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dating applied to the active Séchilienne landslide (Romanche valley, Belledonne
Massif, French Alps) provides information about its Holocene dynamics from initiation to present day
activity. Glacier retreat at 1100 m a.s.l. is estimated at 16.6±0.6 10Be ka from glacially polished bedrock
samples, with total deglaciation of the valley achieved at least by 13.3 ka. Application of the CRE method
along vertical profiles sampled with a high spatial resolution of 3 m on the head scarp yields: (1) an initiation
of the rock-slope failure at 6.4±1.4 10Be ka and (2) a continuous rock-slope failure activity with a mean head
scarp exposure rate of 0.6 cm/yr. The data suggest an increase of the head scarp exposure rate between 2.3
and 1.0 ka. After this acceleration phase, the exposure rate is similar to that obtained by the present day
monitoring data over 20 years in the depletion zone (1.3 cm/yr). Since the failure initiation occurred more
than 5400 yr after the total deglaciation of the valley the slope failure does not appear as an immediate
consequence of debutressing in the Romanche valley. This result is consistent with studies of other large
alpine rockslides in the Alps. Failure initiation of the Séchilienne landslide occurred during the Holocene
Climatic Optimum, a hot and wet period. The temperature and precipitation changes of this climatic
optimum seem to have a worsening effect at the regional scale to trigger large mass wasting in this glacial
alpine valley.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

One of the most significant geomorphological consequences of
deglaciation in mountainous valleys is the exposure of steepened rock
slopes which have been identified as gravitationally unstable areas
(Augustinus,1995; ErismannandAbele, 2001;Ballantyne, 2002). Lateral
stress release resulting from ice melting (debutressing) has been
frequently recognized as a major cause triggering rock-slope failure in
deglaciated mountain areas (among others, Gardner, 1980; Cruden and
Hu,1993; Blair, 1994; Evans and Clague,1994; Holm et al., 2004; Cossart
et al., 2008). However, other factors like tectonic stresses, uplift rate,
riverandbedrock erosion, earthquakes and subsequent climatic changes
have also been evoked, as contributing to large rock-slope instabilities
(Ballantyne and Stone, 2004; Seijmonsbergen et al., 2005; Cossart et al.,
2008; Hormes et al., 2008; Korup et al., 2008). Identifying the cause
responsible for triggering large slope failures inmountain ranges, where
all the above mentioned factors are potentially active, is a delicate task
and remains a debated question (Korup et al., 2007). Themain approach
S. Schwartz).
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applied so far for evaluating a link between deglaciation and rock-slope
instability has been to study the timing of specific landslides, using 14C
dating and Cosmic Ray Exposure (CRE) dating. Even if radiocarbon ages
provide valuable information on the chronology of major landslides like
the Flims rockslide (Eastern Switzerland; Deplazes et al., 2007) and the
Fernpass rockslide (Austria, Prager et al., 2009), the 14C method is,
however, limited by the difficulty offinding in situ organicmatter coeval
with landslide events. On the contrary, surface exposure dating using
cosmogenic nuclides such as 10Be and 36Cl appear to be widely
applicable for quartz-bearing and calcareous rocks (Gosse and Phillips,
2001) exposed to the subaerial atmosphere. Samples for dating
landslides can be collected from bedrock scarps (Bigot-Cormier et al.,
2005; Hippolyte et al., 2006; Ivy-Ochs et al., 2009; Prager et al., 2009)
and/or from rock avalanche deposits (Ballantyne and Stone, 2004;
Cossart et al., 2008; Hormes et al., 2008; Ivy-Ochs et al., 2009; Prager
et al., 2009).Onemajor advantage of CREdatingmethods is that theyare
also able to constrain the timing of the last deglaciation by dating late
glacial moraine deposits and glacially polished bedrock surfaces (Gosse
et al., 1995; Owen et al., 2001; Carlson et al., 2007; Delmas et al., 2008).
Several studies recently focused on the chronologyof valley deglaciation
and rock-slope instability at specific sites (Bigot-Cormier et al., 2005;
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Fig. 1. (a) Structural map of the southwestern part of the Belledonne External Crystalline Massif centred on the lower Romanche Valley. The polygon in dashed line locates Fig. 1 b.
(b) Geological and geomorphological map of the lower Romanche Valley. The polygon in dashed line locates Fig. 2.
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Cossart et al., 2008; Hormes et al., 2008; Ivy-Ochs et al., 2009; Prager
et al., 2009). Surface exposure ages tend to indicate that the largest
landslides in the Alps did not occur during deglaciation but in mid-
Holocene time when climate became warmer and wetter. The Fernpass
(Austria, 4100 yr), Flims (Switzerland, 8900 yr), Kandertal (Switzerland,
Fig. 2. Aerial photograph of the Séchilienne landslide (provided byM. Gidon, www.geol-alp.co
by white dotted lines. It constitutes the upper limit of the unstable area.
9600 yr), Köfels (Austria, 9800 yr), La Clapière (France, 10,300 yr),
Valtellina (Italy, 7430 yr) landslides occurred at least a few thousand
years after deglaciation. The Séchilienne landslide, which affects the
south-facing crystalline slope of the glaciated RomancheValley, is oneof
the largest in the French Alps. Based on CRE dating, this study first aims
m) between 1000m and theMont Sec plateau at 1100m a.s.l. The head scarp is outlined

http://www.geol-alp.com


Fig. 3. (a) Geological and geomorphological detailed map of the Séchilienne landslide with the location of sampling sites. (b) North-South cross section between Pg1 and Pg2 show
the Séchilienne head scarp at the upper boundary of the destabilized zone, scale 1/1.
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to determine the age of release of bedrock and emplacement and to
compare it to timingof deglaciation. The paper is also focused onplacing
temporal constraints on the Séchilienne motion (kinematics) by
regularly sampling the head scarp surface along vertical profiles.
Exposure ages suggest a change in the kinematics of the landslide
during the late Holocene.

2. Structure and dynamics of the landslide

The Séchilienne landslide is located in the southwestern part of the
Belledonne Massif (western Alps) (Fig. 1). The massif extends over
more than 120 km in a N30 direction, is almost 3000 m high, and is
bounded to the west by the large topographic depression of the Isère
Valley (Fig. 1a). The massif, one of the Palaeozoic External Crystalline
Massifs of the French Alps, is part of the Hercynian orogen reworked
during the Alpine orogenesis. These basement rocks consist of a
complex of different metamorphic rocks (gneisses, amphibolites and
micaschists). The study area to the west of the massif features mainly
micaschists unconformably covered with Mesozoic sediments and
Quaternary deposits (Fig. 1b). In the southern part of the Belledonne
Massif these micaschists are dissected by the East–West trending
lower Romanche River (Fig. 1). Incision of these rocks results from the
alternate activity of water and ice in the Romanche River during a
succession of Quaternary glaciations (Montjuvent and Winistorfer,
1980). The resulting morphology displays steep slopes, around 35 to
40°, affected by active or paleo large-scale rock mass deformation
between 400 and 1100 m elevation (Barféty et al., 1970; Le Roux et al.,
2008) (Figs. 1b and 2). Above 1100 m, the morphology corresponds to
a glacial plateau wheremoraine deposits and peat bogs subsist (Figs. 2
and 3b).

Among these unstable slopes, the Séchilienne landslide, located on
the right bank of the Romanche River (Figs. 1b and 3a), is the most
active one. The upper boundary of the movement is several hundred
meters wide with several tens of meters high vertical head scarp



Fig. 4.Model used for the computation of the exposure ages with the Pg2 age taken as the reference age of the deglaciation (a) TbTg. (b) TgbTbTd. (c) TdbTb0. Pg: glacially polished
bedrock sample. S-i: location of the sample on the vertical scarp. Di: distance between the upper edge of the scarp and S-i. Tg: age of the retreat of the glacier. Td: age of the
destabilization.
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(Séchilienne head scarp, see Fig. 2, Fig. 3). This scarp separates the flat
stable glacial Mont Sec Plateau from the destabilized zone. The
metamorphic rocks within the landslide are cut by two sets of near-
vertical fractures with directions N60 and N140, respectively, with
unknown vertical depth. This structural framework results in linear
scarps and troughs filled by rocks debris and topsoil (Fig. 3a), which
delineate rock blocks displaying down slope motion. Below the head
scarp, the low-slope depletion zone between 1100 and 950 m a.s.l.
exhibits a series of large depressions and salient blocks (Fig. 3). The
lower part of the landslide, between 950 and 450 m a.s.l., shows steep
convex slopes (N40°, Fig. 3a) interpreted as an accumulation zone
(Vengeon, 1998). In 1993–1994, a 240 m long gallery was excavated at
710 m revealing a succession of rigid moving blocks delimited by
highly fractured zones (Vengeon, 1998). This gallery did not reach the
sound rock and the existence of a sliding surface is still an open
question. Hydrochemical investigation (Vengeon, 1998; Guglielmi
et al., 2002) suggested the existence of a deep phreatic zone extending
into the fractured metamorphic bedrock, with a probable 100 m thick
vadose zone above. With intensive rainfall and long-term water
recharge (N45 days), this vadose zone could be saturated during rainy
periods, increasing the displacement rate (Vengeon, 1998).

Since the 1980's, a monitoring system (extensometers, geodetic
measurements, tacheometers and microwave radar) has progres-
sively been installed by the Centre d'Etudes Techniques de l'Equipe-
ment (CETE) of Lyon (Evrard et al., 1990; Vengeon et al., 1999;
Duranthon et al., 2003). Monitoring results show: (1) homoge-
neous orientations (N140) and inclinations (10 to 20°) of
displacement vectors over the whole sliding mass; and (2) a
partition of the landslide into two zones with different slide
velocity vectors. The global destabilized mass, with a volume of
more than 25×106 m3, displays medium activity with slow
displacement rates (2 to 15 cm/yr) (Giraud et al., 1990; Durville
et al., 2004). In this zone the vertical displacement component at
the base of the head scarp yields a subsidence rate between 0.7 and
1.6 cm/yr with a mean value of 1.3 cm/yr (Vengeon et al., 1999).
Lower in the slope, a frontal mass with a volume of about
3×106 m3 exhibits high sliding velocity vectors reaching a
maximum of 100 cm/yr. This frontal movement generates frequent
rock falls. The displacement rate series in this zone exhibits
seasonal variations, with an increase by a factor of three during
heavy rainfall and snow melting periods in winter and spring
(Rochet et al., 1994; Alfonsi, 1997; Vengeon, 1998; Durville et al.,
2004). The mechanism usually proposed for the Séchilienne land-
slide activity is slope unloading and consecutive stress release
(debuttressing) following ice melting during the late Würmian
retreat stage of the Romanche Glacier (15,000 yr BP) (Vengeon et al.,
1999, Pothérat and Alfonsi, 2001). At the present time, monitoring
data show that the kinematic behaviour of the landslide is
hydraulically controlled by heavy rainfall and snow melt in winter
and spring. Recently, Meric et al. (2005) performed a geophysical test
on the Séchilienne landslide, which showed that the moving zone is
identified by higher resistivity and lower P-wave velocity, compared
to the stable area. They interpreted these results as the consequence
of a higher fracturing degree in the micaschists.

3. Sampling strategy and methodology

Cosmic Ray Exposure dating is based on the accumulation of rare
nuclides produced through nuclear reactions induced by high-energy
cosmic radiation when rock is exposed at the earth's surface (Siame
et al., 2000; Gosse and Philips, 2001). In this study we used in situ
produced 10Be resulting from spallation reactions on Si and O in quartz.
Quartz was isolated and purified from samples and targets prepared for
Accelerator Mass Spectrometer (AMS) analyses of 10Be (Brown et al.,
1991, 1998). All samples are crushed and sieved prior to initiating
chemical procedures. The extraction method for 10Be consists of
isolation and purification of quartz and elimination of atmospheric
10Be. Accurately 100 µl of a 3.10−3 g/g 9Be solution is added to
decontaminated quartz. Beryllium was separated from the spiked
solution obtained after its dissolution in HF by successive solvent
extraction and precipitation. The final precipitate is dried and heated at
900 °C to obtain BeO from which targets for measurements of the 10Be
concentration into our samples (N) are prepared. Measurements were
performed at the new French AMS National Facility, ASTER, located at
CEREGE in Aix-en-Provence. The data were calibrated directly against
the National Institute of Standards and Technology (NIST) standard
reference material 4325 by using the values recently determined by
Nishiizumi et al. (2007), which are a 10Be/9Be ratio of 2.79±0.0310−11

and a 10Be half-life (T1/2) of 1.36±0.07 106 years, i.e. a radioactive decay
(λ) of 5.10±0.26 10−7.

A modern 10Be production rate at sea-level and high-latitude of
4.5±0.3 atoms/g/yr, computed for internal consistency, from the
data of Stone (2000), according to the conclusions of the study on
absolute calibration of 10Be AMS standards by Nishiizumi et al.
(2007), was used. This sea-level and high-latitude production rate
has then been scaled for the sampling altitudes and latitudes using
the scaling factors proposed by Stone (2000) because, using the
atmospheric pressure as a function of altitude, he takes into account
the physical properties of cosmic ray particle propagation in the
atmosphere and includes an improved account for the muonic
component in the total cosmogenic production. The obtained surface
production rates (P0) were then corrected for local slope and



Table 1
Cosmogenic 10Be analytical data.

Sample Location X
(m)

WGS84 Y
(m)

UTM 31N Z
(m)

Di
(m)

P0
(atoms/g/yr)

St Ss P
(atoms/g/yr)

N10

(atoms/g)
σN10

(atoms/g)
C0/N10

(%)
C1/N10

(%)
C2/N10

(%)
Tmin

(yr)
σTmin

(yr)

Glacial surface
Site 1

PqI-I 720,720 4,994,560 1120.0 11.43 1.00 0.90 10.31 77,437 5812 7526 565
Pgl-2 720,720 4,994,570 1120.0 11.43 1.00 0.90 10.31 126,746 4534 12,334 441

Site 2
Pg2 720,725 4,994,175 1121.0 11.44 0.98 0.95 10.67 176,621 6140 16,628 578

Site 3
Pg3 720,490 4,994,160 1080.0 11.08 0.93 0.90 9.32 139,574 4028 15,059 435

Scarps
Profile SI S1-0 720,830 4,994,190 1142.0 0.0 11.63 1.00 0.90 10.49

SI-I 720,830 4,994,190 1139.0 3.0 11.61 0.50 1.00 5.80 30408 1804 8.2 1.7 90.1 4727 280
S1-2 720,830 4,994,190 1137.0 5.0 11.59 0.50 1.00 5.79 33,962 4699 3.8 1.0 95.2 5589 773
S1-3 720,830 4,994,190 1131.8 10.2 11.54 0.50 1.00 5.77 20,542 1794 4.4 0.6 95.0 3387 296
SI-4 720,830 4,994,190 1125.0 17.0 11.48 0.50 1.00 5.74 11,061 901 5.0 0.3 94.6 1825 149
S1-5 720,830 4,994,190 1124.0 18.0 11.47 0.50 1.00 5.73 7740 1103 6.9 0.3 92.8 1252 178
S1-6 720,830 4,994,190 1123.6 18.4 11.47 0.50 1.00 5.73 10,392 1581 4.9 0.3 94.8 1720 262
S1-7 720,830 4,994,190 1121.0 21.0 11.44 0.50 1.00 5.72 11,695 1236 3.6 0.3 96.2 1969 208
S1-8 720,830 4,994,190 1119.3 22.7 11.43 0.50 1.00 5.69 6982 2023 5.6 0.2 94.1 1155 335
SI-9 720,830 4,994,190 1116.0 26.0 11.40 0.49 1.00 5.60 5982 864 5.5 0.2 94.4 1008 146
SI-l0 720,830 4,994,190 1112.3 29.7 11.36 0.48 1.00 5.42 3370 970 8.1 0.2 91.8 571 164
S1-11 720,830 4,994,190 1109.0 33.0 11.33 0.47 1.00 5.34 1730 722 13.5 0.1 86.4 280 117

Profile S2 S2-0 720,730 4,994,255 1,130.0 0.0 11.52 1.00 0.90 10.38
S2-I 720,730 4,994,255 1128.0 2.0 11.51 0.45 1.00 5.19 15,444 1718 49.8 2.5 47.8 1423 158
S2-2 720,730 4,994,255 1126.5 3.5 11.49 0.45 1.00 5.18 6915 1271 37.6 1.0 61.4 819 151
S2-3 720,730 4,994,255 1125.5 4.5 11.48 0.45 1.00 5.18 7576 2628 26.0 0.9 73.1 1070 371
S2-4 720,730 4,994,255 1120.0 10.0 11.43 0.55 1.00 6.25 17,978 2196 5.2 0.5 94.3 2712 331

Profile S3 S3-0 720,495 4,994,160 1078.0 0.0 11.06 0.99 0.90 9.89
S3-I 720,495 4994,160 1071.0 7.0 11.00 0.55 1.00 6.08 29,833 3334 2.8 0.6 96.6 4742 530
S3-2 720,495 4994,160 1066.5 15.0 10.96 0.50 1.00 5.47 6127 1509 12.0 0.4 87.6 982 242
S3-3 720,495 4994,160 1062.5 17.5 10.92 0.50 1.00 5.45 9194 2534 5.6 0.3 94.1 1589 438
S3-4 720,495 4994,160 1057.5 23.0 10.88 0.50 1.00 5.41 10,617 1931 3.4 0.2 96.4 1892 344

X: latitude. Y: longitude. Z: altitude. Di: distance between the upper edge of the scarp and the sample. P0: production rate. St: topographic shielding factor. Ss: snow shielding factor.
P: normalized production rate. N10: concentration of 10Be in the sample. σN10: analytical standard deviation on N10. C0: concentration of 10Be in the sample accumulated between Tg
and Td at depth Di from the horizontal surface. C1: concentration of 10Be in the sample accumulated between Td and today at depth Di from the half of the horizontal surface.
C2: concentration of 10Be in the sample accumulated between Td and today at the surface of the cliff.
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topographic shielding due to surrounding morphologies (St),
following Dunne et al. (1999), and for the presence of snow (Ss) to
yield the sampling location production rates (P):

P = P0StSs ð1Þ

We divided the samples into two series. In the first series,
samples collected from glacially polished bedrock surfaces allowed
determination of the approximate timing of the last deglaciation on
top of the Séchilienne landslide (Pg1 to Pg3) (Fig. 3a). In the second
series, samples taken from 3 vertical profiles (with 4 to 11 samples
per profile) down the head scarp allow us to determine the timing
of the head scarp exposure and denudation (S1 to S3) (Fig. 3a).
Fig. 4 describes the exposure history considered to estimate the
deglaciation (Tg) and the destabilization (Td) ages. Exposure ages
were computed assuming no erosion since initiation of the land-
slide and with negligible chemical weathering. This assumption is
supported by the: (1) short exposure duration (b20 ka) with
respect to the long 10Be half-life; (2) quartz-rich composition of the
rock; and (3) local preservation on the scarp of mechanical striae
generated by the hanging wall block downward displacement. In
this context the resulting ages are maximum ages. Before the
retreat of the glacier (Tg) (Fig. 4a), 10Be concentration in glacially
polished bedrock samples (CPg) and scarp samples (CS) is negligible
due to the shielding effect of the glacier for cosmic rays. When the
last glacier melted (Tg) (Fig. 4b), exposure to cosmic rays began.
The snow shielding (Ss) is only considered for horizontal surfaces
(Fig. 4b and c). Reasonable assumptions were taken into account for
the height (HS=1 to 2 m), the duration in months (MS=4 months),
physical properties (density (ρS=0.28) and attenuation length
(ΛS=160 g.cm−2)) of snow:

SS =
MS

12
e

− ρSHS
ΛS +

12− MS

12
ð2Þ

For the glacially polished bedrock samples, nuclides concentration
in quartz (CPg) accumulated directly at the surface between Tg and
today (Fig. 4b and c) is given by:

CPg =
PPg
λ

1− e−λTg
� �

ð3Þ

where PPg is the normalized production rate of sample Pg.
For the scarp samples, the exposure history is more complex. Just

before gravitational destabilization, between Tg and Td (Fig. 4b), the
nuclide concentration (C0) accumulated in quartz as a function of
depth (Di) is given by:

C0 =
PS−0

λ
1−e−λ Tg−Tdð Þ� �

Pηe
− ρDi
Λη + Pμf e

− ρDi
Λμf + Pμse

− ρDi
Λμs

� �
ð4Þ

where Pη, Pμf and Pμs refer to the relative contributions of neutrons, and
fast and slowmuons (97.85%, 0.65% and 1.5% respectively (Braucher et al.,
2003)); Λη, Λμf and Λμs are the effective attenuation length for neutrons,
and fast and slow muons (150, 5300 and 1500 g cm−2 respectively
(Braucher et al., 2003)); ρ is the rock density (2.5) and PS−0 is the
normalized production rate at the top of the scarp (Fig. 4). As soon as the
scarp develops (between Td and the present day), the concentration of



Fig. 5. (a) Topographical map of the Séchilienne head scarp area with the location and exposure ages (in ka) of analysed samples, Pg1 is located northward, out of the frame (see
Fig. 3a). (b) Cross sections of sampling profiles S1, S2, S3 scale 1/1 with the location and exposure ages (in ka) of analysed samples. Di=0: location of the top of the scarp (see Fig. 4).
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nuclides in the samples of this vertical surface results from two
contributions (Fig. 4c). The first is the 10Be production resulting from
cosmic rays penetrating the horizontal surface above the scarp. The
resulting concentration (C1) depends on half the normalized production
rate at the top of the scarp (PS−0) taking into account the attenuation of
the cosmic rays due to the thickness Di of the rock above the sample. It is
given by:

C1 =
1
2
PS−0

λ
1− e−λTd

� �
Pηe

− ρDi
Λη + Pμf e

− ρDi
Λμf + Pμse

− ρDi
Λμs

� �
ð5Þ

The second contribution results from cosmic rays striking straight
the vertical surface of the scarp. The concentration (C2) depends on the
normalized production rate on the scarp sample (PS− i) and is given by:

C2 =
PS− i

λ
1− e−λTd

� �
ð6Þ

At present, the 10Be concentration into the scarp samples is
assumed to be:

Cs = C0 + C1 + C2 ð7Þ

This equation allows determining Td using the value of Tg
calculated from Eq. (3) using the concentrations measured in the
glacially polished rock samples.
The resulting CRE ages are absolute ages given in 10Be ka. Their
uncertainties derive from two types of sources, on one hand analytical
uncertainties in the 10Be concentration in quartz samples (counting
statistics, conservative estimate of 1% instrumental variability and
uncertainty in the chemical blank) and on the other hand on a
maximal 15% uncertainty on the 10Be production rates.
4. Results and interpretation

4.1. Glacially polished bedrock dating

Three sites were sampled on the glacial shoulder of the Mont Sec
Plateau between 1080 and 1121 m a.s.l. (Table 1), two in the stable
area (Pg1 and Pg3) and one in the landslide (Pg2) (Fig. 5a). The
resulting CRE ages range from 7.5 to 16.6 10Be ka. At site Pg1 located on
a glacially polished surface outcropping within a peat bog, two
samples five meters apart yield significantly different ages of 7.5±0.6
and 12.3±0.4 10Be ka (Table 1, Fig. 5a). Sample Pg3 located 2 m beside
the head scarp is dated at 15.1±0.4 10Be ka (Table 1, Fig. 5a and b).
Pg2, sampled on the top of a bedrock block bounded by fractures and
located inside the destabilized area, provides an age of 16.6±0.6 10Be
ka (Table 1, Fig. 5a).

In the case of surfaces shaped by glaciers, the interpretation of CRE
ages is dependent on the presence of screens to cosmic rays such as
moraine and/or peat bog. If no screen was deposited on the site, the



Fig. 6. (a) 10Be exposure ages plotted versus Di with ±σ of analytical uncertainties of profile S1. (b) Cross section of sampling profile S1 on the Séchilienne head scarp. (c) The raw
10Be exposure ages plotted versus Di with ±σ of analytical uncertainties of profile S1 are interpreted in terms of exposure rates variations.
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exposure age corresponds to the ice retreat as it is assumed in our
model (Fig. 4). However, if moraine deposits or peat bog were laid
down, the significance of the CRE ages depends on the time these
screens persisted on the bedrock. This age thus corresponds to the
removal of any cover and in this case the resulting age is younger than
time of ice retreat.

Given the scattered CRE ages obtained on the glacial shoulder for
samples collected at similar elevations (~1100 m), we interpret the
older age at Pg2 (16.6±0.6 10Be ka) as the minimal age of the last
retreat of the Romanche Glacier around 1100m a.s.l. in the Séchilienne
landslide area (Tg in Fig. 4). The timing of glacial retreat is consistent
with the onset of the formation of the Mont Sec peat bog dated by 14C
at 11.5±0.5 ka BP (Muller et al., 2007) in the vicinity of Pg1, in a place
that was likely previously covered by moraine.
Fig. 7. (a) 10Be exposure age plotted versus Di with ±σ of analytical uncertainties of profile
profile S2 on the head scarp with model of the recent rockfall event to explain the young a
4.2. Head scarp dating

Three 30 to 35m high vertical profiles (S1 to S3) were sampled along
the landslidehead scarp (see Fig. 3 for location, and Fig. 5). Eleven samples
were collected along the 35 m high vertical profile S1, which exhibits a
regular shape and whose foot is buried below fallen rock fragments of
unknown thickness (Fig. 5b). Exposure ages Td, alongwith error bars, are
given in Table 1 and are plotted versus vertical distance along the scarp Di
in Fig. 6a. As expected, exposure age valuesmore or less regularly decrease
from the top (4.7 10Be ka, point 1 in Fig. 6a and b) to the bottom (b1.0 10Be
ka)of the scarp, showingaprogressivehead scarpexposure resulting from
the downward vertical motion of the depletion zone. These results show
the downwardmotion of the depletion zone along the scarp is continuous
with time. We fitted a regression line to the 11 experimental data, shown
s S2 and S3 with the S1 exposure rate envelopes in grey. (b) Cross section of sampling
ges at the top of the scarp plotted on Fig. 6a. (c) Cross section of S3 on the head scarp.



Fig. 8. (a) The 10Be exposure age envelope of profile S1 plotted as a function of time provide chronological constraints (Tg, Tgr, Tdi) and show the relationship between the initiation
phase (Tdi) of the landslide and the Holocene Climatic Optimum. The acceleration phase of landslide destabilization (Tda) and displacement rates are also indicated. (b) Kinematics of
the events deduced from the chronological data related to glacier melting and landslide activity yielded a minimal pre-failure endurance. (c) Distribution of the dates of higher lake-
level events reconstructed in the Jura mountains, the northern French Pre-Alps and the Swiss Plateau during the Holocene (histogram, Magny, 2004, 2007) and evolution of arboreal
pollens (curve, de Beaulieu, 1977) through late Quaternary.
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in Fig. 6c. Even if the linear equationwith a constant scarp exposure rate of
0.6 cm/yr yields a satisfactory fit (R2=0.882), it fails to explain the recent
verticalmotions. Indeed,more recent data (points 9 to 11 in Fig. 6a and b)
provide amean scarp exposure rate of about 1.08 cm/yrwhich is closer to
measured present-day values (1.3 cm/yr). On the contrary, the linear law
yields a twice lower rate. These results suggest that thescarpexposure rate
increased with time since the failure initiation. If we draw the two
envelope lines passing through the extreme values considering error bars
(Fig. 6c), exposure scarp ages are distributed inside a narrowarea (grey in
Fig. 6c). The slopes of the envelopes suggest that two periods with
different scarp exposure rates can be distinguishedwith a rate increase at
mid-scarp (Di between 17 and 20 m) between 1 and 2.3 10Be ka (dotted
area in Fig. 6c). The first stage of exposure is characterized by low rate
values (between 0.36 and 0.43 cm/yr, Fig. 6c) while the second stage
displays high rate values (between 0.75 and 1.80 cm/yr, Fig. 6c), in
agreement with measured present-day values. The intersections of the
envelope lines with the horizontal axis Di=0 allow the initiation time of
the landslide failure to be bracketed between 5.0 and 7.8 10Be ka.

The two other vertical profiles (S2 and S3) were located westward
(Fig. 5a) of profile S1 and exhibit a topography less regular than profile
S1 (Fig. 5b). Four samples were collected on each profile and the
exposure ages are given in Table 1 and Fig. 7a. In this figure are also
plotted the envelopes determined from profile S1. For the same
vertical position on the cliff (Di), exposure ages are similar or close to
those of profile S1 (Table 1, Fig. 7a, b and c) except for the three upper
samples of profile S2 (1 to 3, in Fig. 7a) which gave younger ages.
These latter can be explained by the presence of an intermediate shelf
on profile S2 (Fig. 7b), which suggests the occurrence of a rock-fall
event at the top of the scarp posterior to the scarp exposure. Since the
length of the landslide head scarp comprised between profiles S1 and
S3 represents 65% of its total length (Fig. 4a), the exposure ages (Td)
obtained for S2 and S3 plot within the S1 envelope (Fig. 7a),
suggesting that the formation of the head scarp occurred either
synchronously in every point between S1 and S3 or with a very fast
lateral propagation. Additionally, the similar mean rate of head scarp
exposure between S1 and S3 indicate synchronous settling kinematics
of the depletion zone at the bottom of the head scarp as a whole.

5. Discussion

The CRE data obtained on the Sechilienne slope show the
glacial retreat at 1100 m a.s.l. occurs at 16.6±0.6 10Be ka.
Moreover, at the same elevation the onset of the Séchilienne
head scarp is dated 6.4±1.4 10Be ka. This implies a minimal time
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span of 8200 yr between the two events at 1100 m a.s.l., taking
into account the error bars (Fig. 8a). However, these data restricted
to the 1100 m elevation are not sufficient to understand the
relationships between the glacier melting kinematics and the
initiation of the whole slope instability. Temporal constraints are
therefore needed to estimate the time span between the total
downwastage of the ice and the initiation of the resulting
instability. This duration expresses the slope response to progres-
sive stress release following slope debutressing. In the case of the
Romanche Valley age data about the total downwastage of the
glacier are not available.

We propose to transpose to the Romanche Valley, data available
from another large alpine glacial valley, the Tinée Valley. Indeed,
according to Vincent et al. (2004), temperature variations recorded
over the last century at the scale of the Alpine Arc generate similar ice
ablation dynamics for glaciers located several hundreds kilometres
apart. The Tinée valley is located 130 km southeast from the
Romanche Valley, in a similar geological setting (External Crystalline
Massif of Argentera), and displays a similar geometry with a 1000 m
height between the bottom of the valley and the glacial shoulder. This
valley provides chronological constraints on its total downwastage.
The bottom of the valley (1100 m a.s.l.) dates to 13.3±0.1 ka BP
(Bigot-Cormier et al., 2005) by 14C age on travertine. At 13.3 ka BP the
bottom of the Romanche Valley at 400 m a.s.l. was probably already
ice-free. This estimation is consistent with 10Be dates on glacial retreat
ranging from 7 to 12 ka (Cossart et al., 2008) obtained in the
neighbouring valleys (External Crystalline Massif of Pelvoux) for
elevations above 2000 m a.s.l. These chronological constraints suggest
that for the Romanche Valley, between the 16.6±0.6 10Be ka exposure
age of Pg2 glacially polished surface at 1100m a.s.l. and the 13.3±0.1 ka
BP downwastage at 400 m a.s.l., 750 m of ice melted in 3300 yr
(Figs. 7b and 8a). In this case, the minimum time interval between
the total downwastage of the Romanche Valley ice and the initiation
of failure along the Séchilienne head scarp is therefore 5400 yr
(Fig. 8b). This duration can be considered as a pre-failure endurance
(Ballantyne, 2002), i.e. the time interval following total melting of
ice in the valley during which the slope endures the new state of
stress before the initiation of failure. This duration therefore reveals
the dynamic adjustment of the rocky slopes resulting from the
interaction between debutressing (stress variation stemming from
glacial unloading) and the strength of the rock massif. The mechan-
ical behaviour of the slope is controlled by internal factors including
lithology, joint network density and orientation and external ones
such as seismic events, climatic changes and anthropic activity. For
the Séchilienne landslide the 5400 yr value is compatible with the
5700 yr average of pre-failure endurance obtained by Cruden and Hu
(1993) from a negative exhaustion model and with the 7000 yr
limit value deduced from the study of Scottish rock-slope failures
(Ballantyne, 2002).

At the scale of the Alpine Arc, the recent CRE studies of major
landslides show that the initiation of instability does not immediately
follow deglaciation but occurs several thousand years after the valley
is totally ice-free. The estimated pre-failure endurance is thus more
than 3000 yr for la Clapière landslide (French Western Alps, Bigot-
Cormier et al., 2005), more than 2500 yr for the Flims rockslide (Swiss
Central Alps, Ivy-Ochs et al. 2009), more than 4000 yr for the Val Viola
rockslide (Italian Central Alps, Hormes et al., 2008), and more than
2000 yr for the Fernpass rockslide (Austrian Eastern Alps, Prager et al.,
2009). Considering data available formajor alpine landslides, Ivy-Ochs
et al. (2009) suggest slope failure did not occur during deglaciation
but during mid-Holocene time when climate became markedly
warmer and wetter. In the case of the Séchilienne landslide, the CRE
data show that the initiation stage occurred during the Holocene
Climatic Optimum, an event ranging from 9.0 to 5.0 ka BP (grey on
Fig. 8) In the case of the La Clapière landslide, the initiation stage also
occurred during the Climatic Optimum. In the western Alps, this
period is characterized by an increase of the mean temperature of 1 to
2° (Davis et al., 2003), an increase of the density of forest cover (de
Beaulieu, 1977) and an increase in lake level due to heavy annual
precipitation (Magny, 2004, 2007) (Fig. 8c). The combination of these
different climatic characteristics indicates that the Climatic Optimum
was awarmer andwetter period. The exposure rates (Fig. 8a) obtained
from the Séchilienne head scarp show that the activity of the landslide
is continuous from its triggering until present day, with an accelera-
tion phase between 2.3 and 1.0 ka, which coincides with the
subatlantic chronozone. (Fig. 8a and c). This warmer and wetter
phase allows displacement rates to reach 0.75 to 1.80 cm/yr (Figs. 6
and 8a). We suggest that slide acceleration is due to the decrease of
mechanical properties within the rock mass or along slip surfaces,
resulting from progressive slope motion. These high displacement
rates are similar to those recorded during the last twenty years by
instrumental survey (0.7 to 1.6 cm/yr; Vengeon et al., 1999).
Monitoring data suggest a correlation between the increase of
displacement rate of the whole slope with heavy rainfall thus clearly
pointing out the major role of precipitation in slope instability.
Therefore, an external hydrological parameter seems to have a
worsening effect, adding to the decrease of the mechanical properties
of the rock mass to trigger and maintain the Séchilienne landslide
dynamics. Nevertheless the mechanical properties of a massif can also
be weakened by seismic events. In fact the Séchilienne landslide is
located in a zone (Romanche Valley, Belledonne Massif) affected by
recurring seismicity. The potential maximal magnitude estimated
from the instrumental seismicity is lower thanML=3.5 (Thouvenot et
al., 2003). It cannot be excluded that seismic activity played a role in
the Séchilienne landslide movement but this link is not demonstrated
at the present time.

6. Conclusions

CRE data acquired from vertical sampling profiles along the
Séchilienne head scarp provide chronological constraints on the failure
time of this major alpine landslide. Exposure ages at 1100 m a.s.l. in the
head scarp area indicate that the glacier retreated at 16.6±0.6 10Be ka
and that theheadscarpof the landslidewas triggeredat6.4±1.410Beka.
Comparing the date of the rock-slope failure initiation to the estimated
age of total downwastage of the valley yields a minimal pre-failure
endurance of 5400 yr. Therefore slope destabilization does not appear as
an immediate consequenceof debutressing in theRomancheValley. This
result is consistent with those obtained for other large alpine landslides
(Flims, Val Viola, Fernpass, La Clapière). The initiation phase of the
Séchilienne landslide occurred during the Holocene Climatic Optimum,
awarmer andwetter interval. This result suggests that temperature and
precipitation changes at that period had a significant – triggering or
worsening – effect on the Séchilienne failure in the glacial Romanche
Valley. High spatial resolution CRE data (3 m spacing) collected on
vertical profiles provides an innovative contribution to understanding
the Séchilienne landslide kinematics during the Holocene. Results show
the head scarp exposure to be progressive – and then the sliding process
to be continuous – from failure initiation to present with a mean rate of
about 0.6 cm/yr. Exposure age distribution, however, suggest an
increase of the exposure rate between 2.3 and 1 ka up to 1.08 cm/yr,
mean value. After this acceleration phase, the exposure rates are similar
to those obtained by present day monitoring (1.3 cm/yr).
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