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Surface exposure dating and geophysical prospecting
of the Holocene Lauvitel rock slide (French Alps)

Abstract Large rock falls and rockslides represent a risk for
human communities in mountainous areas as they can cause
fatalities and destruction of settlements and infrastructures.
Assessing the associated hazard requires constraining the time
frequency of such events. Since large rockslides are not common,
estimating their frequency requires recording them over a long
period of time. The Holocene period then appears as pertinent,
which implies that rockslide features have to be dated with
absolute chronology methods. This paper presents a character-
isation and dating of the Lauvitel rockslide, one of the largest
Holocene rockslides in the French Alps. Combining field
observation with electrical tomography profiles performed on
the rockslide deposit that constitutes the Lauvitel Lake dam
allows estimating its volume at a minimum of 12×106m3. In
addition, cosmic ray exposure dating using in situ-produced 10Be
concentration measurements has been applied to date seven
samples collected both on the main sliding surface and on blocks
lying on the dam and further downstream. Ages obtained are
consistent with a single large rockslide event, which occurred at
4.7±0.4 10Be-ka and formed two distinct deposits. However, from
a mechanical point of view, these clearly separated deposits could
hardly result from a single movement. A comparison of their
reach angles with those reviewed in the literature highlights that
the lower deposit must result from rock avalanches larger than
107m3, while the upper one (the Lauvitel dam) must result from
several events smaller than 106m3. In the context of hazard
assessment for land use planning, these events can, however, be
considered as a unique event.
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Lauvitel dam . Ecrins-Pelvouxmassif

Introduction
Rock falls and most rockslides are extremely rapid mass move-
ments representing a risk for human communities in mountain-
ous areas: Rock falls smaller than 1 m3 may cause fatalities while
larger ones may destroy human settlements. In order to assess the
hazard associated with such events in land use planning, potential
rock falls have to be identified and characterised, and their
probability of occurrence has to be evaluated on a given period of
time (Fell et al. 2005; Picarelli et al. 2005). For land use planning
purposes, the period of time to be considered is on the order of
∼100 years. In the current state of knowledge, there is no reliable
mechanical method that is able to predict the future behaviour of
a stable rock slope, even in a probabilistic way (Hantz and
Frayssines 2007). Therefore, rock fall/slide hazard assessment is
usually limited to qualitative approaches. Recently, some authors
have proposed to use historical inventories in order to assess rock
fall/slide hazards in a quantitative way (Dussauge-Peisser et al.
2002; Hantz et al. 2003; Moon et al. 2005). This quantitative
approach is based on the knowledge of the rock fall/slide

frequency within a particular area. The time period considered
for such inventories must, however, be long enough to provide a
significant estimate of the mean frequency. Two types of
inventory can be distinguished. The first is based on historical
records, which usually cover 101 to 102years and is appropriate for
volumes ranging from ∼100 to 105m3 (e.g. Dussauge-Peisser et al.
2002). The second is based on the recognition of large Holocene
events representative of larger volumes: Hungr and Evans (2004)
presented time frequency of rock falls larger than 20×106m3.
More detailed field investigations are necessary to achieve such
inventories for smaller volumes, distinguishing homogeneous
areas according to their geomorphic settings. Using such a
resulting frequency in hazard assessment supposes that rock fall
frequency remains constant during the Holocene. Data from a
new Alpine rock fall inventory support this view (Schoeneich et al.
2008). However, some authors suggest that rock avalanche
frequency may have been higher during the early Holocene due
to different climatic forcing (Cruden 1995; Ballantyne 2002; Ivy-
Ochs et al. 2009). Ongoing climate change may thus influence
rockslide frequency (Climchalp 2008a, b). Therefore, it appears
essential to date Holocene rockslides to assess the potential
relation between climate and geological setting on rock fall
occurrence rate. Finally, in order to construct magnitude–
frequency relationships, the frequency has to be determined for
different slide magnitudes; it is also important to determine the
volume of each event.

This paper focuses on the Lauvitel rockslide where geo-
physical prospecting and cosmic ray exposure (CRE) dating were
performed in order to constrain both its volume and age. The
volume was determined by estimating deposit thickness and
aerial surface through geophysical and geomorphological surveys.
The age of the event was determined through CRE dating using in
situ-produced 10Be concentration measurements of samples
collected on features associated with the rockslide. Rock ava-
lanches have generally been dated with the radiocarbon method
(cf. Schoeneich et al. 2008 for a review), but this method requires
organic matter (i.e. wood or charcoal) to be found within the
deposit. Such an important constraint is not required when using
CRE dating. Recently, several rock slides have been dated with
this method, using 36Cl for limestone (Soldati et al. 2004; Van
Husen et al. 2007; Ivy-Ochs et al. 2009; Prager et al. 2009) and
10Be for quartz-bearing rocks (Cossart et al. 2008; Hormes et al.
2008; Le Roux et al. 2009).

The Lauvitel rockslide
The Lauvitel valley is a 7-km-long tributary of the Vénéon River,
one of the main rivers draining the Ecrins–Pelvoux massif. This
massif belongs to the External Crystalline Massifs of the Western
Alps and is located about 50 km southeast of Grenoble (Fig. 1).
The 68-m-deep Lauvitel Lake lies upstream of a natural dam at an
elevation of 1,500 m (Fig. 2). The origin of this lake has been
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diversely interpreted within the literature. Kilian (1922) and
Monjuvent (1978) interpreted the dam as a frontal moraine of
the Lauvitel glacier, and they also described lateral moraines
downstream of the dam. Moreover, Kilian (1922) described an
earlier moraine at the bottom of the Vénéon valley, which is
interpreted by Monjuvent as a frontal moraine of the Vénéon
glacier. These moraines should have been deposited during the
Late glacial stage (∼15–12 kaB.P.). For Delebecque (1898) and Abele
(1974), the dam is the deposit of a large rock slide, the scar of
which is clearly visible on the left side wall of the Lauvitel valley
(Fig. 3). Many arguments support the rockslide hypothesis rather
than a glacial origin: first, the prominent scar dominating the dam
to the west; second, the gentle but obvious slope of the deposit
from the west wall towards the opposite valley side; third, the
coarse blocky shape of the deposit and its homogeneous
petrography, which is the same granite as the scar, whereas this
lithology is nearly absent in the upper catchment; and finally the
large lake-level fluctuations. The lake’s level varies seasonally by
ca. 25 m due to the porosity of the dam. Apart from the lithology,
the morphological setting and hydrological properties largely
resemble the Oeschinensee dam (Swiss Alps), which is a rock
avalanche dam (Niklaus 1967). Abele (1974) suggested that the
sliding mass split up in two parts, the upper one forming the dam
and the lower one propagating down to the Vénéon, where Kilian

(1922) described a moraine. According to this hypothesis, Abele
(1974) estimated a total rockslide volume of 75×106m3. Consid-
ering this volume, the Lauvitel rockslide/avalanche could be the
largest rockslide known in the Ecrins–Pelvoux massif and belong
to the largest rockslides or rock avalanches identified within the
crystalline massifs of the European Alps (Schoeneich et al. 2008).

From a geotechnical point of view, the west wall of the
Lauvitel valley consists of granite and comprises three joint sets
with the following mean dip direction/dip and spacing: J1 (90/58,
1 m); J2 (190/80, 1 m); and J3 (270/60, 100 m). The joint set J1 is
roughly parallel to the initial valley wall. The sliding surface
(Figs. 2 and 3) occurs from 2,400 m to 1,700 m and is mainly
defined by J1 joints. It dips 57° in its upper part (2,387 m to
1,907 m), 45° in its medium part (1,907 m to 1,840 m) and 50° in its
lower part (1,840 m to 1,709 m). At first sight, the slide could be
classified as a translational one, but the variations in inclination
of the sliding surface lead to its classification as a compound
slide. The reach angles (Heim 1932) corresponding to the upper
and lower deposits are 33° and 19°, respectively.

Geophysical survey of the dam
Two electrical tomographic profiles were collected: (1) profile 1
(A–B; Figs. 2 and 4) runs along the crest of the dam for ∼700 m
across the valley and (2) profile 2 (C–D; Figs. 2 and 4) runs
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parallel to the valley axis along ∼300 m. Profile 2 crosses the
supposed lower limit of the dam, characterised by a sudden
change in slope inclination where many springs are located. Both
profiles were acquired using a Wenner configuration and 64
electrodes spaced every 5 m. Data of profile 1 were gathered, as
they were recorded using a roll-along technique every 16 electro-
des. The inversed profiles are shown in Fig. 4 after suppressing
aberrant resistivity values obtained due to bad coupling between
electrodes and the sometimes rocky material. They were derived
using the RES2DINV software with a L1 regularisation norm and
are presented after three iterations, satisfying root mean square
error values.

On top of profile 1 (Figs. 2 and 4), the three different
formations visible on the surface are characterised by different
resistivities. On the northwestern side, the scree corresponds to
values ranging between 3,500 and 5,000 Ω m. On the southeastern

side, an alluvial fan is characterised by resistivities between 2,500
and 4,000 Ω m. In the central part of the profile, the rockslide
deposit has a resistivity higher than 5,000 Ω m. This can be
explained by its high porosity, which is implied by the accumu-
lation of large blocks (typical size of a few cubic-metres scale).

The thickness of this latter formation is about 10 m below the
eastern part of the dam and reaches up to 50 m below its western
part, with a resistivity much higher than 5,000 Ω m. Below this
surficial layer, resistivity decreases with depth, indicating finer
and wetter material that could be morainic. In the eastern part of
the profile, the lower resistivity (1,000 Ω m) observed at the
elevation of about 1,500 m, which roughly corresponds to the lake
level at the time of geophysical survey (1,490 m, 31 August 2005;
D. Dumas personal communication), can be explained by the
water-table position. The deeper occurrence of the water saturation
signal in the northwestern part could be due to the longer distance
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from the lake. The high resistivity zone (7,500–10,000 Ω m) on the
eastern lower part of the profile (Fig. 4) is interpreted as an edge
artefact of the inversion due to fewer data underneath.

Contrarily to profile 1, the nature of the ground surface was
less visible on profile 2 due to vegetation cover. However, the
resistivity values clearly show two different types of material

below the surface. The upper and steeper part (i.e. the northern
part; Figs. 2 and 4), which has an approximate thickness of 40–
50 m, corresponds to a similar resistivity range as the surficial
layer in profile 1 (i.e. higher than 5,000 Ω m). The lower part
shows mostly low resistivity values (i.e. <1,000 Ω m, Fig. 4) as for
the saturated materials previously described. These two forma-
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Fig. 3 General southward view of the
Lauvitel valley. Light shaded areas
correspond to (a) primary rock slide
plane (up) and (b) upstream rock
avalanche deposit (down). The
Lauvitel lake is clearly visible upstream
of the dam. The five highest sample
locations are also represented
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tions are interpreted as the rockslide deposit and the moraine
identified in profile 1, respectively. A relatively high resistivity
zone (7,500–10,000 Ω m) appears under the saturated moraine at
a depth of 10–20 m, which can be interpreted as bedrock.
Considering these two electrical tomography profiles, the base of
the deposit would fall from an elevation of 1,500 m in the
southeastern part of profile 1 to ∼1,330 m in the centre of profile 2
where it crosses the surface (Fig. 4). However, the area that
connects these two locations cannot be directly inferred from our
electrical tomography profiles.

Geophysical prospecting has been used to confirm the
supposed lower limit of the upper deposit, which was
previously determined through geomorphological evidence.
The projected surface of the upper deposit (Fig. 2) is estimated
to be 40×104m2. Along the geophysical profiles, its mean
thickness varies between 10 and 50 m. From the examination
of the profiles and the geomorphological map, the mean
thickness can reasonably be estimated at 30±10 m, leading to
an approximated volume of 12� 4� 106m3. This has to be
considered as a minimal value, as the low resistivity values due
to the supposed water table can lead to an underestimation of
the real thickness of the deposit.

Cosmic ray exposure dating

Sampling locations
Seven samples were collected during summer 2005 (Figs. 2 and 3).
Samples Lau2075, Lau2025 and Lau1800, whose index refers to the
sampling elevation, were collected on the clearest main sliding
planes (Fig. 3) where the dip is about 60°. Considering the
topography of the scar (Figs. 2 and 3), these samples were
probably shielded by several tens of metres of rock before the
slide occurred. Lau01 was taken in the scar near its assumed
northern limit, on a 70° dipping plane. Lau04 was sampled on the
top of a block located on the middle of the dam surface,
downstream from the main scar but sufficiently far from it to
reject the hypothesis of a single block fallen later than the main
event. Lau10 and Lau11 (Fig. 2) were collected on separate blocks
located on the lower deposit described by Abele (1974). All
samples are granite and were collected with hammer and chisel
from the uppermost 5 cm of the rock surface.

Sample preparation, analysis and cosmic ray exposure age calculation
Samples were prepared for accelerator mass spectrometry (AMS)
10Be measurements following chemical procedures adapted from
Brown et al. (1991) and Merchel and Herpers (1999). Samples were
crushed and sieved; 250–1,000 m fractions were conserved for
chemical procedures. Pure quartz grains were obtained by
repeated H2SiF6–HCl etching and atmospheric 10Be content
eliminated by successive HF sequential dissolutions. Prior to the
complete HF digestion of quartz grains, addition of a weighted
300 μl of 10−3g g−1 Be carrier solution allowed to fix the 10Be/9Be
ratio of samples. Remaining solutions were dried, diluted in HCl
and purified on anion and cation exchange columns, and Be was
extracted by alkaline precipitations. BeO targets were finally
prepared for AMS 10Be measurements performed with the 3 MV
Tandétron facility at Gif-sur-Yvette, France (Raisbeck et al. 1987,
1994). The presented data were calibrated against 07KNSTD using
a 10Be half-life of 1:36� 0:07ð Þ � 106 years (Nishiizumi et al. 2007).

In order to determine CRE ages from the 10Be concentrations
measured in the quartz fractions, the following equation was used:
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where C(x, ε, t) is the
10Be concentration as a function of depth x

(g cm−2), ε is the erosion rate and t the exposure time (years); C0

is the potential 10Be inherited concentration prior to exposition at
the surface; Λn, Λμs and Λμf are the effective apparent attenuation
lengths (g cm−2) for neutrons, slow muons and fast muons,
respectively. Pspal, Pμs and Pμf are the spallogenic, slow and fast
muon production rates, respectively, that contribute to the total
10Be production. All calculations were performed using attenu-
ation lengths of 150, 1,500 and 5,300 gcm−2 for neutrons, slow and
fast muons as well as contributions to the total production of
98.85%, 1.5% and 0.065%, respectively. These values are based on
field-calibrated measurements (Braucher et al. 2003). A modern
spallogenic production rate (i.e. induced by neutrons) of 4.49±
0.39 atoms g−1year−1 at sea level and high latitude was used for
internal consistency with the data of Stone (2000), according to
the recently published absolute calibration of 10Be AMS standards
by Nishiizumi et al. (2007). Combined with contributions from
slow and fast muons, this sea-level and high-latitude production
rate has then been scaled for sampling altitudes and latitudes
using the scaling factors proposed by Stone (2000).

The surface production rates were corrected for local slope and
topographic shielding due to surrounding geomorphic features
following Dunne et al. (1999). Analytical uncertainties (reported as
1σ; see Table 1 and Fig. 5) include a conservative 3% uncertainty based
on long-termmeasurements of standards (Raisbeck et al. 1987, 1994),
a 1σ statistical error on counted 10Be events and the uncertainty
associated with the chemical and analytical blank correction
(associated 10Be/9Be blank ratio was 3:86� 1:72ð Þ � 10�15). To
compare the 10Be exposure ages with absolute ages, an additional
6% maximum uncertainty for production rates was also systemati-
cally propagated (Stone 2000). Considering the geological context,
the 10Be ages were calculated assuming a negligible inherited
component. We also considered the erosion negligible during the
involved time period, and therefore provide minimum ages.
Furthermore, as sample thicknesses were systematically <5 cm, no
correction was applied for this effect. The presented data do not take
into account temporal magnetic field variations as the induced effect
on the production rates is assumed negligible on the time period
spanned in this study (i.e. max. ∼5% 10Be production rate decrease
compared to the modern value according to Pigati and Lifton 2004).
CRE ages are thus presented in 10Be-ka.

Results
Measured in situ-produced 10Be concentrations ranging from 2.07 to
9.16×104 atoms g−1 yield CRE 10Be ages ranging from 2.3±0.8 to 6.3±
1.6 10Be-ka (Table 1). As shown in Fig. 5, which presents the calculated
CRE ages as a function of the sampling elevations, six of the seven
measured samples yield 10Be ages that statistically overlap. A first
statistical treatment of these data was achieved using method
described in Lowell (1995). Each CRE age obtained for each sample
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is considered as an individual Gaussian distribution with its value
corresponding to the mean of the distribution and its associated
uncertainty corresponding to the dispersion about the mean.
Gaussian distributions of each individual CRE age can then be
summed together to provide a new Gaussian distribution represen-
tative of the dataset (Lowell 1995). On Fig. 6a, the data probability
curve shows a shoulder on the low-value side (i.e. from ∼1.9 to ∼2.9
10Be-ka), while a major mode appears at ∼4.3 10Be-ka. To test the
reliability of this major mode and in order to calculate an averaged
age that takes into account individual age uncertainty, the mean
square of weighted deviates (MSWD) statistic may be used
(McIntyre et al. 1966; Douglass et al. 2006). By combining MSWD
with probability curves, a group of samples sharing a commonmean
age may be identified (Douglass et al. 2006). A calculated MSWD
value of 1.0 indicates that analytical errors are as expected, whereas a
value less than 1.0 indicates that the analytical errors may be
overestimated. Alternatively, a value significantly larger than 1.0
indicates either an underestimation of analytical errors or geological

factors producing dispersed CRE ages (Douglass et al. 2006).
Considering all data, the MSWD value calculated is 1.78 and the
weighted CRE age is 4.2±0.5 10Be-ka. When omitting sample Lau11,
which causes the low-value shoulder observed on the cumulative
probability curve (Fig. 6a), the MSWD value calculated for the six
remaining samples is 0.74. Thus, Fig. 6b shows that by omitting
sample Lau11, the new cumulative probability curve better fits a
Gaussian distribution. Finally, it seems that the low-value shoulder
shown on probability curve (Fig. 6a) identifies an outlier reflecting
unusual geological processes, whereas the major mode highlights a
single past collapse event at 4.7±0.4 10Be-ka.

Discussion
Three samples collected on blocks (i.e. Lau04, Lau10 and Lau11) are
significantly younger than 10 10Be-ka and provide evidence that the
material covering both the dam surface and the lower deposit is not
glacial. The ages obtained for all samples except Lau11 are consistent
with (but do not prove) the hypothesis of a single rock slide∼4.7 10Be-
ka years ago. Lau11 corresponds to the most distant block and is
located close to the Vénéon River, which erodes the toe of the deposit.
This samplemay have been buried in the deposit for some time before
being exposed due to river bank erosion; this geological process may
explain its younger age. Assuming this hypothesis, the estimated
exposure age of the event is 4.7±0.4 10Be-ka (MSWD 0.74, n=6). For
the reasons exposed below, no correction was applied for snow cover.
The four samples Lau01, Lau1800, Lau2025 and Lau2075 have been
collected in the scar where slopes are steeper than 55°. No correction
was applied for these samples, as snow cover rarely accumulates on
smooth rock slopes steeper than 45°. Although Lau04 was collected on
an almost horizontal surface at about 1,500m elevation within an area
where snow cover is likely to reach 1 m during 4 months, this sample
was taken on the top of a sharp >3-m-high block fromwhich the snow
is frequently blown, leading to limited snow thickness and persis-
tence. Both Lau10 and Lau11 were sampled at an elevation of about
900 m where snow accumulation is moderate as well. Assuming a
snow cover of 1 m during 4 months, which is an end-member
scenario, would lead to a 220-years-older age. Therefore, we assume
that this scenario would keep the consistence of a unique event ∼4.7
10Be-ka ago, given reported uncertainties.

Table 1 Sample locations, cosmogenic-nuclide analytical data and 10Be exposure ages

Samples Elevation
(m)

Longitude
WGS 84
(°E)

Latitude
WGS 84
(°N)

Skyline
shielding
factora

Corrected production
rate (atoms g−1year−1)b

10Be
concentration
(104 atoms g−1)c

Exposure
age
(10Be-ka)

Lau01 1,722 6.060 44.980 0.50 9.21±0.55 3.95±1.21 4.3±1.3

Lau04 1,513 6.069 44.974 0.93 14.65±0.88 9.16±2.34 6.3±1.7

Lau10 925 6.078 44.992 0.91 9.03±0.54 3.86±0.57 4.3±0.7

Lau11 887 6.078 44.993 0.94 8.93±0.54 2.07±0.70 2.3±0.8

Lau1800 1,800 6.075 44.977 0.75 14.59±0.88 5.71±1.42 3.9±1.0

Lau2025 2,025 6.075 44.977 0.63 14.46±0.87 8.83±1.51 6.1±1.1

Lau2075 2,075 6.072 44.978 0.63 14.97±0.90 7.56±1.99 5.1±1.4

a Geomorphic scaling factors calculated following the method of Dunne et al. (1999)
b Sample 10 Be production rate scaled for latitudinal and altitudinal effects from Stone (2000), using a modern spallogenic production at sea level and high altitude of 4.49±0.39
atoms g−1 year−1 (see text for details) and corrected from geomorphic factors
c Analytical uncertainties include a conservative 3% uncertainty based on long-term measurements of standards, a 1σ statistical error on counted 10 Be events and the uncertainty
associated with the chemical and analytical blank correction (see text for details and references)
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Our chronological results do not allow distinguishing more than
one event, but the spatial distribution of the deposit shows two clearly
separated areas (Fig. 2), which could hardly result from a unique
movement. The reach angles of the two parts of the deposit can give
some indications about the volume of the individual rock move-
ments. Figure 7 (modified from Corominas 1996) shows the relation
between the reach angle and volume for 47 slide events. This relation
shows that a reach angle of 19°, which corresponds to the lower part of
the Lauvitel deposit, can be attained only for a volume greater than
about 107m3. The only exception corresponds to unobstructed paths,
which is not the case of the Lauvitel rock avalanche, as falling
materials were deflected by the opposite valley wall. Therefore, the
lower deposit may result from a large (or a few large) rock avalanche
(s) with a volume larger than 107m3. A reach angle of 33°, which
corresponds to the upper part of the Lauvitel deposit, is highly
improbable for a volume greater than 106m3. Therefore, the upper
deposit, whose volume has been estimated to at least 12×106m3 from
geophysical prospecting, possibly results from the accumulation of
individual rock movements smaller than 106m3. However, neither
CRE ages nor mechanical arguments allow constraining the chronol-

ogy of individual rock movements (i.e. more dating should be
necessary to define such a detailed chronology), but their occurrence
in a narrow spatial and temporal scale shows a causal relation
between successive events. From a probabilistic point of view, these
rock movements cannot be considered independently and record a
single multiphase event for rock fall/slide hazard assessment
purposes. Furthermore, from a mechanical point of view, they could
result from the previous large movement which produced the lower
deposit, and probably occurred following a relatively short period of
time. It must be recalled that a large volume of rock can fall in a short
time period even by successive individual movements. Although the
propagation distance is less than for a unique event, the risk can also
be important. A recent example of successive rock movements
making up a total volume of ∼30×106m3 in a few-hours timescale is
given by the Randa rockslide (Sartori et al. 2003).

Conclusion
Electrical tomography allowed to confirm that the Lauvitel dam
consists of a rock slide deposit and to estimate its volume at
12� 4� 106m3. The dam forms the upper part of a much larger
rockslide deposit, whose total volume can be estimated to at least
50� 70� 106m3 from the apparent volume of the scar. The Abele
(1974) hypothesis of a large rockslide–rock avalanche reaching the
Vénéon River is consistent with (a) the systematic occurrence of
large granite blocks on the surface of the deposit filling the bottom of
the Vénéon valley, whereas the northern side valley walls of the
Vénéon River are made of gneiss, (b) their ages that are much
younger than expected in case of a glacial origin, (c) the existence of
a sliding plane, the age of which overlaps that of the blocks
downstream, (d) the size of the scarp and (e) the reach angle. This
event might have occurred at∼4.7±0.4 10Be-ka but the hypothesis of
several large events of more than 107m3 cannot be rejected. More
dating would be needed to confirm the uniqueness of this event. It
can be inferred from the reach angle that the upper deposit,
forming the Lauvitel dam, possibly results from successive
individual rock movements smaller than 106m3. In the context
of rock fall hazard assessment for land use planning, all the
movements described here have to be considered as a unique
multiphase event dated at 4.7±0.4 10Be-ka (MSWD 0.74, n=6)
within a rock fall/slide inventory. Combining CRE dating and
electrical tomography has proved to be an efficient tool to both
date and characterise a Holocene rockslide–rock avalanche and
contribute to further constrain the frequency of such cata-
strophic events.
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