Himalaya (�0.6 to 1.3 mm yr�1; Scherler & Egholm, 2020).

(ii) The tendency towards higher recent erosion rates may be

indicative of a transient landscape that responds to deglaciation with

faster erosion. Rock fall inventories from the European Alps indicate

that periods of higher temperatures after the LIA between 1900 and

2010 coincide with enhanced rock fall activity, particularly in areas of

thawing permafrost (Huggel et al., 2012; Ravanel & Deline, 2009,

2011). Enhanced rock fall coincides with summer heat waves (2003

and 2015), likely caused by a warming-related deepening of the active

layer (Gruber et al., 2004; Ravanel et al., 2017). At the Kitzsteinhorn,

Hartmeyer et al. (2020a, 2020b) identified that the majority of rock

detachments adjacent to a thinning glacier occur within recently

uncovered rock walls < 20 m above the glacier surface. The authors

attribute the increased rock fall activity to a combination of thermo-

mechanical stresses and active layer penetration into the rock. Simi-

larly, recently exposed bedrock at Glacier d’Otemma could be prone

to enhanced rock fall, since the headwall-ice-contact zone at Petit

Mont Collon experienced up to �50 m of ice loss since 1850

(Figure 4 in Lambiel & Talon, 2019).

(iii) The longer the downglacier debris transport continues, the

longer it may be exposed to additional cosmic radiation, and the more

additional 10Be accumulation may contribute to [10Be]measured. At pre-

sent, debris transport on Glacier d’Otemma proceeds slowly

(Figure S2) and exclusively supraglacially (Figure S7). Nonetheless, our

computation of downglacier debris trajectories through time indicates

that debris burial and shielding in the past have been sufficient to

keep [10Be]transport low (Figure 6a). This is in line with estimates from

Ward and Anderson (2011) and Scherler and Egholm (2020). More-

over, downglacier medial moraine samples may be a composite of dif-

ferent debris sources as debris continuously emerges in the ablation

zone, and their 10Be signatures may differ depending on where along

the source area debris deposition occurred. Recently, at the UM,

debris input appears to be a point source (Figure 2), as simulated with

our model. At the LM, debris delivery may occur along a wider zone

(Figure 2), which cannot be resolved with our model. However, poten-

tial differences, at present and in the past, are presumably small as the

debris source area is isolated and not very extensive. Therefore, we

exclude transport time and other additional debris sources as a possi-

ble explanation for the observed systematic temporal variation in

[10Be]measured.

(iv) The steady retreat of Glacier d’Otemma and concurrent degla-

ciation of Petit Mont Collon uncover headwall sections that presently

deliver rocks to the glacier (Figure 7). Newly exposed debris source

areas following the LIA could affect the [10Be]headwall in our samples in

two ways. First, as the glacier surface lowers through time, the debris

source area expands towards lower elevations (Figure 4), where pro-

duction rates are lower. Therefore, computed mean source area pro-

duction rates decrease towards the present (Table 4 and Figure 3b–d).

However, since headwall elevation ranges are small, production rates

differ by only up to 5%, too low to explain the substantial temporal

[10Be] changes alone. Second, deglaciation also exposes bedrock areas

previously shielded from cosmic radiation by ice. These areas possibly

inherit nuclide signatures from previous episodes of exposure during

the Holocene, as the LIA was preceded by periods of major glacier

recession (e.g., Holzhauser et al., 2005). If subglacial erosion has

removed a substantial amount of bedrock from these areas during the

LIA, present-day [10Be]headwall may be lower compared to areas which

have been ice-free over centuries. Instead, if subglacial erosion was

negligible and if headwall erosion during former ice-free times

proceeded slowly, [10Be]headwall at those surfaces may be even higher

(e.g., a possible scenario for the high concentration outlier UM4/f,

Figure 6a). As a consequence, continued source area expansion with

possibly variable [10Be]headwall may progressively dilute the previous

signatures from LIA times and may result in time-dependent

[10Be]headwall variations. However, whether this would result in gener-

ally higher or lower nuclide concentrations is currently difficult to

evaluate.

6.3 | Medial moraines in comparison

When compared through time, UM and LM [10Be]headwall are surpris-

ingly different (Table 3 and Figure 6a). Overall, LM [10Be]headwall are

higher for samples similar in age and the difference to the UM

amounts to > 104 atoms g�1 for samples younger than �80 years, but

no systematic temporal difference is evident. The only obvious differ-

ence between the two medial moraines is that they have different

source headwalls (Figure 2, see Section 3.2). Yet, lithology is uniform

across the source headwalls and average 10Be production rates vary

by only up to 6% and are thus insufficient to explain the observed dif-

ferences in [10Be]headwall (Table 4 and Figure 3b–d). Also, the

processing of both UM and LM samples has been comparable, and we

could not observe any obvious differences in the sampled grain size

distribution (Figure S1), or in the mineral composition. Hence, we

inspect (i) differences in solar insolation due to different aspects and

(ii) different deglaciation histories as potential causes.

(i) The aspect of rock faces has been used to explain distinct spa-

tial patterns of rock fall and rock wall erosion, as it affects the
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moisture level and the thermo-mechanical regime of rock walls

(e.g., Coutard & Francou, 1989; Sass, 2005). Gruber et al. (2004) asso-

ciate increased erosive activity during the hot summer of 2003 with

an increase of permafrost thawing depth. They explain larger thaw

anomalies on north-facing rock walls with lower inter-annual variabil-

ity of thawing depth due to less direct solar radiation than south-

facing rock walls. Similarly, studies by Sass (2007, 2010) suggest

enhanced Holocene rock wall erosion and present-day rock falls at

northerly oriented rock walls. At Petit Mont Collon, the west-

northwest facing UM headwalls most likely experience different inso-

lation and temperatures than the south-southwest facing LM

headwalls. Permafrost is more extensive and thicker at UM headwalls

but rather patchy across LM headwalls (BAFU, 2005). In addition,

mean slope angles of UM headwalls appear to be steeper, by up to

�20%, during deglaciation following the LIA (Table 4). We note, how-

ever, that this difference strongly depends on the accuracy of the gla-

cier outlines used. Nonetheless, in this context, recently faster erosion

of UM compared to LM headwalls due to northerly exposure and pos-

sibly steeper slopes appears reasonable (Figure 6b).

(ii) Ice cover retreat across Petit Mont Collon has proceeded

unequally after the LIA (Figure 7a,b). It appears that UM headwalls

experience a comparatively steady bedrock exposure due to glacier

thinning, which may be expressed in the more systematic temporal

[10Be] variation along the UM. In contrast, LM headwalls are addition-

ally affected by the disintegration of a small glacier that separated

from Glacier d’Otemma upwards onto Petit Mont Collon. This detach-

ment proceeds unevenly and leads to a rather patchy exposure of pre-

viously ice-covered bedrock, which may thus manifest itself in the less

distinct [10Be] variation along the LM.

In summary, we attribute the more recent differences in UM

and LM [10Be] to a combination of spatial differences in headwall

erosion rates and ice cover retreat across Petit Mont Collon.

Spatially varying erosion rates across formerly glaciated bedrock

surfaces have previously been observed in the Mont Blanc Massif

(Lehmann et al., 2020). Further, the presence or absence of ice

cover is known to modulate the nuclide concentrations inherited

from previous exposure (e.g., Cockburn & Summerfield, 2004).

However, due to the centennial coverage of our dataset, whether

[10Be]headwall prior to the LIA were higher or lower than today, and

whether they were preserved throughout ice coverage or reduced

or even reset by subglacial erosion (see Section 6.2) remain open

questions.

F I GU R E 7 Chronological
overview on available historical
datasets from Petit Mont Collon
used to assess the deglaciation
history of the debris source area
and to define the setup of our
debris trajectory model.
(a) Topographic maps of ice cover
retreat across the headwalls. Note
the disconnection of ice, formerly
feeding into the glacier’s main
trunk and evolving into an
isolated glacier in the centre of
Petit Mont Collon (topographic
maps by swisstopo, 2021).
(b) Terrestrial and aerial snapshots
picturing the exposure of
formerly ice-covered bedrock.
The recent uncovering is patchier
for headwalls to the lower medial
moraine. Note the small-scale
rock fall captured on the 1934
photographs (encircled),

representative for erosion
processes operating frequently in
high-alpine glacial environments,
and the ice septum separating the
two moraines (arrowed) (historical
images by swisstopo, 2021).
(c) Long-term monitoring records
of glacier retreat and decline in
annual glacier-wide mass balance
of Glacier d’Otemma (GLAMOS,
2019a, 2019b). (m w.e. yr�1,
metre water equivalent per year)
[Color figure can be viewed at
wileyonlinelibrary.com]
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6.4 | Methodological conclusions and future
opportunities

Our findings from Glacier d’Otemma show decreasing [10Be] and

increasing erosion rates towards the present, in accordance with

observations by Scherler and Egholm (2020) from a Himalayan glacier.

Systematic instead of random downglacier [10Be] variations in both

studies support the notion that medial moraines can be exploited as

archives of headwall erosion above glaciers. This is reinforced by the

fact that the observed downglacier [10Be] trend is reflected in two dif-

ferent size fractions. Therefore, cosmogenic nuclide-based medial

moraine records appear to reflect observations of decadal changes in

headwall erosion (e.g., Hartmeyer et al., 2020a, 2020b) on centennial

timescales, but encounter limitations on shorter timescales due to the

nuclide integration time (see Section 6.2). To further elaborate on cli-

mate change-related responses of headwalls and adjacent debris-

covered glaciers, future analyses may involve various glacial catch-

ments and debris source areas that differ in size, orientation or mor-

phology to check for potential spatial patterns. Besides, consulting

additional temporal records on rock wall temperatures or water avail-

ability may be of interest, too, since studies indicate that increased

meltwater and rainwater runoff may enhance the frost weathering

efficacy in the contact zone of headwall and glacier (Hartmeyer et al.,

2020a, 2020b) and that warmer temperatures after the LIA may have

enhanced the frost cracking efficiency (Mair et al., 2020), both

preconditioning rock-fracturing.

Applying our particle trajectory model indicates that the

model-based 10Be corrections due to downglacier transport are in

most cases not very substantial (Figure 6a). Yet, resolving slow

supraglacial transport close to the headwalls with a simple 1D

model proved to be challenging (see Section S4.2.1). Whereas older

englacially transported samples largely remain unaffected by this,

younger almost exclusively supraglacially transported samples may

be affected more severely by the assumptions and uncertainties

underlying the model (see Sections 5.2 and S4.2.5). Using a well

calibrated three-dimensional (3D) glacier model may help to over-

come these limitations in future studies, to refine 10Be corrections

and sample age estimates, and to backtrack particles more precisely

to specific delivery zones within a source area (e.g., certain eleva-

tion windows).

We further suggest that the manual amalgamation of sand-sized

supraglacial debris offers the opportunity to obtain representative

estimates of headwall erosion rates, as the analysis of [10Be] from var-

ious fine-grained sub-samples of UM2 and LM1 revealed no obvious

dependency of size fractions < 16 mm. However, on a larger scale,

systematic grain size differences exist when comparing sand-sized

(0.125–4 mm) and pebble-sized (4–22.4 mm) debris fractions of sev-

eral samples, with the latter having consistently lower [10Be] (see

Section 6.1). These trends need further investigation by future

studies.

Finally, the choice of a glacier with a small catchment, as is the

case for Glacier d’Otemma, holds several advantages. The debris of

both medial moraines can be traced to the well-definable headwalls of

Petit Mont Collon. The small size and homogeneity of the debris

source area reduce complexity. Differences in [10Be] production rates

are small, due to the small elevation range, and lithology can be

excluded as a primary factor for temporal and spatial variability in

headwall erosion. Yet, disentangling cosmogenic signals of headwall

erosion from those rooted in the nuclide history of deglaciating bed-

rock itself, both governing [10Be]headwall, remains challenging (see

Sections 6.2 and 6.3). Field sites with debris source areas that are

characterized by a simple bedrock exposure history may help to clarify

these issues in the future.

7 | CONCLUSIONS

We derived a �200-year record of headwall erosion rates at Glacier

d’Otemma, Switzerland, from combining cosmogenic 10Be concen-

tration ([10Be]) measurements on medial moraine debris with parti-

cle trajectory and age modelling. Our results indicate that

downglacier [10Be] vary systematically with time. During the LIA

(debris samples older than �150 years), we find relatively high

[10Be] yielding low apparent headwall erosion rates of 0.9 to

2.0 mm yr�1. After the LIA (debris samples younger than

�150 years), lower [10Be] result in higher apparent headwall ero-

sion rates of up to 10.8 mm yr�1. This decrease in [10Be] from past

to present is reflected both in sand-sized and pebble-sized grain

size fractions, which suggests that the temporal trends are not

affected by large stochastic events that could bias cosmogenic

nuclide concentrations.

Computing debris particle trajectories through the glacier from

source area to sample location with our model shows that the

observed temporal variation in [10Be] still remains after correcting for

additional nuclide accumulation during glacial transport. Recently

decreasing [10Be] seem to reflect a combination of processes that can

be associated with the ongoing ice cover retreat across the source

headwalls since the end of the LIA. On the one hand, high-alpine

headwalls face increased destabilization and retreat as glaciers

degrade and permafrost thaws. On the other hand, they experience

profound changes in shielding and exposure to cosmic rays as ice

cover disintegrates and debris source areas expand. Temporal differ-

ences in [10Be] along two parallel medial moraines suggest that both

headwall orientation and their deglaciation history are important fac-

tors to consider when interpreting medial moraine cosmogenic nuclide

concentrations.
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