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The 60 × 106m3 Séchilienne landslide (BelledonneMassif,Western Alps) is located on the right bank of the East-
West trending Romanche valleywhich is shaped by glacial and alluvial processes during the Quaternary. Its head
scarp (N35mhigh)was dated by LeRoux et al. (2009) using the cosmic ray exposure (CRE)method. Even though
these previous results revealed that the initiation of the instability occurred several thousand years after ice
down-wastage in the valley, the internal landslide evolution is not constrained. In this paper, we provide 63 ad-
ditional 10Be samples collected from the internal scarps and the main scarp, as well as on glacially polished rock
surfaces. The aim is to constrain the global landslide kinematics (internal and head scarps) and its relationship
with glacier retreat. Results from glacially polished surfaces point out that complex shielding processes (relict
moraines, soil deposits and seasonal snow cover) might have affected rock dating. Despite scattering of the
resulting ages, the dataset shows that the glacial retreatwas achieved between 17.5 and 13 ka. Exposure ages ob-
tained on gravitational scarps reveal that the landslide initiation occurred 8 to 6 ka ago. From the initiation until
2 ka the gravitational kinematicswas slow (~2mm·year−1) and focused around the head scarp, leading to a gen-
eral slope subsidence. After 2 ka, the exposure rates increased significantly (~8 mm·year−1) with the develop-
ment of pervasive internal deformation of the landslide mass. This new scenario for the Séchilienne slope
reflects a progressive rock-slopeweakening since 8 ka, associatedwith a continuous activity of a deep-seated sur-
face failure.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The morphology of Alpine valley has been strongly influenced by
glaciations that have probably been the most important erosional
mechanism affecting glaciated mountain belts over the Quaternary
(Montgomery, 2002 and references therein). The influence of glacial
erosion on the landscape is expressed by typical features such as U-
shaped and overdeepened valleys, hanging valleys, stepped profiles,
polished and striated surfaces and grooves, associated with the deposi-
tion of moraines (Kelly et al., 2004; Anderson and Anderson, 2012). Nu-
merous erosion models have been developed to explain how ice is able
to shape relief, both on longitudinal and transverse valley profiles
(Harbor, 1992; Augustinus, 1995; McGregor et al., 2000; Anderson
et al., 2006, Herman and Braun, 2008). In particular, Harbor (1992 and
1995) simulated the evolution of a transverse valley profile during
steady occupation by a glacier, showing that the valley propagates
vertically as a U-shape form with lateral steepened rock-slopes.
es.fr (S. Schwartz).
Numerous studies of longitudinal profiles of glaciated valleys have
shown the presence of steps that usually coincide with coalescence of
headwater valleys, tributary junctions or variations in rock resistance
(McGregor et al., 2000; Anderson et al., 2006). Glacial erosion and the
resulting landscape are strongly controlled by the bedrock hardness
and strength, as well as by the fracturing processes (Dunforth et al.,
2010, Krabbendam and Glasser, 2011; Salcher et al., 2014).

Deglaciation in the Alps left many slopes oversteepened, which have
been subsequently affected by large rock-slope instabilities (Erismann
and Abele, 2001). Rock-slope failure in deglaciated mountain areas is
mostly triggered by the lateral stress release resulting from ice melting
(debutressing) (among others, Cruden and Hu, 1993; Blair, 1994; Evans
and Clague, 1994; Holm et al., 2004; Cossart et al., 2008). However, the
initiation of large-scale landslides in the Alps has also been associated
with other factors like earthquakes, subsequent climatic changes, tec-
tonic stresses, uplift rate and river and bedrock erosion
(e.g., Ballantyne, 2002; Seijmonsbergen et al., 2005; Cossart et al.,
2008; Hormes et al., 2008; Le Roux et al., 2009; Sanchez et al., 2009,
Zerathe et al., 2014). Identifying themajor cause responsible for trigger-
ing rock-slope instability remains a strongly debated question (Korup,
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2008; Zerathe et al., 2014) and the timing of events is a key issue to bet-
ter understand the most important mechanism(s) driving instabilities
in a post-glacial period.

In the last decade, CRE (Cosmic Ray Exposure) dating has been in-
creasingly and extensively used for assessing the timing of large rock-
slope failures in the Alps (Ivy-Ochs et al., 1998; Bigot-Cormier et al.,
2005; Hippolyte et al., 2006; Hormes et al., 2008, Le Roux et al., 2009;
Ivy-Ochs et al., 2009; Delunel et al., 2010a; Ostermann et al., 2012;
among others). The same technique was also applied to constrain the
timing of the last deglaciation by dating late glacial moraine deposits
and glacially polished bedrock surfaces (e.g. Darnault et al., 2012),
allowing the chronology of both valley deglaciation and rock-slope in-
stability to be established at specific sites (Bigot-Cormier et al., 2005;
Cossart et al., 2008; Hormes et al., 2008; Ivy-Ochs et al., 2009; Prager
et al., 2009, Le Roux et al., 2009; Martin et al., 2014). Major findings
are that the last glacial retreat occurred simultaneously across the Alps
(Darnault et al., 2012) and that some large landslideswere not triggered
during deglaciation but after a delay of several thousand years after the
valley is ice-free (Le Roux et al., 2009;McColl, 2012). A recent synthesis
of the failure-age chronicles obtained for the large-scale landslides
throughout the Alps (Zerathe et al., 2014) identified two main
periods of landslide activity, from 11 to 8 ka (Pre-Boreal and Boreal
periods) and from 5 to 3 ka (Subboreal period). The authors related
the first activity period (11 to 8 ka) to two alpine-glacier recession
phases at 10.9 ± 1.1 ka (end of the Younger Dryas period) and
8.4 ± 0.9 ka (beginning of the Holocene climatic optimum)
(Darnault et al., 2012). They proposed that the isostatic rebound fol-
lowing the glacial retreat is the main triggering factor. However,
during those two periods, the lower elevation valleys were totally
deglaciated, as shown by Le Roux et al. (2009) and Martin et al.
(2014), and have then been unaffected by the subsequent glacial
retreats, which occurred at higher elevations. Indeed, even for higher
elevations, the documented cases (McColl, 2012) indicate that most
large post-glacial failures have typically occurred some thousands of
years after ice retreat (Hormes et al., 2008; Ivy-Ochs et al., 2009,
Prager et al., 2009; Le Roux et al., 2009; Martin et al., 2014). Three
main reasons have been generally used to explain this delay (McColl,
2012): the time lag between local slope stress-redistribution and the
development of sheeting joints, the lag between regional glacio-
isostatic rebound and a potential period of enhanced seismicity,
and the effect of climatic factors, such as warmer temperatures and
increased rainfall which were more significant in the middle and
early Holocene (Le Roux et al., 2009; Zerathe et al., 2014). Recently,
Lebrouc et al. (2013) also proposed that the persistence of perma-
frost could have played a role in delaying instability initiation.
Modeling the thermal response of the Séchilienne slope (Romanche
valley, Western Alps) during the last 21,000 years, they suggested
that the permafrost probably vanished around 10 to 11 ka, at least
3000 to 4000 years after the total ice down-wastage in the valley.

Most of the CRE studies on large landslides were focused on the dat-
ing of head scarps, sliding planes or blocks resulting from a rock ava-
lanche process (see Zerathe et al., 2014 and the references herein). To
our knowledge, no attempt has been made so far to date the internal
scarps of a landslide in order to obtain its kinematics. This paper pre-
sents a comprehensive study to constrain the chronology of the large
Séchilienne landslide (Western Alps) that affects the right slope of the
Romanche valley between 450 m and 1140 m a.s.l. and its relation
with the Romanche glacier retreat.

The head scarp and a fewpolished rock surfaces located in the upper
part of the landslide were already locally dated from 23 samples (Le
Roux et al., 2009). Application of the CRE method along the 35 m high
head scarp yielded an initiation of the rock-slope failure at 6.4 ± 1.4
10Be ka and a continuous rock-slope failure activity with a mean head
scarp exposure rate of 0.6 cm·year−1. Glacier retreat at ~1100 m a.s.l.
was estimated at 16.6± 0.6 10Be ka, with total deglaciation of the valley
achieved by at least 13.3 ka. This chronological constraint was obtained
from the Tinée valley located 130 km South-East from the Romanche
Valley (Bigot-Cormier et al., 2005).

In this study, we sampled rock outcrops within the landslide, at an
elevation between 840 and 1140 m a.s.l. with a four-fold objectives:
(1) to confirm the timing of the triggering of the failure over the head
scarp length, including the main lateral scarp, (2) to assess the vertical
glacial retreat rate in the Romanche valley from dating of polished and
striated rock surfaces at lower elevations, (3) to date internal scarps of
different sizes and types (valley facing and counter scarps) in order to
assess their origin (glacial erosion or gravitational movement) and
(4) to get some insight in the landslide kinematics. A total of 63 samples
were taken in the upper part of the landslide. In contrast with themajor
near-vertical head scarp studied by Le Roux et al. (2009), internal scarps
were frequently affected by rockfalls, rejuvenating the outcrops and lo-
cally providing young ages. The glacially polished outcrops in the land-
slide often exhibit awide range of 10Be concentrations, with unexpected
low values that suggest that some outcrops have been temporary cov-
ered by deposits and subsequently exposed after their erosion. Expo-
sure of rocks to cosmic rays on the Séchilienne slope is influenced by
multiple processes including the glacial retreat, the erosion of till de-
posits, the local fall of blocks and gravitational movements. The analysis
of this large dataset allows to assess the influence of the different phe-
nomena and to constrain the kinematics of the Séchilienne slope since
the Last Glacial Maximum (LGM) around 21 ka (Clarke et al., 2009).

2. Geological setting and dynamics of the landslide

The Séchilienne landslide is located in the southern part of the
Belledonne massif (Western Alps) along the East-West trending
Romanche valley at 20 km South-East of Grenoble City (Fig. 1). This mas-
sif, which extends overmore 120 km in a N30 directionwith amaximum
elevation of 3000m a.s.l., is one of the Paleozoic External CrystallineMas-
sifs of the FrenchWestern Alps. It is a part of the Variscan orogen that has
been overprinted by Alpine shortening and uplift (Guillot et al., 2009).
The Paleozoic basement consists of a complex of different metamorphic
rocks including gneisses, amphibolites and micaschists unconformably
overlain by Mesozoic carbonate sediments and Quaternary deposits
(Fig. 1). The incision of theRomanche valley results fromalternate activity
of water and ice during a succession of Quaternary glaciations including
the LGMwhen the Romanche valleywas coveredwith ice up to an eleva-
tion of 1200 m a.s.l. (Montjuvent andWinistörfer, 1980).

The present-day landform of the lower Romanche valley shows an
important glacial imprint (van der Beek and Bourbon, 2008; Delunel
et al., 2010b; Le Roux et al., 2010) such as steep slopes dipping 35° to
40°, overdeepened troughs and glacial deposits. These morphological
characteristics suggest a temperate thermal regime for the glacier dur-
ing the LGM (Lebrouc et al., 2013). Moreover, the right side of the
Romanche valley is overlooked by a glacial plateau (Mont Sec plateau
in Fig. 1) at an elevation higher than 1100 m a.s.l., showing stoss-and-
lee surfaces locally covered by peat bogs and moraines. The orientation
of grooves and striae is consistent with a North-South trending ice flow
on the Mont Sec Plateau (Fig. 2). Along the glacial slope, at an elevation
lower than 1000 m, rare flow directions are parallel to the Romanche
valley direction. The metamorphic rocks in the landslide are affected
by three main sets of near-vertical fractures oriented N20, N70 and
N110 to N120 (Lebrouc et al., 2013). The N20 fractures are near-
parallel to the major late Paleozoic vertical fault so-called the
Belledonne Middle Fault (BMF) and their orientation fits the main foli-
ation plane measured in the micaschists over the slope. The N70 and
N110–120 fracture sets correspond to a major regional fracturing net-
work evidenced on both sides of the BMF, in the micaschists and the
amphibolites, and is probably inherited from the regional Hercynian
and Alpine tectonic framework (Le Roux et al., 2010). In addition, a
dense set of N75-oriented short fractures dipping 40–50°S, near parallel
to the slope, is observed from the slope surface down to 100m depth of
the Séchilienne landslide (Bièvre et al., 2012).



Fig. 1. Location map of the Séchilienne landslide in the Romanche valley. The location of Fig. 2 is indicated.
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The Séchilienne landslide has been the subject tomultiple investiga-
tion campaigns and was monitored for thirty years (Evrard et al., 1990;
Vengeon et al., 1999; Guglielmi et al., 2002; Duranthon et al., 2003;
Helmstetter and Garambois, 2010; Le Roux et al., 2011; Cappa et al.,
2014). The volume affected by the landslide was estimated to
50–60 × 106 m3 with a maximum destabilization depth of about
150 m (Le Roux et al., 2011). The global destabilized mass displays me-
dium activity with slow displacement rates (N 2 cm·year−1), while,
lower in the slope, a frontal mass (The Ruines area in Fig. 2), with a vol-
ume of about 3 × 106 m3, exhibits high velocity reaching amaximum of
100 cm·year−1 and generates frequent rockfalls, as indicated by the
large screen at the base of slope (Fig. 2).

3. Main morphological features

The Séchilienne slope dominates the right bank of the Romanche
valley. Three distinct morphological zones can be distinguished from
North to South (Figs. 2 and 3a): the near-horizontal preserved glacial
plateau, the depleted part of the plateau affected by the landslide and
the steeper glacial slopemainly destabilized by recent rockfalls. Thepre-
served glacial plateau (Mont Sec Plateau in Figs. 2 and 3) with an eleva-
tion of 1140m a.s.l. showsNorth-South elongated depressions carved in
micaschist lithology (Figs. 2 and 3a). The rock surfaces are polished,
reflecting the erosive activity of the glacier during the last glacial maxi-
mum (Fig. 3b), and they locally exhibit meter-long glacial striae rem-
nants indicating a southward direction of the ice flow (Fig. 3c). The
longest depressions (N50 m) are infilled by peat bog (Fig. 3b) with a
maximum thickness of about 10m (Legchenko et al., 2011). The plateau
is locally covered by moraine deposits of variable thickness, which are
mostly preserved in small topographic depressions. These deposits are
made of centimeter-sized rounded clasts of amphibolite and gneiss in
a fine-grained matrix. The preserved plateau is delineated to the South
by the main landslide scarp (head scarp) of over 1000 m in length,
reaching a maximum height of 40 m (Figs. 2, 3a and d). Below this
head scarp, the second morphological zone is a gentle slope area situat-
ed at an elevation between 1120 and 1000 m a.s.l. This zone, which is



Fig. 2. Geomorphological map of the Séchilienne slope. The study area is subdivided in three main zones with strong glacial imprints: the Mont Sec Plateau, the depleted plateau and the
glacial slope (see text for details). The zones of active cliffs are shown in yellow. The location of Fig. 4 is indicated. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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interpreted as the depleted glacial plateau, exhibits a series of depres-
sions delineated by a succession of valley facing scarps and counter
scarps reaching 5 to N10 m high (Figs. 2, 3a). These structures are ori-
ented N20 and N110 and follow major inherited fracture directions
(Fig. 2; Le Roux et al., 2010). The upper near-horizontal surfaces locally
exhibit N/S to NE/SWoriented glacial striae (Fig. 3e), in linewith the ice
flow direction observed on the preserved Mont Sec Plateau. These gla-
cial imprint features are often covered by moraine deposits with a
thickness of a few meters. The lower part of the landslide exhibits
steep (N 35°) convex slopes underlined by a succession of several hun-
dred meters long cliffs of several tens of meters in height and oriented
N60°E to N70°E. This feature is interpreted as the lateral steepened
rock-slopes of a typical U-shape valley (glacial slope). The cliffs are af-
fected by numerous rockfalls with the development of detrital cones
at the bottom (Fig. 3g). Despite this rockfall activity, relics of near-
vertical glacially polished surfaces are visible in the slope (Fig. 3f),
with the presence of horizontal grooves of several tens of meters in
length and rarely near-horizontal striae. In this zone, the grooves and
striae indicate an ice flow direction parallel to the Romanche valley
(N70) (Fig. 1), which is different from the ice flow orientation observed
on the glacial plateau. These glacial features have been interpreted as a
result of the action of the glaciers of the Isére and Romanche valleys,
flowing southward and nearly westward, respectively (Montjuvent
and Winistörfer, 1980). This lower part of the landslide is interpreted
as an accumulation zone (Vengeon et al., 1999).
In summary, the Séchilienne slope shows prominent glacial mor-
phological imprint. Numerous morphological witnesses inherited from
the last glacial phase have been preserved on the Mont Sec Plateau
and in the slope. After the deglaciation, the slope has been affected by
major gravitational movements and rockfall activity in areas with
strong topographic gradients. In an attempt to date both the icemelting
event and the gravitational destabilization, we have sampled quartz on
(1) near-horizontal glacially polished surfaces on the Mont Sec Plateau
(depleted zone), (2) polished surfaces in the steep glacial slope,
(3) the main landslide scarp and (4) the internal gravitational scarps.
4. In-situ 10Be dating

Cosmic Ray Exposure (CRE) is a geochronological dating method
that is based on the accumulation of Terrestrial Cosmogenic Nuclides
(TCNs, such as 36Cl, 10Be, or 26Al) in superficial rocks. TCNs are produced
withinmineral lattice through nuclear reactions between the nucleus of
the elements that form the minerals and the incident secondary cosmic
ray particles derived from the high-energy galactic cosmic radiation
(see a review in Gosse and Phillips, 2001). Because the production
rate of these in situ TCNs decreases exponentially with depth (Lal,
1991), their concentrations are directly related to the near-surface ex-
posure history of the analyzed samples and allow determining the ex-
posure ages of the sampled surfaces. In this paper, the dominant



Fig. 3.Mainmorphological features of the Séchilienne slope. (a) Topographic profile of the Séchilienne slopewith the threemainmorphological zones and the location of the photographic
views. (b) Glacially polished surface surrounding a peat bog in the preserved Mont Sec Plateau. (c) Example of near-horizontal glacial surface with preserved glacial striae indicating a
southward motion (Mont Sec Plateau). (d) View of the head scarp. (e) Succession of counter scarps in the depleted glacial plateau. The upper part of the scarp corresponds to the
preservation of glacially polished surface. (f) Example of internal valley facing scarp affecting the depleted glacial plateau. (g) Recent rockfall deposits in the footwall of a major cliff.
(h) Near-vertical glacially surface with preserved near-horizontal glacial grooves oriented parallel to the Romanche valley (ENE/WSW).
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endogenous lithology of the bedrock favored the use of the in-situ pro-
duced 10Be cosmogenic nuclide within quartz.

4.1. Sampling strategy

Samples for CRE dating were collected from micaschist outcrops
hosting quartz veins. Sampling locations are given in Fig. 4 and the char-
acteristics of the sampled surfaces are provided in Table 1. Two types of
rock surface were sampled: (1) near-vertical scarps of gravitational or-
igin (S1 to S13) and (2) glacially polished surfaces (P14 to P20)
(Table 1). In total, 63 quartz-rich samples were collected in order to ob-
tain chronological constrain by CRE dating. This study also takes into ac-
count the 23 data presented in Le Roux et al. (2009), marked with an
asterisk in Table 1 (S1 to S3, P3, P16 and P17). For consistency, the
corresponding ageswere recalculated using themost recent parameters
(Heyman, 2014). The new gravitational sampled surfaces (Fig. 4) in-
clude 10 scarps (S4 to S14). In total, we analyse 6 profiles along the
main scarp (S1, S2, S3, S4, S5 and S9) and 7 internal scarps of low height
(b10 m) including 3 valley facing scarps (S10, S11, S12) and 4 counter
scarps (S6, S7, S8, S13). All these scarps exhibit steep slope over 70°.
The newly sampled glacially polished surfaces (Fig. 4) include 12 flat
polished surfaces (P4, P6 to P13, P18, P19 and P20) located at the top
of the scarps and 2 vertical profiles along steep (62° and 65°) polished
surfaces (P14 and P15). The number of samples per surface varies be-
tween 1 and 11, depending on the profile height and the surface type.

All sampled surfaces are located at an elevation ranging from 840 to
1140 m a.s.l. Most of the cliffs located below the depleted zone are
strongly affected by rockfalls, making it difficult to date their exposure.



Fig. 4. Digital Model Elevation of the upper part of the Séchilienne slope (between 800 m and 1140 m in elevation). The location of the sampled surfaces is indicated with circles.
Gravitational scarps are labeled S1 to S13, while polished glacial surfaces are labeled P14 to P20. The circle color indicates additional information on the surface type (gravitational or
glacial) and on the dip orientation (for the internal scarps). Some gravitational scarps exhibit glacially polished surfaces at their top (half circle in blue). Most glacial surfaces are flat,
except P14 and P15 that are located in the glacial slope. The depleted plateau is highlighted in blue. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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For both surface types (gravitational and glacial), outcrops showing
signs of significant and recent blockfall activity were discarded. Howev-
er, numerous near-vertical sampled surfaces (8 over 15, see Table 1)
show surface morphologies with local roughness, which might be
caused by blockfalls. This issue will be discussed further in Section 6.

4.2. Nuclide extraction and age calculation

Beryllium-10 (10Be) targets were prepared at the LN2C (Laboratoire
National desNucléides Cosmogéniques, CEREGE, France) followingproce-
dures adapted fromBrown et al. (1991) andMerchel andHerpers (1999).
Crushed rocks were sieved at 200–500 μm and the magnetic grains were
separated using amagnetic Frantz separator. Pure quartzwas obtained by
repeated H2SiF6-HCl etching and then atmospheric 10Be was removed by
three sequential dissolutions (each eliminating 10% of the weight) with
diluted HF. After addition of 100 μl of an in-house 3.10−3 g/g 9Be carrier
solution prepared from deep-mined phenakite (Chmeleff et al., 2010),
residual grains were dissolved in 48% HF excess solution. After complete
evaporation of the HF, the remaining solutions were purified and berylli-
um was separated using anion and cation exchange columns. The final
precipitate was dried and heated at 900 °C to obtain BeO.

Measurements were carried out at the French National AMS facility
(Arnold et al., 2013, ASTER, CEREGE, Aix-en-Provence). The 10Be/9Be ra-
tios were calibrated against NIST Standard Reference Material 4325
with an assigned 10Be/9Be ratio of 2.79 × 10−11 (Nishiizumi et al.,
2007) and a 10Be half-life of 1.387 ± 0.012 106 years (Korschinek
et al., 2009; Chmeleff et al., 2010).

Ageswere calculated using the online Cronus calculator (Balco et al.,
2008), considering no erosion rate and a mean rock density of 2.7. The
ages have been computed using the scaling scheme of Lal (1991) mod-
ified by Stone (2000) and taking into account the effect of paleomagnet-
ic variations (see Balco et al., 2008 for details). The topographic
shielding was estimated according to Dunne et al. (1999). We used a
global averaged time-dependent SLHL 10Be production rate of 3.94 ±
0.20 at·g−1·year−1 recently compiled by Heyman (2014) on the basis
on 20 site production rates. All calculated 10Be ages are minimum expo-
sure ages.

Analytical uncertainties, involving AMS external error (0.5%), stan-
dard reproducibility (Arnold et al., 2013) and chemical blank measure-
ments (10Be/9Beblank = 2.46 ± 0.74 × 10−15) have subsequently been
propagated through the parameter simulations and are reported within
the uncertainties of the resulting exposure ages. All data are presented
in Table 2, following the recommendations made by Dunai and Stuart
(2009).

4.3. Role of inheritance

A key property of the CRE dating tool is the exponential decrease of
the cosmogenic nuclide production rate as a function of depth (Lal,
1991). Within a rock-medium of density of ~2.7, the production rate is
known to be reduced to 50%, 20% and b5% of the surface production, at
0.5 m, 1 m and 2m depth, respectively (applying equations and parame-
ters provided in Zerathe et al., 2013 and references therein). This strong
attenuation makes the CRE dating a particularly useful and efficient tool
to date the exhumation of a large set of geomorphological features, as
well as the timing of their recent evolution. Despite the rapid decrease
of the production rate below the earth-surface (neutronic component)
some specific particles (especiallymuons), characterized by higher atten-
uation length, produce a non-negligible accumulation of TCNs at depth as
great as 20m (Braucher et al., 2011). This accumulation of TCNs at depth,
prior to the direct-exposure of the studied surface, is called inheritance. In
some specific geomorphic configurations (i.e. shallow buried faults or
landslide scarps), recent studies (Zerathe et al., 2013, 2014) have shown
that the inheritance component may represent a non-negligible



Table 1
Morphological characteristics of the sampled surfaces and number of samples. S: Gravitational scarp; P: Glacially polished surface. Glacially polished surfaces with the same number (e.g.
P13) as gravitational surfaces are located at the top pf the scarp (e.g. S13). Counter scarps are facing North while the valley facing scarps are dipping to the South. The data from Le Roux
et al. (2009) are marked with an asterisk (S1 to S3, P3, P16 and P17).

Sampled surface X(m)a Y(m)a Elevation
(m a.s.l.)

Geomorphological zone Mean slope dip (°) Slope facing Surface roughness Height (m) Number of samples

Gravitational surface
S2* 720,730 4,994,255 1128.0 Main scarp 90 Valley facing rough 28.0 4
S3* 720,495 4,994,160 1071.0 Main scarp 78 Valley facing rough 26.5 5
S4 721,028 4,996,286 868.2 Main scarp 75 Valley facing smooth 30.5 10
S5 720,271 4,994,113 1034.3 Main scarp 76 Valley facing smooth 8.0 4
S6 720,743 4,994,190 1114.0 Depleted plateau 82 Counter scarp rough 8.5 5
S7 720,727 4,994,179 1118.0 Depleted plateau 73 Counter scarp smooth 8.0 5
S8 720,725 4,994,178 1120.2 Depleted plateau 78 Counter scarp smooth 6.5 4
S9 720,820 4,994,131 1119.6 Main scarp 80 Valley facing rough 14.0 5
S10 720,771 4,994,083 1081.9 Depleted plateau 73 Valley facing rough 9.5 5
S11 720,783 4,994,109 1105.2 Depleted plateau 77 Valley facing rough 6.4 3
S12 720,788 4,994,151 1111.6 Depleted plateau 72 Valley facing rough 8.0 3

Glacially polished surface
P3* 720,490 4,994,160 1080.0 Main scarp 0 – smooth 0 1
P4 721,040 4,996,281 873.1 Main scarp 0 – smooth 0 1
P6 720,743 4,994,190 1115.0 Depleted plateau 0 – smooth 0 1
P7 720,727 4,994,179 1120.0 Depleted plateau 0 – smooth 0 1
P8 720,725 4,994,178 1122.0 Depleted plateau 0 – smooth 0 1
P9 720,820 4,994,131 1120.0 Main scarp 0 – smooth 0 1
P10 720,771 4,994,083 1084.0 Depleted plateau 0 – smooth 0 1
P11 720,783 4,994,109 1108.0 Depleted plateau 0 – smooth 0 1
P12 720,788 4,994,151 1115.0 Depleted plateau 0 – smooth 0 1
P13 720,769 4,994,176 1112.0 Depleted plateau 0 – smooth 0 1
P14 720,620 4,993,807 953.0 Glacial slope 62 Valley facing rough 29.5 8
P15 720,423 4,993,795 958.0 Glacial slope 65 Valley facing smooth 35.5 3
P16* 720,720 4,994,560 1120.0 Preserved plateau 0 – smooth 0 2
P17* 720,725 4,994,175 1121.0 Depleted plateau 0 – smooth 0 1
P18 720,277 4,990,920 1023.0 Depleted plateau 0 – smooth 0 1
P19 720,256 4,990,840 1015.0 Depleted plateau 0 – smooth 0 1
P20 720,768 4,994,151 1117.0 Depleted plateau 0 – smooth 0 1

a Location in WGS84 - UTM31N.
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percentage of the measured cosmogenic nuclide concentration. Thus,
neglecting this parameter for the age calculation may lead to
overestimated apparent ages and incorrect conclusions.

In the case of the Séchilienne landslide, an inherited cosmogenic nu-
clide component might be inferred in the upper part of sampled scarps,
due to their shallow burying and their low height, respectively
(Table 1). Unfortunately, the online CRONUS calculator still does not
permit to take this parameter into account. Hence, we theoretically cal-
culated the 10Be concentration that would have been inherited along a
synthetic scarp, using the classical equation and Lal (1991) parameters
provided in Zerathe et al. (2013). The calculation was done following
a realistic scenario of pre-exposure duration in the studied area, based
on constrains from previously published work on the Séchilienne land-
slide (Le Roux et al., 2009). This scenario includes the following hypoth-
eses of: (1) a rock-medium free of any inheritance before the local
glacier retreat; (2) a pre-exposure duration of 10 ka taking into account
a glacier retreat at 16 ka and a landslide activation at 6 ka. An uncertain-
ty of ±4 ka on the pre-exposure duration; (3) a mean 10Be surface-
production rate scaled at 1100 m a.s.l., no surface erosion and a topo-
graphic shielding factor of 1.

The measured 10Be concentrations, and the theoretical curve of 10Be
concentration accumulated after a glacier retreat at 16 ka, are plotted
against depth in Fig. 5a. Most of the measured values are higher than
the potentially inherited concentrations predicted by this scenario, indi-
cating that measured 10Be along scarps predominantly comes from di-
rect exposure production. Fig. 5b shows the theoretically inherited
10Be ratio and the measured ones for the same scenario, with error
bars. The histogram for the same data is drawn in Fig. 5c. These figures
highlight that the inherited 10Be component rapidly decreases with
depth. Below 3 m (representing 80% of the measured samples, Fig. 5c),
the inherited part represents b10% of the measured one, falling within
age uncertainties (Table 2). Thus, a good confidence can be expected
on the exposure age for the samples below a depth of 3 m, whereas
those located in the first 3 m may be affected by non-negligible
inheritance.

5. Results

5.1. Glacially polished surface exposure ages

The dating results obtained along the glacially polished rock surfaces
show a large variability in apparent exposure ages (Table 2). For the gla-
cial Mont Sec Plateau, the obtained exposure ages range from 1.9 ±
0.2 ka (P18) to 17.5 ± 1.1 ka (P17), while they vary from 2.4 ± 0.3 ka
(P14–2) to 15.4 ± 1 ka (P15–3) on the glacial slope. The analysis of
the two datasets leads to the probability density plots shown in Figs. 6
and 7c. On the Mont Sec Plateau, despite the data scattering, two main
peaks of higher probability appear: one at ca. 8 ka and another at ca.
12 ka (Fig. 6). Along the glacial slope, the analysis of age probability den-
sity over the two profiles P14 and P15 (Fig. 7a and b) reveals two groups
of ages, ranging from 2 to 6 ka and from 11 to 16 ka (Fig. 7c).

5.2. Gravitational surface exposure ages

The exposure ages obtained along thirteen near-vertical gravitation-
al scarps of the Séchilienne landslide are presented in Fig. 8. Overall, the
ages decrease progressively from the top of scarp to its base. This
pattern appears consistent with the expected downward motion of
the landslide mass along the scarps. Few exceptions, including outliers,
may revealmore complex histories andwill be discussed below. For the
main scarps the exposure ages range from0 to 8 ka (Fig. 8a and Table 2).
For the internal scarps the exposure ages are significantly younger
(from 1 to 4 ka; Fig. 8b and Table 2), as clearly evidenced by the differ-
ences in shape of the two probability density plots (Fig. 8c).



Table 2
Analytical CRE results of the Séchilienne site, with S: Gravitational scarp, P: Glacially polished surface. The data from Le Roux et al. (2009) are marked with an asterisk.

Sample Xa

(m)
Ya

(m)
Elevation
(m a.s.l)

Zb

(m)
Dc

(m)
Td

(cm)
Ste Scaled production

rates
(atoms/g/year)

10Be
concentrationf

(atoms/g)

Agesg

(ka)

Spallation Muons N10 σN10 T min Ext. σT Int. σT

S1-1* 720,830 4,994,190 1139.0 2.1 2.2 2.0 0.50 5.05 0.263 30,408 1804 5.7 0.5 0.3
S1-2* 720,830 4,994,190 1137.0 4.1 4.3 2.0 0.50 5.04 0.263 33,962 4699 6.4 0.9 0.9
S1-3* 720,830 4,994,190 1131.8 9.3 9.7 2.0 0.50 5.02 0.263 20,542 1794 3.9 0.4 0.3
S1-4* 720,830 4,994,190 1125.0 16.1 16.8 2.0 0.50 4.99 0.262 11,061 901 2.1 0.2 0.2
S1-5* 720,830 4,994,190 1124.0 17.1 17.8 2.0 0.50 4.99 0.262 7740 1103 1.5 0.2 0.2
S1-6* 720,830 4,994,190 1123.6 17.5 18.2 2.0 0.50 4.99 0.262 10,392 1581 2.0 0.3 0.3
S1-7* 720,830 4,994,190 1121.0 20.1 20.9 2.0 0.50 4.98 0.262 11,695 1236 2.3 0.3 0.2
S1-8* 720,830 4,994,190 1119.3 21.8 22.7 2.0 0.50 4.97 0.262 6982 2023 1.4 0.4 0.4
S1-9* 720,830 4,994,190 1116.0 25.1 26.1 2.0 0.49 4.86 0.261 5982 864 1.2 0.2 0.2
S1-10* 720,830 4,994,190 1112.3 28.8 30.0 2.0 0.48 4.74 0.261 3370 970 0.7 0.2 0.2
S1-11* 720,830 4,994,190 1109.0 32.1 34.4 2.0 0.47 4.63 0.261 1730 722 0.4 0.2 0.1
S2-1* 720,730 4,994,255 1128.0 2.0 2.0 2.0 0.45 4.51 0.262 15,444 1718 3.3 0.4 0.4
S2-2* 720,730 4,994,255 1126.5 3.5 3.5 2.0 0.45 4.50 0.262 6915 1271 1.5 0.3 0.3
S2-3* 720,730 4,994,255 1125.5 4.5 4.5 2.0 0.45 4.50 0.262 7576 2628 1.6 0.6 0.6
S2-4* 720,730 4,994,255 1120.0 10.0 10.0 2.0 0.55 5.47 0.262 17,978 2196 3.2 0.4 0.4
P3* 720,490 4,994,160 1080.0 – – 2.0 0.93 8.96 0.258 139,574 4028 15.1 0.9 0.4
S3-1* 720,495 4,994,160 1071.0 8.3 8.5 2.0 0.55 5.26 0.257 29,833 3334 5.4 0.7 0.6
S3-2* 720,495 4,994,160 1066.5 12.8 13.1 2.0 0.50 4.77 0.257 6127 1509 1.2 0.3 0.3
S3-3* 720,495 4,994,160 1062.5 16.8 17.2 2.0 0.50 4.75 0.257 9194 2534 1.9 0.5 0.5
S3-4* 720,495 4,994,160 1057.5 21.8 22.3 2.0 0.50 4.73 0.256 10,617 1931 2.2 0.4 0.4
P4 721,040 4,996,281 873.1 – – 1.0 0.99 8.18 0.242 120,202 4351 14.2 0.9 0.5
S4-1 721,028 4,996,286 868.2 1.2 1.3 2.0 0.59 4.78 0.241 10,957 1645 2.2 0.4 0.3
S4-2 721,028 4,996,286 866.7 2.7 2.8 3.0 0.59 4.73 0.240 6621 1042 1.3 0.2 0.2
S4-3 721,040 4,996,286 864.0 5.4 5.6 1.5 0.59 4.78 0.241 17,694 1633 3.5 0.4 0.3
S4-4 721,040 4,996,286 862.4 7.0 7.3 1.5 0.59 4.77 0.240 13,310 1389 2.7 0.3 0.3
S4-5 721,040 4,996,286 861.4 8.0 8.3 3.5 0.59 4.69 0.239 8916 1346 1.8 0.3 0.3
S4-6 721,028 4,996,286 857.3 12.1 12.6 2.0 0.59 4.73 0.240 4837 796 1.0 0.2 0.2
S4-7 721,034 4,996,286 855.1 14.3 14.9 2.5 0.59 4.71 0.239 2161 679 0.5 0.1 0.1
S4-8 721,040 4,996,286 852.6 16.8 17.5 1.5 0.59 4.74 0.240 962 679 0.2 0.1 0.1
S4-9 721,028 4,996,286 849.1 20.3 21.1 3.0 0.59 4.66 0.239 1445 518 0.3 0.1 0.1
S5-1 720,271 4,994,113 1034.3 0.8 0.8 1.5 0.57 5.36 0.255 40,448 2292 7.2 0.5 0.4
S5-2 720,271 4,994,113 1033.8 1.3 1.3 4.0 0.52 4.78 0.253 27,192 2503 5.4 0.6 0.5
S5-3 720,271 4,994,113 1030.8 4.3 4.4 2.0 0.52 4.84 0.254 7465 1521 1.5 0.3 0.3
S5-4 720,271 4,994,113 1029.1 6.0 6.2 2.5 0.52 4.82 0.254 11,782 2327 2.3 0.5 0.5
P6 720,743 4,994,190 1115.0 – – 2.1 0.97 9.59 0.261 57,674 2873 5.8 0.4 0.3
S6-1 720,743 4,994,190 1114.0 1.0 1.0 4.5 0.64 6.28 0.260 21,427 1661 3.3 0.3 0.3
S6-2 720,743 4,994,190 1112.5 2.5 2.5 2.5 0.64 6.37 0.261 20,139 1597 3.1 0.3 0.2
S6-3 720,743 4,994,190 1111.1 3.9 3.9 2.0 0.64 6.39 0.261 21,210 1644 3.2 0.3 0.2
S6-4 720,743 4,994,190 1109.2 5.8 5.9 2.0 0.64 6.38 0.261 11,095 1153 1.7 0.2 0.2
P7 720,727 4,994,179 1120.0 – – 1.5 0.98 9.81 0.262 112,327 4370 11.1 0.7 0.4
S7-1 720,727 4,994,179 1118.0 2.0 2.1 2.0 0.71 7.04 0.261 28,452 1901 3.9 0.3 0.3
S7-2 720,727 4,994,179 1117.0 3.0 3.1 3.0 0.71 6.98 0.261 21,715 2121 3.0 0.3 0.3
S7-3 720,727 4,994,179 1116.1 3.9 4.1 2.0 0.71 7.03 0.261 17,399 2122 2.4 0.3 0.3
S7-4 720,727 4,994,179 1112.8 7.2 7.5 2.5 0.71 6.99 0.261 8712 1161 1.2 0.2 0.2
P8 720,725 4,994,178 1122.0 – – 1.5 0.99 9.87 0.262 87,628 3081 8.6 0.5 0.3
S8-1 720,725 4,994,178 1120.2 1.8 1.8 1.5 0.63 6.31 0.262 22,969 1994 3.5 0.4 0.3
S8-2 720,725 4,994,178 1119.4 2.6 2.7 2.0 0.63 6.28 0.262 8846 1121 1.4 0.2 0.2
S8-3 720,725 4,994,178 1117.3 4.7 4.8 1.5 0.63 6.30 0.262 7554 1169 1.2 0.2 0.2
P9 720,820 4,994,131 1120.0 – – 2.0 0.96 9.53 0.262 76,852 4241 7.8 0.6 0.4
S9-1 720,820 4,994,131 1119.6 0.4 0.4 4.5 0.50 4.88 0.260 22,046 1576 4.3 0.4 0.3
S9-2 720,820 4,994,131 1116.6 3.4 3.3 1.0 0.50 5.00 0.262 18,860 1542 3.6 0.3 0.3
S9–3 720,820 4,994,131 1114.2 5.8 5.7 1.0 0.50 4.99 0.262 24,122 1964 4.6 0.4 0.4
S9-4 720,820 4,994,131 1112.8 7.2 7.1 4.5 0.50 4.85 0.260 17,802 1907 3.5 0.4 0.4
S9-5 720,820 4,994,131 1111.6 8.4 8.2 2.0 0.50 4.94 0.261 12,803 1327 2.5 0.3 0.3
P10 720,771 4,994,083 1084.0 – – 2.0 0.92 8.91 0.259 72,389 3149 7.8 0.5 0.3
S10-1 720,771 4,994,083 1081.9 2.1 2.2 4.5 0.65 6.19 0.257 10,954 1563 1.7 0.3 0.2
S10-2 720,771 4,994,083 1080.9 3.1 3.2 1.0 0.65 6.36 0.259 11,531 1300 1.8 0.2 0.2
S10-3 720,771 4,994,083 1079.0 5.0 5.2 2.0 0.65 6.26 0.258 9574 1417 1.5 0.2 0.2
S10-4 720,771 4,994,083 1076.8 7.2 7.5 1.0 0.65 6.30 0.259 7413 1317 1.1 0.2 0.2
P11 720,783 4,994,109 1108.0 – – 4.5 0.86 8.34 0.259 95,054 3530 11.0 0.7 0.4
S11-1 720,783 4,994,109 1105.2 2.8 2.9 2.0 0.42 4.10 0.26 9574 1417 2.2 0.3 0.3
S11-2 720,783 4,994,109 1103.9 4.1 4.2 2.5 0.42 4.08 0.26 10,345 1456 2.4 0.4 0.3
P12 720,788 4,994,151 1115.0 – – 1.0 0.89 8.98 0.262 84,041 3083 9.0 0.6 0.3
S12-1 720,788 4,994,151 1111.6 3.4 3.6 1.0 0.52 5.22 0.262 47,718 2916 8.6 0.7 0.5
S12-2 720,788 4,994,151 1109.4 5.6 5.9 4.5 0.52 5.06 0.259 30,269 3498 5.7 0.7 0.7
P13 720,769 4,994,176 1112.0 – – 2.1 0.98 9.72 0.261 126,916 1402 12.7 0.7 0.1
S13-1 720,769 4,994,176 1110.2 1.8 1.9 4.5 0.45 4.33 0.259 12,617 1355 2.8 0.3 0.3
S13-2 720,769 4,994,176 1108.4 3.6 3.7 2.5 0.45 4.40 0.26 11,553 1382 2.5 0.3 0.3
S13-3 720,769 4,994,176 1107.0 5.0 5.2 1.0 0.45 4.45 0.261 8750 1272 1.9 0.3 0.3
P14-0 720,620 4,993,807 953.0 – – 1.5 0.99 8.61 0.248 98,462 4365 11.1 0.7 0.5
P14-1 720,620 4,993,807 950.2 2.8 3.2 2.5 0.52 4.53 0.247 22,652 1654 4.7 0.4 0.3
P14-2 720,620 4,993,807 948.6 4.4 5.0 2.0 0.52 4.55 0.247 11,425 1316 2.4 0.3 0.3
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Table 2 (continued)

Sample Xa

(m)
Ya

(m)
Elevation
(m a.s.l)

Zb

(m)
Dc

(m)
Td

(cm)
Ste Scaled production

rates
(atoms/g/year)

10Be
concentrationf

(atoms/g)

Agesg

(ka)

Spallation Muons N10 σN10 T min Ext. σT Int. σT

P14-3 720,620 4,993,807 945.2 7.8 8.9 3.0 0.52 4.50 0.246 54,590 2555 11.5 0.8 0.5
P14-4 720,620 4,993,807 939.1 13.9 15.8 2.1 0.52 4.51 0.246 27,502 2120 5.8 0.5 0.4
P14-5 720,620 4,993,807 936.5 16.5 18.7 4.5 0.52 4.41 0.245 15,004 1754 3.2 0.4 0.4
P14-6 720,620 4,993,807 930.7 22.3 25.3 2.5 0.52 4.46 0.245 43,381 2443 9.2 0.7 0.5
P14-7 720,620 4,993,807 929.2 23.8 27.0 4.5 0.52 4.39 0.244 26,775 2080 5.8 0.5 0.5
P15-1 720,423 4,993,795 958.0 2.0 2.2 2.0 0.45 3.95 0.248 60,659 3420 14.4 1.1 0.8
P15-2 720,423 4,993,795 948.0 12.0 13.3 2.0 0.45 3.92 0.247 47,469 2868 11.4 0.9 0.7
P15-3 720,423 4,993,795 946.0 14.0 15.6 2.0 0.59 5.09 0.247 82,263 3501 15.4 1.0 0.7
P16-1* 720,720 4,994,560 1120.0 – – 2.0 1.00 9.95 0.262 77,437 5812 7.5 0.7 0.6
P16-2* 720,720 4,994,570 1120.0 – – 2.0 1.00 9.95 0.262 126,746 4534 12.4 0.8 0.4
P17* 720,725 4,994,175 1121.0 – – 2.0 0.98 9.76 0.262 176,621 6140 17.5 1.1 0.6
P18 720,277 4,990,920 1023.0 – – 1.5 0.88 8.14 0.254 15,718 1698 1.9 0.2 0.2
P19 720,256 4,990,840 1015.0 – – 1.5 0.96 8.86 0.253 44,890 2044 4.9 0.3 0.2
P20 720,768 4,994,151 1117.0 – – 1.0 0.98 9.86 0.262 123,154 4947 12.1 0.8 0.5

a Location in WGS84 - UTM31N.
b The real depth location of the sample from the top of the scarp.
c The sampling distance from the top of the scarp the natural main slope.
d T is the sample thickness.
e Topographic shielding calculated following Dunne et al. (1999).
f Results have been corrected from the chemical blank (10Be/9Be blank = 2.46 ± 0.74 × 10−15). Propagated uncertainties include counting statistics, a conservative estimate of 1% for

instrumental variability, the uncertainty of the standard deviation and chemical blank.
g Ages have been computed with the Cronus Calculator (Balco et al., 2008) using the time-dependent scaling scheme of Lal (1991) modified by Stone (2000). Uncertainties are 1 σ.

Internal uncertainties consider the analytical uncertainties, while the external uncertainties include uncertainty in the production rate (~8%) and uncertainty in the 10Be decay constant
(~8%).
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6. Interpretation and discussion

6.1. Deglaciation scenario of the Séchilienne slope

In order to discuss the deglaciation history of the study area, we
compare the mean annual air temperature curve (Tmaa) over the last
21,000 years (Lebrouc et al., 2013) with the summed probability curves
for 10Be ages measured on polished surfaces (Fig. 9). Two cold thermal
periods are distinguished (labeled A and YD) from the temperature
Fig. 5. (a) 10Be concentrations plotted as a function of depth for all samples. The back curve corr
retreat 16 ka ago (see text for details). The upper and lower dashed lines are calculated for a g
theoretically inherited 10Be concentration since 16 ka (Ninh) against the measured 10Be concen
the timing of the glacier retreat. (c) Frequency/histogram analysis of the same dataset.
curve fluctuations (Fig. 9a). The A period extends from 21 ka (LGM) to
14.7 ka with Tmaa around −8 °C. It corresponds to the end of the
LGM while the YD period (Younger Dryas) ranges from 13.0 ka to
11.6 ka with Tmaa around−10 °C.

The exposure agesmeasured on the polished surfaces of theMont Sec
glacial plateau are very scattered, ranging from about 1.9 to 17.5 ka
(Fig. 9b). Such scattering and presence of outliers are a common feature
of the cosmogenic nuclide dating method (Heyman et al., 2011; Balco
2011) and several discrepancies in source have been pointed out. First,
esponds to the theoretically expected inherited concentration of 10Be considering a glacier
lacier retreat at 12 ka and 20 ka, respectively. (b) For each sample, the percentage of the
tration (N10) is plotted as a function of depth. The error bars take into account ±4 ka in



Fig. 6. Probability density plot computed for the 16 exposure ages derived from glacially
polished surfaces of the Mont Sec Plateau. The 16 individual Gaussian curves
corresponding to single exposure age are drawn as thin black lines. The thick black
curve is the summed probability curve for the 16 exposure ages.
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some 10Be inheritance accumulated during previous exposure history or
produced at depth before the exposure event, may have led to an
overestimated age (Heyman et al., 2011). Such inheritance appears to
be the least likely for the Séchilienne slope rocks because of the long-
time screening of the temperate Romanche glacier and its high basal ero-
sion rate (Lebrouc et al., 2013). In contrast, geological processesmay have
affected the rock outcrops, making exposure ages significantly younger
than expected. The two main phenomena are the screening effect of
local soil deposits over glacial surfaces (Benson et al., 2004; Briner,
2009; Darnault et al., 2012) and blockfalls locally rejuvenating near-
vertical surfaces (Heymann et al., 2011). On flat surfaces, the snow
cover can also influence the screening effect. Indeed, such proton-rich
material strongly attenuates the energy of high-energy neutrons and
can reduce the production rate of in-situ 10Be (Delunel et al., 2014). In
the Séchilienne area, the snow cover at this time can reach severalmeters
during three to sixmonths a year (Le Roux et al., 2009). The conditions of
snow thickness and persistence prevailing thousands of years ago remain
unknown, making it difficult to consider this effect. All these processes
make age interpretations complex in terms of deglaciation timing.

The oldest age is measured on the Mont Sec Plateau (17.5 ± 1.1 ka)
and corresponds to the end of the cold LGM period (Fig. 9a). Before that
time, the plateau was completely covered by several tens of meters of
ice (Montjuvent and Winistörfer, 1980), screening cosmic rays, which
reset the 10Be clock. Because of the absence of nearby high reliefs
allowing ice recharge, this value of 17.5 ± 1.1 ka may be assumed to
be the minimum age for the plateau deglaciation at ca. 1140 m a.s.l.
Fig. 7. Exposure age obtained along the glacial slope. (a) and (b), 10Be ages reported along the ne
showing the 11 individual Gaussian curves (thin black line) and the summed probability curve
This timing is consistent with the regional ice retreat chronology pro-
posed by Delunel (2010), both in the high Romanche valley (13.5 ±
0.4 10Be ka for an elevation of 2500 m a.s.l.) and in the Isère valley,
South of the Chartreuse subalpine zone (15.9 ± 0.4 10Be ka at
940 m a.s.l.). With this interpretation, all ages younger than about
17.5± 1.1 ka are assumed to result from an incomplete exposure histo-
ry due to local screening effects (Heyman et al., 2011). In terms of 10Be
concentrations, a deficit of about 80% is found between the oldest sam-
ple (P17: 17.5 ka) and the youngest sample (P18: 1.9 ka) of the plateau.
As the radioactive decay is negligible (b1%) over the considered time
span (Gosse and Phillips, 2001), this 10Be concentration deficit is direct-
ly related to a similar magnitude deficit in the local production rate.
Considering a density of ca. 2 g·cm−3 for tills (Tailor and Blum, 1995),
a reduction of 80% in the 10Be production rate is achieved at ca. 2 m
depth (Gosse and Phillips, 2001). Furthermore, the presence of water
in such soils (likely saturated) would even increase the phenomena
(Delunel et al., 2014). Moraine relics and several peat bogswith a thick-
ness of several meters locally cover the Mont Sec Plateau (Figs. 1 and 2;
Legchenko et al., 2011). Hence, the scenario in which the 10Be produc-
tion has been hampered by several meters thick sediments seems plau-
sible to explain the anomalously young ages.

The same age scattering is observed over the glacial slope (Fig. 9c),
with a succession of old and young ages (Fig. 7b). The irregular slope
morphology suggests the occurrence of blockfalls, as supported by the
presence of block accumulations. For near-vertical surfaces, this sup-
ports the hypothesis of a rejuvenation by post-glacial rockfall activity.
Considering the oldest age, these results suggest that the glacial slope
was free of ice at an elevation of about 950 m a.s.l. and at a minimum
age of about 15 ± 0.6 ka (Fig. 9c), just at the limit of the cold period A.

The newly acquired and recalculated datasets (23 and 4 exposure
ages, respectively, Table 2) allow to reconstruct a consistent deglacia-
tion scenario of the Séchilienne area (Fig. 10).

Before ca. 17 ka, the valley was entirely filled by the Romanche gla-
cier. The ice recharge of the Romanche glacier systemwas located to the
East of the Belledonne high relief area, about 20 km away. Striae on the
plateau indicate a southward ice flow direction (Figs. 2 and 10a), com-
patible with an overflow of themain Romanche glacier (Fig. 1). The gla-
cier retreat at 1140m over the plateau is dated at about 17 ka. Then the
down-wastage progressed in the valley with the persistence of a glacial
tongue until 13 ka (Fig. 10a). The glacier retreat left a valley floor 150m
below the current level at the front of Séchilienne slope, as shown by
geophysical investigation (Le Roux et al., 2010). Since 13 ka (Fig. 10b),
the valley has been progressively filled with alluvial deposits from the
Romanche River. Along this period, the lateral river erosion may have
played an important role, increasing the basal slope steepness. This
ar-vertical glacially polished surfaces P15 and P14, respectively. (c) Probability density plot
(thick black line) for the two profiles.



Fig. 8. Vertical profiles of exposure ages obtained along the different gravitational features of the Séchilienne landslide (see location in Fig. 4). (a) Main scarps. (b) Internal scarps. The
distinction is made between scarps that are facing to the valley and counter scarps looking upward. (c) On the right panel, the probability density plots for the main and internal
scarps are shown, taking into account the 37 and 22 exposure ages, respectively (see Table 2).
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phenomenon could have been a conditioning factor for the landslide ini-
tiation recorded between 8 and 6 ka (Fig. 10c).

6.2. Séchilienne landslide kinematics over the Holocene

Fig. 11 shows the exposure ages versus the distance from the top of
themain scarps, the valley facing internal scarps and the counter scarps.
The dataset shows that ages generally decrease down the scarp, indicat-
ing a progressive subsidence of the glacial plateau due to gravitational
motion of the Séchilienne slope. Different activity periods can be distin-
guished on the profiles, consistent with previous kinematic interpreta-
tions proposed by Le Roux et al. (2009). On the main scarps, linear fits
of the exposure ages over the first ten meters reveal a first period of ac-
tivity characterized by slow exposure rates (V1) ranging from 0.9 to
Fig. 9.Mean annual air temperature (Tmaa) variation of the Séchilienne area (a) since the Late
glacial plateau (b) and the glacial slope (c). The two cold periods (A and YD) are indicated in
initiation is indicated (8–6 ka). The values 17.5 and 15 ka correspond to maximum ages for gl
of the references to color in this figure legend, the reader is referred to the web version of this
2.6 mm·year−1 (Fig. 11a). Below, between 10 and 35 m, the exposure
rate is higher, about 8 mm·year−1 (V2), corresponding to a second pe-
riod of activity. This change in velocity along themain scarp occurred at
ca. 2 ka. The main scarp initiation age can be assessed by the extrapola-
tion of the linear fit (V1) until the surface, which gives a time window
between 8 and 6 ka for the landslide initiation. Determining scarp initi-
ation with accuracy is generally difficult (Zerathe et al., 2014) because
measurements in the first meters may be affected by inherited cosmo-
genic nuclide components and by erosional processes such as blockfalls.
For example, the young ages obtained at shallow depth along the S4 and
S9 scarps may reflect recent blockfall activity (Fig. 11a).

The exposure rates recorded along the counter scarps are similar to
those of the first period of activity (V1) recorded along the main scarps
(Fig. 11b). However, their initiation ages are younger and bracketed
Glacial Maximum (Lebrouc et al., 2013) versus summed probability density curves of the
in blue and the Holocene Climatic Optimum period is in grey. The timing of the landslide
acial retreat on the plateau and on the Séchilienne slope, respectively. (For interpretation
article.)



Fig. 10. Deglaciation scenario for the Romanche valley and the initiation of the Sécilienne
landslide. (a) Between 21 and 13 ka, progressive Romanche glacier melting. (b) Between
13 and 8 ka, alluvial infill of the Romanche valley. (c) Between 8 and 6, initiation of the
landslide along the head scarp. The landslide limit in depth is indicated in red imaged by
P-waves seismic velocity (Le Roux et al., 2011). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

340 S. Schwartz et al. / Geomorphology 278 (2017) 329–344
between 6 and 4 ka. The exposure rates of the valley facing internal
scarps are less constrained as they rely on only a few ages per profile
(Fig. 11c). Nevertheless, the S10 profile shows an accurate exposure
rate similar to those determined for the second period of activity (V2),
determined along the main scarps. The profile S11 seems to indicate a
rapid or instantaneous failure. Their initiations seem to be synchronous
with the transition (from V1 to V2), dated at ca. 2 ka along the main
scarps. The internal scarp S12 shows a different behavior with an
older period of activity (8 to 6 ka), but measurements were made on
two samples only.

6.3. Post-glacial evolution of the Séchilienne slope

The new chronological constraints (63 over 86) confirms the previ-
ous interpretation (Le Roux et al., 2009) that the landslide initiation oc-
curred from 8 to 6 ka, during the Holocene Climatic Optimum, a few
thousand years after the main deglaciation of the valley (13 ka). This
points out a delay of minimum 5 ka between the glacier retreat and
the landslide initiation. This conclusion is consistentwith recent finding
of Ballantyne et al. (2014) showing that dozen of post-glacial rock-slope
failures occurred within ca. 5 ka after deglaciation. This delay is
interpreted as a period required to release stress and to progressively
propagate surface failures. Another factor that may explain this delay
is the temporal persistence of thick permafrost layers. The permafrost
modeling performed in the Séchilienne slope since the last 21 ka
(Lebrouc et al., 2013) suggests that the permafrost expansion signifi-
cantly damaged the rock-slope. This numerical simulation also shows
that the permafrost depth expansion fits well with the landslide thick-
ness deduced from geophysical investigations (Le Roux et al., 2011).
However, it does not seem that its disappearance triggered the landslide
but its persistence probably delayed the rupture by mechanical
strengthening the slope. Otherwise, a climatic control on the landslide
triggering and/or the role of a major earthquake cannot be ruled out.

The following scenario is proposed for the Séchilienne slope defor-
mation history (Fig. 12). From 8 to 6 ka, the failure of the Séchilienne
head scarp initiated (Fig. 12a and b), associated with the subsidence of
a part of the Mont Sec Plateau at a vertical motion rate of several
mm·year−1. No or little deformation occurred in the landslide mass
during this period. The head scarp was probably connected to a deep
rupture surface, the geometry of which will be discussed further
(Fig. 12b). The depth of this basal sliding surface is upper-bracketed
by the thickness of the deconsolidatedmass (about 150m), determined
from geophysical prospecting (Le Roux et al., 2011). At the same time,
lower in the slope, the gravitational destabilization also affected The
Ruines area with the initiation of a main scarp (S4) producing a local
subsidence of the area (Fig. 12a).

From 6 to 2 ka (Fig. 12c and d), the counter scarps initiated in the de-
pleted zone at the foot of the head scarp. They recorded a continuous
and low subsidence rate of about 2 mm·year−1, while the destabilized
glacial plateau continued subsiding with the same velocity. The initia-
tion of these morpho-structures, which is the first evidence of internal
fracturing of the sliding mass, was spatially localized in a thin band of
about 100 m at the foot of the head scarp and accommodated the hori-
zontal component of tensional deformation. This indicates that the
overall moving mass (depleted plateau) did not only subside but also
slide laterally. This result suggests the presence of a continuous deep
sliding surface in the upper part of the Séchilienne slope (between
1140 and 850 m), consistent with the deconsolidated mass boundary
imaged by large geophysical investigations (Le Roux et al., 2011).

Thereafter, from around 2 ka (Fig. 12e and f), the vertical motion
along the head scarp, which reached 10 m to 15 m, accelerated with
an increase in exposure rates up to 8 mm·year−1. At the same time,
two valley facing internal scarps are activated with high velocities (N
8 mm·year−1). We propose that this acceleration reflects the down-
ward propagation of the deformation through the glacial slope in re-
sponse to the development of a second sliding surface (Fig. 12f), that
may enhance slope destructuration and may result in significant
blockfall activity. The progressive subsidence of the depleted plateau
may also generate bulging of the glacial slope associated with toppling
and rockfalls (Fig. 12f).

The motions recorded along the valley facing internal scarps were
also rapid around 8 mm·year−1, whereas the counter scarps were less
active with lower exposure rates (2 mm·year−1). Interestingly, the ki-
nematics of The Ruines area is synchronous to the acceleration of the
Séchilienne head scarp and the global mass movement (compare pro-
files S4 and S1 in Fig. 11).

At this stage, the geometry of the basal surface rupture can be
constrained by recent seismic profiles performed over the slope and
two deep boreholes (Le Roux et al., 2011). Considering the lower limit
of the deconsolidated mass as the basal rupture surface, the geometry
of this deep surface (150 m) exhibits an uneven curvature implying
multiple rupture planes and internal deformation of the moving mass
(Fig. 12f). The variation in the dip of the rupture surface at an elevation
of about 850–900 m is of particular interest. Our interpretation is that
this listric surface has generated the numerous scarps and counter-
scarps in the depleted zone. The locations where these rupture planes
appear on the slope surface are uncertain due to the lack of morpholog-
ical expression (Fig. 12f). The current lower limit is fixed by geodetic
and seismic data (Le Roux et al., 2011).

The gravitational kinematics has been continuous and progressive,
with several dozen meters of displacement since 8 ka. The internal de-
formation of the moving mass probably results from the development
of a deep uneven basal rupture surface of listric style with multiple



Fig. 11. Exposure ages versus distance to the top of the gravitational scarps for the (a)main scarps, (b) valley facing scarps and (c) counter scarps.White samples are considered as outliers
(see text). V1 and V2 show the scarp exposure rate for two different periods of activity when sufficient data are available.
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branches, and following the geometry of the deconsolidated zone evi-
denced by geophysical prospecting. This deformation type corresponds
to the case of rock compound slide in the classification of Hungr et al.
(2014), which is defined as a sliding of a rock mass on a rupture plane
consisting of several planes, or a surface of uneven curvature, so that
any motion is kinematically possible only if accompanied by significant
internal distortion of the moving mass. Horst-and-graben features at
the head are typically associated with a listric rupture surface, as ob-
served in the Séchilienne slope or in other deep-seated landslides (e.g.
Agliardi et al., 2001; Braathen et al., 2004; Crosta et al., 2014).

7. Conclusion

In this studywe bring 63 newCRE ages to decipher the kinematics of
the large Séchilienne landslide and its relationshipwith the deglaciation
scenario of the Romanche valley. The previously acquired CRE data (23
samples) were recalculated and combined with the new dataset.
Exposure ages acquired on glacially polished surfaces allow to date
two main glacier retreat events, (1) the early ice melting event on the
Mont Sec Plateau at 17.5 ka above 1140 m a.s.l., and (2) the late
down-wastage completely achieved in the Romanche valley at ca.
13 ka. The temporal evolution of the slope deglaciation is difficult to es-
tablish, due to an important scattering of the apparent exposure ages,
which are likely to be influenced by shielding (relict moraines, soil de-
posits and seasonal snow cover) and rejuvenation (rockfalls) effects
on the sampled surfaces.

The gravitational kinematics of the Séchilienne slope is constrained
by 12 vertical exposure-age profiles sampled along the main landslide
morpho-structures (head scarp, counter scarps and valley facing
scarps). We confirm that the landslide initiation occurred from 8 to
6 ka, several thousand years after the total down-wastage of the valley.
The gravitational deformation was initiated along themain scarp (head
scarp), leading to a general subsidence of the Mont Sec Plateau. At this
stage and until 2 ka, the displacement rate recorded along the head



Fig. 12. Séchilienne slope evolution presented onmapandalong a Y-Y′ cross section at three different periods from8 ka to present. (a) and (b) Initiation of the landslidebetween 8 and 6 ka
along the head scarp related to a slow sliding surface activity producing the Mont Sec Plateau subsidence. At the same period The Ruines area is destabilized and records a subsidence.
(c) and (d) Between 6 and 2 ka, the deformation is still localized on the head scarp and counter scarps slowly developed at its foot, both with an activity at about 2 mm·year−1.
(e) and (f) Between 2 ka to present day the deformation accelerates up to reach 8 mm·year−1 and propagates downward with the development of valley facing scarps activity and
rockfalls. For this period, the counter scarps activity generates a highly fractured zone with lower velocity always to the same magnitude around 2 mm·year−1. The landslide
geometry in depth was imaged by P-waves seismic velocity (Le Roux et al., 2011).
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scarp was slow (ca. 2 mm·year−1) in response to a homogeneous mo-
tion of the upper part of the Séchilienne slope. Thismotion occurs due to
an activation of a deep-seated rupture surface with an uneven curva-
ture. The progressive tensional opening at the foot of the head scarp
was accommodated by counter scarp activations starting at ca. 6 ka.
After 2 ka, displacement rates increased up to ca. 8 mm·year−1 in asso-
ciation with the development of internal valley facing scarps. We sug-
gest that this process may reflect the downward propagation of the
gravitational deformation. The deformation scenario of the Séchilienne
slope reflects a progressive rock-slope weakening since 8 ka, associated
to the continuous activity of a deep failure surface.
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