
Paired 10Be sampling of polished bedrock and
erratic boulders to improve dating of glacial
landforms: an example from the Western Alps
Charlotte Prud’homme,1,2* Riccardo Vassallo,1 Christian Crouzet,1 Julien Carcaillet,1 Jean-Louis Mugnier1 and
Joaquin Cortés-Aranda1,3
1 Université Grenoble Alpes, Université de Savoie-Mont-Blanc, CNRS, IRD, ISTerre, Grenoble, France
2 Research Group for Terrestrial Palaeoclimates, Max Planck Institute for Chemistry, Mainz, Germany
3 Departamento Ciencias de la Tierra, Universidad de Concepcion, Concepcion, Chile

Received 19 February 2019; Revised 4 December 2019; Accepted 5 December 2019

*Correspondence to: Charlotte Prud’homme, Research Group for Terrestrial Palaeoclimates, Max Planck Institute for Chemistry, Hahn Meitner-Weg 1, 55128 Mainz,
Germany. E-mail: c.prudhomme@mpic.de
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

ABSTRACT: Cosmogenic nuclide dating of glacial landforms may lead to ambiguous results for ice retreat histories. The persistence
of significant cosmogenic concentrations inherited from previous exposure may increase the apparent exposure ages for polished
bedrocks affected by limited erosion under ice and for erratic boulders transported by glaciers and previously exposed in high-
altitude rock walls. In contrast, transient burying by moraines, sediments and snow decreases the apparent exposure age. We pro-
pose a new sampling strategy, applied to four sites distributed in the Arc and Arve valleys in the Western Alps, to better constrain
the factors that can bias exposure ages associated with glacial processes. We used the terrestrial cosmogenic nuclide 10Be (TCN)
to estimate the exposure time from paired sampling of depth profiles in polished bedrock and on overlying erratic boulders. For a
given sampling site, the exposure ages for both the polished bedrock and boulder are expected to be the same. However, in six cases
out of seven, boulders had significantly higher 10Be surface concentrations than those of the associated polished surfaces. In present
and past glacial processes, the 10Be distribution with depth for boulders and bedrocks implies the presence of an inheritance con-
centration of 10Be. Our study suggests that 10Be concentrations in erratic boulders and in polished bedrocks provide maximum
and minimum exposure ages of the glacial retreat, respectively. © 2019 The Authors. Earth Surface Processes and Landforms pub-
lished by John Wiley & Sons Ltd
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Introduction

The dynamics of glacial erosion/transport and their impact on
landscape on a Quaternary timescale are difficult to quantify
(Menzies, 2018, and references therein). In contrast to a fluvial
system, the long advance and retreat ice periods of glaciers
(102–103 years) combined with the difficulty of observing pro-
cesses at the ice/bedrock contact make it challenging to under-
stand the ongoing processes involved (Ganti et al., 2016). The
actions of a glacier are sensitive to various parameters: the ther-
mal state at the ice base, the ice-sliding velocity, the thickness
of the transported till and the bedrock topography (Herman
et al., 2015). These parameters vary spatially under a glacier
and are difficult to estimate for earlier times. Glaciers are often
thought of as raw erosion agents that easily bevel all types of
rocks while moving. However, consolidated Quaternary de-
posits can be poorly preserved on one side of a valley, while re-
sistant bedrock can be carved simultaneously by the same
glacier on the other side. Several examples are present in the

Alps, such as the Baumkirchen paleolake sequence in the Aus-
trian Inn valley (Barrett et al., 2017) and in the French
Isère valley north of Grenoble (Fourneaux, 1976; Nicoud
et al., 2002). Furthermore, significant bedrock erosion may oc-
cur at one glacial stage, while no erosion is observed at the next
glacial stage. Few constraints on the complexity of the pre-
depositional history of the glacial sediment transport and their
residence time within the catchment are known. Hillslope de-
nudation rates, for the same lithology, may vary by one order
of magnitude in very small areas (a few hundred square metres)
(Böhlert et al., 2008; Godon et al., 2013). From their source to
the final deposit, sediments may undergo supraglacial, subgla-
cial and periglacial transport with extremely different dynamics
and rates. All of these aspects have strong implications for the
dating of glacial landforms by terrestrial cosmogenic nuclides
(TCN).

TCN is one of most used methods that can date the formation
of glacial landforms. Other geochronometers such as radiocar-
bon (14C) in organic matter or optical stimulated luminescence
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(OSL) can be used; however, these methods have several limi-
tations. In glacial or paraglacial environments, the scarcity of
organic matter for 14C dating makes this technique difficult to
apply. Additionally, the age of the organic remains might not
correspond exactly to the age of glacial retreat, as it can be
older or younger following the sedimentation context. The
main problem with OSL for buried sediments is the
unbleaching relative to the glacial transport dynamics (King
et al., 2014).
Dating of glacial morphologies by TCN (e.g. 10Be, 26Al, 21Ne

and 14C) is based on the principle that cosmic rays begin to pro-
duce these elements in the rock surface after the ice has
retreated. During the previous glacial stage, ice attenuates
TCN production in the rock surface and can also erode the
top several metres of rock containing inherited TCN, effectively
resetting surface exposure clock. 10m thick ice is sufficient to
strongly attenuate 10Be production induced by neutrons
(Guillon et al., 2015).
The main assumption for dating polished surfaces is that, be-

fore being exposed to cosmic rays, the bedrock has to be previ-
ously eroded to a sufficient depth by glacial activity to
completely reset the TCN chronometer. A local denudation of
2–3m, the depth at which the attenuation of cosmic rays in
rocks prevents the formation of significant cosmogenic 10Be
at a timescale of thousands of years, is the minimum needed
for the applicability of this hypothesis. The main assumption
for erratic boulders is that the accumulation of 10Be in the rocks
on the hillslopes and during sediment transport is negligible
compared to the concentrations acquired at their final loca-
tions. When these assumptions are correct, the post-glacial ap-
parent exposure age of the dated rock (polished surface or
erratic boulder) is calculated using the nuclide concentration
at the surface. However, the reality is often more complex,

and several parameters that pre-date or post-date the glacial re-
treat can bias this age. The main factors influencing TCN ages
are: (1) multiple exposures of the surface due to low denuda-
tion rates during glacial stages (affecting both polished surfaces
and erratic boulders), or due to transport dynamics (erratic
boulders); (2) the post-glacial denudation/degradation rates of
the dated rocks; and (3) the temporary burial of the surface
(snow, soil and/or sediments (e.g. till)).

Several examples of this complexity have been observed for
past glacial valleys in the Alps and in the Pyrenees (Fabel et al.,
2002; Delmas et al., 2008; Chenet et al., 2016; Protin et al.,
2019). Erratic boulders with exposure cosmogenic ages from
the last glacial period lie on older polished surfaces (Delmas
et al., 2011). Conversely, erratic boulders yielding apparent ex-
posure ages older than the last glacial period are abandoned on
polished surfaces of the Last Glacial Maximum (Delmas et al.,
2011). At the local scale of an outcrop, significant differences
in exposure ages can exist on the same polished surface over
a few metres (Delmas, 2009). A single moraine may consist of
boulders with cosmogenic concentrations varying over a range
of one order of magnitude (Graf et al., 2015). Hence the con-
version of 10Be concentration to exposure age is not always
straightforward or unique and indicates significant discrepan-
cies in glacial histories. Therefore, it is important to develop a
methodological strategy that is able to discriminate the different
contributions to the final concentration in a glacial landform to
face this problem. Our paper presents a new sampling strategy
based on the depth profile 10Be concentration of polished sur-
faces and associated erratic boulders to determine the relation-
ships between these glacial landforms and their apparent
exposure ages. We have applied this method to four sites lo-
cated in the Arve and Arc valleys in the Western French Alps
(Figure 1).

Figure 1. Elevation map of the French Alps. The red circles represented the locations of the four different sites located in the Arve (Vaudagne and Les
Bossons) and Arc (Montsapey and Aussois) valleys. The yellow circles indicate the locations of Grenoble and Chambery. The blue arrows indicate the
stream flows in the Arc and Arve valleys. [Colour figure can be viewed at wileyonlinelibrary.com]
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Methods and Site Choice

Sites and sampling strategy

The four study sites, located in two glacial valleys of the West-
ern Alps, were selected based on three fundamental conditions:
(1) the presence of quartz-rich erratic boulders overlying well-
preserved quartz-rich polished bedrock, as the mineral target
for 10Be is quartz; (2) evidence of good preservation of land-
forms from denudation and degradation since the glacial re-
treat; and (3) the absence of till material excluding a possible
important burial thickness in the past. The sampling strategy
is based on a paired sampling of polished bedrock and overly-
ing erratic boulders at the same site, assuming that the two
landforms have the same post-glacial retreat exposure age (Fig-
ure 2). Depth profiles on polished bedrock and large erratic
boulders were collected, in addition to surface samples, to ob-
tain a better constraint on the pre-exposure component
processes.
On the Mont Blanc hillslopes and in the underlying Arve val-

ley, we selected two sites that were close to the glacier source
(Figure 1): the first was at the front of the present Bossons Gla-
cier (BOSS12, 1700ma.s.l.; Figure 3) and the second was at
Vaudagne village, ~10 km downstream (VAU12, 1025ma.s.l.;
Figures 4 and 5), where the glacier has retreated since the last
glacial period. The Arve valley was shaped by successive gla-
ciers during the cold episodes of the Pleistocene. Glaciers are
still present at high altitude in the Mont Blanc Massif. The map-
ping and dating of moraines in this area indicate that deglacia-
tion took place in several steps during the Late Glacial
(Coutterand and Nicoud, 2005; Protin et al., 2019).
In the Arc valley, two sampling sites were located several

kilometres downstream from the glacial source: Montsapey
(MSAP12) at 1005ma.s.l. and Aussois (AUSS12) at 1470ma.
s.l., which are located 65 km apart. In Aussois, the dolomite
bedrock was very well preserved, with visible striations and
Neolithic rupestrian engraving (Nehl, 1981; Thirault, 2008),
suggesting an absence of post-glacial erosion.

For each sample, the surrounding topographic shielding was
calculated using a topographic shielding calculator (http://
stoneage.ice-d.org). The geomorphic scaling factors were esti-
mated using a clinometer and compass (Dunne et al., 1999).
The majority of the boulders were sampled on their tops with
a thickness of 2 cm, with no self-shielding. The boulder at the
Bossons site was sampled on different faces, and relative strikes
and dips were measured to estimate self-shielding. Bottom sam-
ples from large boulders (>2m diameter) are considered to ac-
cumulate negligible 10Be in their present positions. All surface
samples were collected using a hammer and chisel. The bed-
rock and erratic boulder depth profiles (down to 3m) at
Vaudagne and Montsapey were sampled by the SAMSCIE com-
pany, who used a drill machine (model DK52, brand WEKA)
equipped with a mining drill with diameters of 65mm and
90mm (Figure 6). After opening the cores at ISTerre Chambery,
we cut four to five samples of 2–5 cm thick for each profile
(Table I). At Aussois, a vertical profile in the polished bedrock
was accessible in an abandoned quarry, and samples at various
depths were collected using a hammer and chisel (Figure 7).

Analytical procedure

Sample preparation was carried out using the ISTerre
GeoThermoChronology platform (Chambéry and Grenoble,
France). Samples were crushed and sieved (250–500μm). The
quartz isolation was performed first by physical separation
using a Frantz magnetic separator and then by chemical extrac-
tion doing repeated etching with a mixture of one-third HCl
and two-thirds H2SiF6. Potential pollution by atmospheric
10Be was removed from the separated quartz by sequential
etching (3 × 10%) of samples three times with concentrated
HF. The decontaminated quartz was spiked with 300mg of a
9Be standard solution (Scharlau beryllium standard solution,
1000mg L�1 beryllium oxide form). Following the protocol
established by Brown et al. (1991) and modified by Merchel
and Herpers (1999), samples were then completely dissolved

Figure 2. Sampling strategy for depth profile in erratic boulders and polished bedrocks. Erratic boulders and bedrock were sampled using a drill
machine (model DK52, brand WEKA) equipped with a mining drill with diameters of 65mm and 90mm. The cores of 3m are illustrated by white
cylinders in the figure. Surface samples were also collected.
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in HF. Afterwards, they were separated and purified by chroma-
tography on anionic and cationic exchange resins (Dowex 1X8
and Dowex 50WX8), and precipitation stages were performed
to isolate the beryllium. Finally, samples were heated to
900°C to oxidize the beryllium (BeO). The BeO samples were
then mixed with niobium powder for target preparation before
processing by accelerator mass spectrometry at the ASTER AMS
facility (Aix en Provence, France; Arnold et al., 2010). The re-
sults of the BeO blank values are listed in the note to Table I.
Measurements of 10Be/9Be ratios were normalized against NIST
Standard Reference Material 4325 using an assigned 10Be/9Be
ratio of 2.79 × 10�11 (Nishiizumi et al., 2007). Absolute
uncertainties include the conservative errors of ~0.5% (Arnold
et al., 2010), analytical errors (AMS counting statistics and
AMS external errors) and propagation of the chemical blank
measurements.

Age calculation

We used two methods to calculate the exposure ages from
10Be concentrations of our samples: (1) CRONUS-Earth on-
line calculator (http://hess.ess.washington.edu) to estimate ex-
posure age of surface samples; and (2) the Monte Carlo
approach developed by Hidy et al. (2010) to modelling expo-
sure ages from depth profiles (10Be profile simulator version
1.2, running on MATLAB™ 2015b).
Surface 10Be exposure ages were calculated using the

CRONUS-Earth online calculator method with the time-
dependent scaling scheme of Lal (1991)/Stone (2000) (Lal,
1991; Stone, 2000; Balco et al., 2008). To compare our results
with other studies, we used the Arctic 10Be production rate of
3.930 ± 0.150 atoms g�1 yr�1 (Young et al., 2013). This param-
eter was corrected for sample thickness, sample density
(2.7 g cm�3), sample elevation, latitude and the topographic
shielding correction (Table I). Since there is no information
concerning snow cover over several thousand years at the dif-
ferent sites, we chose to consider no corrections for snow
burial. Moreover, the impact of snow cover on the relative ages
at a local scale should be minimal. The present-day snow thick-
ness can be quantified at ~1m for 6months, which is extrapo-
lated to the entire exposure period, resulting in an absolute age
underestimation on the order of 10%.

The exposure ages from the 10Be concentration depth pro-
files of Vaudagne, Montsapey and Aussois were calculated
using a 10Be profile simulator developed by Hidy et al.
(2010). This model, based on a Monte Carlo approach, esti-
mates the most probable values for exposure age, erosion
rate and inherited nuclide concentration while providing a
rigorous treatment of their uncertainties. The model simula-
tions were run using specific parameters for each site. The
site-specific scaling of the neutron-induced spallogenic sur-
face production rates (Stone, 2000) and the muonic compo-
nent of TCN production (Balco et al., 2008; Hidy et al.,
2010) were included in the site-specific parameters. The
length attenuation for neutrons was fixed at 160 g cm�2

(Balco et al., 2008; Hidy et al., 2010). In our modelling, we
fixed null denudation rates for both boulders and polished
surfaces, and we enabled the inheritance nuclide concentra-
tion to vary from 0 to the lowest 10Be concentration of a pro-
file (between 2 and 3m deep). The dataset parameters for
each site and the exposure ages are regrouped in Table I
and the parameter setups used by the Monte Carlo simula-
tions are summarized in Table II.

Results

In this study, 35 samples collected from four sites are presented:
13 samples from seven erratic boulders and 22 samples from
four polished bedrocks. The details of samples and 10Be con-
centrations are reported in Table I and Figures 3, 4 and 5 for
the Arve valley and in Figures 6 and 7 for the Arc valley. Appar-
ent exposure ages were deduced from the mean, minimum and
maximum values using the Monte Carlo approach of Hidy et al.
(2010) (Table II).

Mont Blanc hillslope and Arve valley

The first site is located at the frontal zone of the Bossons glacier
at 1700ma.s.l. The ice retreated just a few years ago and the
20m thick frontal part of the glacier is still present a few metres
to the side. Three samples were collected on different faces of a
3m diameter granite erratic boulder (BOSS12_B1). This boul-
der fell on the polished bedrock after being released from the
glacial ice in 2012 (Figure 3). Its abandonment age is a
few years old. Two fragments (BOSS12_B1_01 and
BOSS12_B1_02), having the same 10Be concentrations (1.20
± 0.54 and 1.24 ± 0.21 × 104 atoms g�1) but with different
shielding correction factors, yielded similar apparent exposure
ages of 0.83 ± 0.37 ka and 1.08 ± 0.18 ka (Table I). The third
face (BOSS12_B1_03), which is characterized by a darker var-
nish, has a higher 10Be concentration (2.57 ± 0.44 ×104 atoms
g�1) and an older apparent exposure age of 3.66 ± 0.64 ka. Ad-
ditionally, two samples were collected from the polished bed-
rock surface (CRO12_P1). CRO12_P1_02 has a 10Be
concentration of 1.31 ± 0.58 × 104 atoms g�1, corresponding
to an apparent exposure age of 0.91 ± 0.42 ka, and
CRO12_P1_04 has a lower 10Be concentration (0.83 ± 0.42 ×
104 atoms g�1), which corresponds to an apparent exposure
age of 0.58 ± 0.29 ka.

The second sampling site in the Arve valley is Vaudagne, lo-
cated 10 km downstream from the Bossons Glacier at 1030ma.
s.l. Paired samplings of polished bedrock and erratic boulder
were performed at two sites in Vaudagne, located 1 km apart.

Site 1 (VAU12-P1 and B1) is characterized by a 2m diameter
granite boulder lying on polished schist bedrock. Five samples
from various depths were collected from the bedrock drill core
(0, 30, 66, 107 and 305 cm). The 10Be concentrations in the
depth profile decrease exponentially from 9.60 ± 0.77 × 104

atoms g�1 at the surface to 0.57 ± 0.15 × 104 atoms g�1 at
305 ± 2.5 cm (Figure 4). The CRONUS-Earth online calculator
gives a surface exposure age of 10.08 ± 0.90 ka, based on
one surface sample. For comparison, the 10Be profile simulator
(Hidy et al., 2010) generates a most probable exposure age of
10.10 ± 1.90 ka, associated with an inheritance of 0.43 ±
0.39 × 104 atoms g�1 (Tables I and II). Two samples were col-
lected from the boulder: one at the top and one at the bottom.
The 10Be concentrations of these two samples are 21.37 ± 1.61
× 104 atoms g�1 and 11.45 ± 1.79 × 104 atoms g�1, for the top
and bottom. Based on only the top sample, the CRONUS-Earth
online calculator calculates an exposure age of 22.33 ±
1.89 ka. By contrast, assuming a pre-exposure history leading
to homogeneous inheritance before abandonment, the most
probable exposure age of the boulder using the Hidy simula-
tion is 11.20 ± 3.90 ka, associated with an inheritance of
11.16 ± 6.49 × 104 atoms g�1 (Table II).

Site 2 (VAU12-P2 and B2) is characterized by a granite boulder
of 8–9m3 lying on polished granite bedrock. Six samples were
collected from the bedrock drill core at 0 ± 2, 30 ± 2.5, 135 ±
2.5, 235 ± 2.5, 260 ± 2.5 and 285 ± 2.5cm depth, and three sam-
ples were collected from the erratic boulder at 0 ± 2, 92 ± 2.5 and
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180 ± 2.5cm depth. The 10Be concentrations in the bedrock pro-
file decrease exponentially from 15.55 ± 1.33 × 104 atoms g�1 (at
the surface) to 2.19 ± 0.57 × 104 atoms g�1 (at 285cm depth) and
the 10Be concentrations of the boulder range from 12.86 ± 1.37 ×
104 atoms g�1 at the surface to 3.43 ± 0.64 × 104 atoms g�1 at
180cm depth. The exposure ages for the polished bedrock and
the boulder, based only on the surface samples (with CRONUS-

Earth online calculator), are 16.41 ± 1.55ka and 13.68 ±
1.55ka, respectively. The 10Be depth profile simulation for the
bedrock yields a most probable exposure age of 15.70 ± 3.80ka
with an inheritance of 1.18 ± 0.87 × 104 atoms g�1. Additionally,
the most probable exposure age for the boulder, considering the
three samples over depth, is 11.00 ± 3.10ka with a homogeneous
inheritance of 3.17 ± 1.89 × 104 atoms g�1 (Table II).

Figure 3. Les Bossons site: sample locations and 10Be concentrations in erratic boulder (BOSS12_B1_01, BOSS12_B1_02 and BOSS12_B1_03) and
in polished bedrock (CRO12_P1_02 and CRO12_P1_04). (A) Position of the erratic boulder in 2011 on the Bossons Glacier. (B) Same erratic boulder
sampled in 2013 is no longer on the glacier but is on the bedrock. (C) Position of the glacier terminus of the Bossons in 2012 and positions of the two
samples of polished bedrock. The circle and triangle represent the 10Be concentrations in the polished bedrock and the erratic boulder, respectively.
The size of these symbols is dependent on the 10Be concentration. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 4. Vaudagne Site 1: sample locations and 10Be concentrations in the erratic boulder (VAU12_B1_06 and VAU12_B1_07) and in the polished
bedrock (VAU12_P1). (A) Polished bedrock (circles) and location of the core sampling. (B) Sampled erratic boulder (triangle) lying on the polished
bedrock. The circles and triangles illustrate the sampling positions, and their sizes are dependent on the 10Be concentrations of the samples. Results
from the Monte Carlo concentration–depth profile simulation of (C) polished bedrock and (D) boulder; 2σ profile solution spaces (red line), measured
10Be concentration samples with associated uncertainties (filled black circles and error bars). The input and output parameters of the concentration–
depth profile simulation are reported in Table II. [Colour figure can be viewed at wileyonlinelibrary.com]
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Arc valley

At Montsapey, one boulder of 1m diameter was sampled on its
surface and five samples were collected from a drilled bedrock

core at 0 ± 2, 31 ± 2.5, 52.5 ± 2.5, 91 ± 2.5 and 283 ± 2.5 cm
depth. The granite erratic boulder has a surface 10Be concentra-
tion of 14.24 ± 1.71 × 104 atoms g�1. The 10Be concentrations
of the polished schist bedrock decreased exponentially from

Figure 5. Vaudagne Site 2: sample locations and 10Be concentrations in erratic boulder (VAU12_B2_7 and VAU12_B2_09) and in polished surface
(VAU12_P2). (A) Polished bedrock with location of the core sampling and erratic boulder. (B) Sample locations of the erratic boulder. The circles and
triangles illustrate the sampling positions, and their sizes are dependent on the 10Be concentrations of the samples. Results from the Monte Carlo con-
centration–depth profile simulation of (C) polished bedrock and (D) boulder; 2σ profile solution spaces (red line), measured 10Be concentration sam-
ples with associated uncertainties (filled black circles and error bars). The input and output parameters of the concentration–depth profile simulation
are reported in Table II. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. Montsapey site: sample locations and 10Be concentrations in erratic boulder (MSAP12_B1_06) and polished surface (MSAP12_P1). (A)
Sampling of the polished bedrock using a drilling machine (model DK52, brand WEKA), equipped with a mining drill with a diameter of 90mm.
(B) Erratic boulder and the sample position. The circles and triangles illustrate the sampling positions, and their sizes are dependent on the 10Be con-
centrations of the samples. (C) Results from the Monte Carlo concentration–depth profile simulation of the polished bedrock; 2σ profile solution
spaces (red line), measured 10Be concentration samples with associated uncertainties (filled black circles and error bars). For comparison, we report
the surface 10Be concentration (dashed line) in the erratic boulder (white triangle). The input and output parameters of the concentration–depth profile
simulation are reported in Table II.
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12.04 ± 0.39 × 104 atoms g�1 at the surface to 0.92 ± 0.23 ×
104 atoms g�1 at 283 ± 2.5 cm deep (Figure 6). The calculation
of the apparent exposure ages (CRONUS-Earth calculation),
based only on the surface samples, yields 12.82 ± 0.64 ka
and 15.16 ± 1.85 ka, for the polished bedrock and the boulder,
respectively. Additionally, the Monte Carlo simulation using the
depth profile samples yields a most probable exposure age of
12.60 ± 0.90 ka, with a 10Be inheritance of 0.65 ± 0.53 × 104

atoms g�1 (Table II).
At Aussois, we sampled three erratic boulders, one gneiss

and two micaschists, and quartz veins in the very well-
preserved polished dolomitic bedrock. Each boulder was sam-
pled on its surface and one boulder was sampled both on the
surface and at the bottom. Four samples were collected from
the vertical bedrock profile at 0 ± 2, 110 ± 2.5, 170 ± 2.5
and 250 ± 2.5 cm deep. The bedrock has 10Be concentrations
ranging from 15.61 ± 2.28 × 104 to 0.89 ± 0.27 × 104 atoms
g�1 at 250 ± 2.5 cm deep (Figure 7 and Table I). The top sur-
faces of the three boulders show concentrations ranging from
20.47 ± 1.37 × 104 atoms g�1 (AUSS12_B2_06) to 18.73 ±
0.95 × 104 atoms g�1 (AUSS12_B3_07). The latter boulder
has a slightly lower concentration of 16.75 ± 0.78 × 104 atoms
g�1 at the bottom (AUSS12_B3_08, 32 cm from the top). Calcu-
lation of the apparent exposure ages based only on the surface
samples yields 11.52 ± 1.75 ka for the polished surface and be-
tween 13.8 ± 0.88 and 15.19 ± 1.10 ka for the boulders. By
considering the samples along the bedrock profile, the Monte
Carlo approach simulates a most probable exposure age of
11.70 ± 0.70 ka with a 10Be inheritance of 0.43 ± 0.27 × 104

atoms g�1 (Table II).

Discussion

Significance of age discrepancies

Our results indicate that the apparent exposure ages of the
glacial landforms in the Western French Alpine valleys (Arc
and Arve) may be significantly different from the real expo-
sure ages. Both polished bedrock and erratic boulders are af-
fected by this dating issue. Age discrepancies may be due to
multiple causes: (1) overestimated ages determined by local-
ized inefficient bedrock carving by the glacier (polished sur-
faces); (2) overestimated ages determined by significant
exposure during hillslope denudation and transport of glacial
sediments (erratic boulders); (3) underestimated ages caused
by ancient burials by sediments or snow.

The first case is well illustrated both by the present
polished bedrock of the Bossons glacier and by the older
polished bedrock at Vaudagne site 2. If the abrading action
of the glacier was efficient everywhere, we would have ob-
served negligible 10Be concentrations at the surface (Bossons)
or at depth (Vaudagne). In contrast, at both sites we found
significant 10Be concentrations of the order of 104 atoms
g�1 that constitute an inheritance accumulated before the last
glacial retreat. The accumulation of inheritance can be ex-
plained either by a low thickness of the glacier close to the
source, which was not strong enough to significantly erode
the bedrock, or by the lithology of the bedrock. The litho-
logic parameter seems relevant for the Vaudagne bedrocks,
since an inherited 10Be was found in granite (site 2) but not

Figure 7. Aussois site: sample locations and 10Be concentration in erratic boulders (AUSS12_B1, AUSS12_B2 and AUSS12_B3) and in polished sur-
face (AUSS12_P1). (A) Vertical cross-section of the sampling polished bedrock associated with depth locations of the samples. (B) Sample locations of
the three different erratic boulders (B1, B2, B3). The circles and triangles illustrate the sampling positions and their sizes are dependent on the 10Be
concentrations of the samples. (C) Results from the Monte Carlo concentration–depth profile simulation of the polished bedrock; 2σ profile solution
spaces (red line), measured 10Be concentration samples with associated uncertainties (filled black circles and error bars). For comparison, we report
the average surface 10Be concentration (dashed line) in the three erratic boulders (white triangle). The input and output parameters of the concentra-
tion–depth profile simulation are reported in Table II. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table II. Left: Parameter setups used during the Monte Carlo simulations for each site (10Be profile simulation 1.2; Hidy et al., 2010). Right:
Modelled exposure ages and inheritance results obtained from the Monte Carlo simulations. We used the mean, maximum and minimum values
mentioned in the text for the modelled exposure ages

Monte Carlo parameter setup Results Age (ka) Inheritance (104 at.g-1)

Vaudagne Site 1 - Bedrock

Shielding factor 0.985 mean 10.1 0.43
10Be reference production rate 3.93 at.g-1.a-1 median 10.2 0.43
Site production rate 9.45 at.g-1.a-1 mode 10.5 0.41
Total muonic production 0.25 at.g-1.a-1 min chi2 9.8 0.37
10Be inheritance range 0 - 10000 at.g-1 maximum 11.9 0.78
Chi2 cut off 5 minimum 8.1 0

Bayesian most probable 9.9 0.4
Bayesian 2-sigma upper 12.2 0.84
Bayesian 2-sigma lower 8 0.06

Vaudagne Site 1 - Erratic boulder
Monte Carlo parameter setup
Shielding factor 0.985 mean 11.2 11.16
10Be reference production rate 3.93 at.g-1.a-1 median 11.2 11.17
Site production rate 9.45 at.g-1.a-1 mode 11.2 11.03
Total muonic production 0.25 at.g-1.a-1 min chi2 12.1 11.3
10Be inheritance range 0 - 150000 at.g-1 maximum 16 13.13
Chi2 cut off 1 minimum 8.2 8.7

Bayesian most probable 11.2 11.3
Bayesian 2-sigma upper 15.4 14.32
Bayesian 2-sigma lower 6.2 7.73

Vaudagne Site 2 - Bedrock
Shielding factor 0.985 mean 15.7 1.18
10Be reference production rate 3.93 at.g-1.a-1 median 15.5 1.18
Site production rate 9.36 at.g-1.a-1 mode 14.6 1.18
Total muonic production 0.25 at.g-1.a-1 min chi2 15.8 1.24
10Be inheritance range 0 - 35000 at.g-1 maximum 20 1.74
Chi2 cut off 5 minimum 12.3 0.65

Bayesian most probable 14.9 1.2
Bayesian 2-sigma upper 19.3 1.75
Bayesian 2-sigma lower 11.8 0.51

Vaudagne Site 2 - Erratic boulder
Shielding factor 0.985 mean 11 3.17
10Be reference production rate 3.93 at.g-1.a-1 median 10.9 3.16
Site production rate 9.36 at.g-1.a-1 mode 11 3.22
Total muonic production 0.25 at.g-1.a-1 min chi2 11.2 3.24
10Be inheritance range 0 - 50000 at.g-1 maximum 15 3.78
Chi2 cut off 1 minimum 8.9 2.56

Bayesian most probable 10.8 3.08
Bayesian 2-sigma upper 14.2 4.18
Bayesian 2-sigma lower 7.4 1.74

Montsapey - Bedrock
Shielding factor 0.993 mean 12.6 0.65
10Be reference production rate 3.93 at.g-1.a-1 median 12.6 0.66
Site production rate 9.25 at.g-1.a-1 mode 12.8 0.76
Total muonic production 0.25 at.g-1.a-1 min chi2 12.6 0.55
10Be inheritance range 0 - 15000 at.g-1 maximum 13.5 1.07
Chi2 cut off 5 minimum 11.6 0.11

Bayesian most probable 12.7 0.75
Bayesian 2-sigma upper 13.9 1.3
Bayesian 2-sigma lower 11.2 0.09

Aussois - Bedrock
Shielding factor 0.993 mean 11.7 0.43
10Be reference production rate 3.93 at.g-1.a-1 median 11.7 0.43
Site production rate 13.24 at.g-1.a-1 mode 11.7 0.46
Total muonic production 0.29 at.g-1.a-1 min chi2 11.6 0.39
10Be inheritance range 0 - 10000 at.g-1 maximum 12.3 0.54
Chi2 cut off 5 minimum 11 0.28

Bayesian most probable 11.8 0.57
Bayesian 2-sigma upper 15 0.96
Bayesian 2-sigma lower 8.7 0.07
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in the weaker schists (site 1). The inherited component in the
granite may lead to an overestimation of the actual exposure
age of ~8%.
The second case applies to the large majority of the erratic

boulders studied. The boulders sampled on their tops have
higher 10Be concentrations than the associated polished sur-
faces in six of seven cases (Bossons, Vaudagne site 1,
Montsapey, Aussois). At Bossons, three samples from the same
boulder have three different 10Be concentrations that are con-
sistent with the heterogeneous weathering states of the boulder
faces but are uncorrelated with their present positions with re-
spect to cosmic rays. At Aussois, the three boulders have differ-
ent 10Be concentrations that are uncorrelated with their sizes.
The boulders sampled at different depths at Vaudagne and
Aussois have 10Be concentration distributions that are consis-
tent with their upside-down exposures before abandonment.
In particular, if the inheritance of the erratic boulder from site
1 in Vaudagne is neglected, the real exposure age would have
been overestimated by up to 80%. Multiple exposure histories
have also been recognized for crystalline erratic boulders
above a well-preserved moraine in the Jura Mountains (Graf
et al., 2015). These results confirm that, as in fluvial contexts
(Schmidt et al., 2011; Vassallo et al., 2011), the cosmogenic ex-
posure of glacial sediments during hillslope denudation may
not be negligible (Heimsath and McGlynn, 2008; Ward and
Anderson, 2011). Sampling large boulders minimizes the possi-
bility of post-depositional burial, but no relationships can be
found between boulder sizes and the inherited component, as
was also observed by Heyman et al. (2016). The presence of
inherited 10Be might be tested by core sampling through large
boulders or at least by top and bottom sampling. Otherwise, a
straightforward use of the 10Be concentrations of erratic boul-
ders to date glacial retreats may yield overestimated ages.
The third case (burial) is also possible but is more difficult to

demonstrate. This should not be the case at Aussois, because of
the exceptional high quality of preservation of its glacial and
human record that strongly suggests no denudation or burying
since the ice retreated. It is difficult to prove this at Montsapey,
where the discrepancies in 10Be concentrations between the
polished bedrock and the associated erratic boulder might be
derived from both burial of the bedrock and the inheritance
of the boulder. We may invoke this at Vaudagne, where, regard-
less of the inheritance differences, the bedrock profile of site 1
has a significantly lower 10Be concentration than the bedrock
profile of site 2.

How to use 10Be concentrations on polished
bedrock and erratic boulders

Our strategy of paired sampling of polished bedrock and over-
lying erratic boulders highlights the pre-abandonment and
post-abandonment exposure histories at given sites. The main
implication of this study is that simple sampling on the tops of
erratic boulders or on the surfaces of polished bedrock is often
insufficient to correctly date glacial retreats. However, we are
aware that finding both of these landforms at the same site is
rare and that this strategy cannot be applied in most cases. Nev-
ertheless, our results provide some recommendations, which
should be necessary for future studies when using 10Be concen-
trations, depending on the geomorphic context and on the gla-
cial landforms.
Sampling of erratic boulders on the top and bottom sides,

and possibly via cores, is crucial to estimate or at least detect
inherited 10Be accumulated during exhumation and transport.
At one site, the age overestimation when neglecting boulder

inheritance reaches ~10 000 years (approximately 80% greater
than the true age). If boulders are large enough (>2m), they are
unlikely to be buried significantly by temporary sediments or
snow, and exposure ages are likely to be close to the true
age. Therefore, in the absence of depth profile samples, the ap-
parent boulder ages should always be considered as the maxi-
mum post-abandonment exposure ages.

Polished bedrocks have a double ambiguity in terms of
dating. On one hand, they may have an inheritance deter-
mined by inefficient local carving by the glacier. On the
other hand, as they are topographically lower than boulders,
they might be buried more easily by temporary sediments or
by thicker snow cover. The application of depth profile sam-
pling can be used to discriminate potential inheritance. How-
ever, without any geomorphic evidence and the ratio with
another cosmogenic nuclide (e.g. 10Be/26Al), it is very diffi-
cult to verify the burial hypothesis. For polished bedrocks ex-
posed over thousands of years, double 14C/10Be in situ dating
can be applied to better understand the burial history
(Goehring et al., 2013). Additionally, a new approach based
on the coupling of OSL and 10Be dating has been used to es-
timate the temporal and spatial variability of the post-glacial
bedrock erosion rates (Lehmann et al., 2019). Therefore,
when using a single TCN to date polished bedrock: (1) the
inheritance should be deduced from a depth profile; (2) the
calculated exposure age should be considered as the mini-
mum post-abandonment exposure age.

Conclusions

Paired sampling of depth profiles in polished bedrock and in
the overlying erratic boulder in the northwestern French Alps
highlights the differences in the 10Be cosmogenic exposure re-
cord for these two glacial landforms, commonly used for ice re-
treat dating. Therefore, the measured concentrations of these
targets should be used with caution to estimate rock abandon-
ment ages by glaciers. In our study, the 10Be concentrations of
erratic boulders are systematically equal to or higher than those
contained in the polished surfaces. This difference may be due
to pre-abandonment inheritance in the erratic boulders and/or
to temporary burial of the bedrock by moraine sediments or
by thicker snow cover. In the absence of complementary data,
erratic boulder ages should be interpreted as maximum ages
and the polished surface ages as minimum ages. Additionally,
both present and past polished glacial bedrocks show that in-
heritance could occur in bedrock as a consequence of ineffi-
cient ice abrasion, which is unable to locally reset the 10Be
chronometer. The depth profiles in polished bedrocks and in er-
ratic boulders are essential to detect and quantify 10Be
inheritance.
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