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A geophysical imaging campaign, including four 950 m electrical profiles and four 470 m long seismic profiles,
was performed on the large Séchilienne landslidewith the objective of constraining the depth and the volume of
the affected zone. Compared to the undisturbed ground, the moving area exhibits lower velocity and higher
resistivity values. Comparison with existing geodetic, geomorphic and geological data (investigation gallery and
borehole) allowed showing that these geophysical parameter variations result from intense fracturing and the
progressive development of air-filled voids within the moving mass. A maximum thickness of 150 m to 200 m
was found in themostdeconsolidated zones. Locally, near-vertical very low resistivity anomalieswere evidenced,
related to cataclasis zones filledwith clayeymaterial. Applying theWyllie's experimental law, rockmass porosity
imageswere derived from seismic tomography profiles. Porosity between 30% and 4%was found from the top to
the bottom of the deconsolidated zone, explaining the deepwater table. Considering a porosity threshold of 3.7%
for the sound bedrock, the total volume of the Séchilienne landslide was estimated to about 60±10×106m3, a
more precise bracket than the previous estimations (20×106 to 100×106m3).
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1. Introduction

Since the last deglaciation, in the mountainous domain, the slope
evolution has been partly controlled by deep-seated gravitational slope
deformations (DSGSD) (Ballantyne, 2002), which are characterized by a
large-scale destabilized volume, a long-time evolution and diffuse
deformation without clear slip surface (Agliardi et al., 2001; Brückl and
Parotidis, 2005; Petley et al., 2005). DSGSDwere observed in all mountain
belts, for various lithological contexts (Dramis and Sorriso-Valvo, 1994;
Agliardi et al., 2001) and inducing catastrophic landslides at a smaller scale
(Brückl andParotidis, 2005;Chemandaet al., 2005;Bachmannet al., 2009).
Recent studies have shown that the present-day active gravitational
movements are often nested in a larger deformed zone (Agliardi et al.,
2001; Brückl and Parotidis, 2005; Petley et al., 2005; Bachmann et al.,
2009). The slope failure initiationmechanism, the affected volume and the
evolutionof gravitational deformation are still open anddebatedquestions
(e.g. Le Roux et al., 2009; Guglielmi and Cappa, 2010; Sanchez et al., 2010).
The surface affected by active gravitational movement can be well
delimited using geodetic and/or remote sensing measurement (e.g.
Duranthon et al., 2003; Metternicht et al., 2005; Delacourt et al., 2007).
On the contrary, at larger scale, the volume affected by the gravitational
destabilization is often poorly constrained.

In a rock mass, electrical resistivity and seismic velocity can vary
with the nature of the geological formation, the fracturing and
weathering degree as well as with the presence of water (Telford
et al., 1990; Reynolds, 1997). In the last two decades, geophysical
prospecting methods have become a major tool to investigate the
internal structure of landslides (for a review, see Jongmans and
Garambois, 2007). Gravitational deformations usually modify the
mechanical and hydrogeological ground characteristics, which in turn
affect the measured geophysical parameters that can be used to map
the landslide body. In rocks, seismic properties like P and S wave
velocities (Vp and Vs) have been shown to be highly sensitive to
fracturing and are extensively used for characterizing the rock quality
(Leucci and De Giorgi, 2006; Barton, 2007). Landslide-induced
fracturing in rocks was mapped using P-wave tomography on the
unstable mountain slope of Randa (Valais, Swiss Alps) and extremely
low velocity values were found, resulting from the ubiquitous
presence of dry cracks and fault zones (Heincke et al., 2006). Electrical
resistivity (ρ) can also provide information about fracturing, which
can generate an increase (Meric et al., 2005) or a decrease (Lebourg
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et al., 2005; Heincke et al., 2010) of the resistivity, in dry or saturated
rocks, respectively.

This study aims at determining the thickness of the mass and the
corresponding volume affected by the Séchilienne gravitational
movement (Belledonne Massif, French Alps). Seven long geophysical
profiles (3 of them are electrical and 4 are seismic) were performed in
summer 2008 on the Sechilienne landslide. Geological information
gathered at the surface and in a survey gallery helped interpreting the
geophysical data. The landslide volume was estimated from the
geophysical data using empirical laws with a rock porosity threshold.

2. Geological, geomorphological and kinematic settings

The Séchilienne landslide is located in the southwestern part of the
Belledonne Massif (western Alps) (Figure 1). The massif, which
extends over more than 120 km in an N30 direction with an altitude
Fig. 1. (a) Location of the study area in France. (b) Structural map of the southwestern part of
location of the Belledonne Border Fault (BBF) seismic alignment is inferred from Thouvenot
from Barféty et al., 1972). Rock mass movements are labeled from 1 to 6. The Séchilienne l
of 3000 m a.s.l., is bounded to the west by the large topographic
depression of the Isère Valley (Figure 1b). 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, Figure 1c) (Ménot, 1988).
The Belledonne massif is affected by a recurrent active deformation
(Martinod et al., 2001; Thouvenot et al., 2003). The localization of the
seismic sources, provided for more than 10 years by the Sismalp
seismological network, shows a concentration of earthquakes along
an axis parallel to the western edge of the massif (Thouvenot et al.,
2003). This alignment of seismic events with ML magnitudes lower
than 3.5 and located at shallow depths (less than 10 km) extends on
more than 50 km. This seismic activity restricted below the western
limit of the Belledonne massif is suspected to reflect the tectonic
activity of the so-called Belledonne Border Fault (BBF, Figure 1b and c)
the Belledonne External Crystalline Massif centered on the lower Romanche Valley. The
et al. (2003). (c) Geological and structural map of the lower Romanche valley (modified
andslide is number 3. The rectangle in dashed line locates Fig. 2.
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(Thouvenot et al., 2003). However, this structure has never been
observed at the surface through geological or morphological features
(Le Roux, 2009).

The massif is divided into two major tectonic and lithological
domains, the external domain to the west and the internal one to the
east (Guillot et al., 2010). These two blocks are separated by a major
Late Paleozoic near-vertical fault so-called Belledonne Middle Fault
Fig. 2. (a) Geological and geomorphic structures of the Séchilienne landslide. (b) Kinematic
and high motion Zones.
(BMF) (Figure 1c). The external domain, which is carved by the east–
west trending lower Romanche River (Figure 1), features micaschists
unconformably covered with Mesozoic sediments and Quaternary
deposits (Figures 1b and 2a). The valley morphology, resulting
from the alternate activity of water and ice during Quaternary times
(Montjuvent and Winistorfer, 1980; Le Roux, 2010), consists of a
glacial plateau (1150 m a.s.l.) dominating steep slopes, around 35 to
map with the slide velocity vectors and the delineation of the accumulation, depletion

image of Fig.�2
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40°, which extends down to the Romanche river. This slope is affected
by active or paleo large-scale rock mass movements between 450 and
1150 m elevation (Barféty et al., 1970) (Figure 1c).

The Séchilienne landslide is the most active gravitational move-
ment at the present time in the area (Figure 2) (Duranthon et al.,
2003). To the north, it is delineated by a major head scarp (Mont Sec
Head-scarp, MSH), several hundred meters wide and several tens of
meters high, and to the east by a lateral scarp whose position is
controlled by north–south oriented fault. Below the head scarp, a low-
slope depletion zone (DZ) between 1100 and 950 m a.s.l. exhibits a
series of large depressions and salient blocks (Figure 2). The lower
part of the landslide, between 950 and 450 m a.s.l., shows steep
Fig. 3. (a) Structural sketch map of the Séchilienne slope (modified after Potherat and Alfons
green and white, respectively. The 240 m long gallery is labeled G710. The location of the t
Séchilienne slope. (c) Rose diagrams (see text for detail) for the four morphological zones. T
tomography profiles (labeled ST1 to ST5) is given.
convex slopes (N 40°, Figure 2) interpreted as an accumulation zone
(AZ) (Vengeon, 1998). The western and lower limits of the landslide
cannot be easily traced in the morphology.

The mechanism usually suggested for the Séchilienne landslide
triggering is the slope unloading and debutressing resulting from the
late Würmian Romanche Glacier melting (15,000 years BP) (Vengeon
et al., 1999; Potherat and Alfonsi, 2001). However, recent cosmic ray
exposure data acquired along the Séchilienne head scarp (Le Roux
et al., 2009) indicated that the slope failure occurred at 6.4±4 10Be ka,
more than 5400 years after the total deglaciation of the valley.
The Sechilienne landslide then does not appear as an immediate
consequence of debutressing in the Romanche valley.
i, 2001). The depletion, accumulation, high motion and stable zones are in yellow, pink,
hree boreholes is indicated by gray circles. (b) Rose diagram of structural data for the
he location of the electrical tomography profiles (labeled ET1 to ET4) and of the seismic

image of Fig.�3


Fig. 4. (a) North–south cross section along profile ET4 (see location in Fig. 3) with the main fractures observed at the surface and the fracturing zones depicted into the G710 gallery
(redrawn fromVengeonetal., 1999) (b)Photographyof theMont Sechead scarp. (c)Photographyof aV-shaped through locateddownslope fromtheMontSechead scarp. (d)Photography
of the major through delineating the depletion zone to the north from the accumulation zone to the south. All pictures are taken from the west and their location is given in Fig. 4a.
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Since the 1980s, a monitoring system (extensometers, geodetic
measurements, tacheometers and microwave radar) has been progres-
sively installed by the Centre d'Etudes Techniques de l'Equipement (CETE)
of Lyon (Evrard et al., 1990; Vengeon et al., 1999; Duranthon et al.,
2003). Monitoring results (Figure 2b) show relatively homogeneous
orientations (N140) and inclinations (10 to 20°) of displacement vectors
over the two destabilized areas described above, with relatively low
displacement rates (2 to 15 cm/year) (Giraudet al., 1990;;Durville et al.,
2004; Kasperski et al., 2010). To the west and to the south, those
regularly decrease, allowing the landslide body to be approximately
delineated (Figure 2b). However, to the east, a particularly active zone
can be distinguished in the lower part of the landslide. This highmotion
zone (HMZ), whose volume has been estimated to about 3×106m3

(Durville et al., 2004), exhibits high sliding velocity vectors reaching a
Fig. 5. Seismic refraction tomography sections with initial model inferred from plus–minus
located with the limit of detected movements by inclinometer measurements (horizonta
RMS=1.7%. (Meric et al., 2005). White cross-hatching: low ray coverage area. SZ: Stab
AZ: Accumulation Zone. G710: survey gallery.
maximumof 150 cm/year (Figure 2b). This frontalmovement generates
frequent rock falls. The displacement rate series in this zone displayed
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). After 2006,
this seasonal influence disappeared, associated with an increase in
displacement rate (Kasperski et al., 2010). Several investigation
campaigns have been performed in the last fifteen years. In 1993–
1994, a 240 m long survey gallery (G710 in Figure 3a) was excavated at
710 m a.s.l., revealing a succession of rigid moving blocks delimited by
highly fractured zones (Vengeon, 1998). This gallery did not reach the
sound bedrock and did not answer the question of the existence of a
deep rupture surface. A hydrochemical survey was conducted on the
landslide (Vengeon, 1998; Guglielmi et al., 2002). Results suggested the
method interpretation. (a) Profile ST1–ST2, 10 iterations, RMS=1.0%. Borehole SD-1 is
l line). (b) Profile ST3–ST4, 10 iterations, RMS=1.2%. (c) Profile ST5, 10 iterations,
le Zone. HMZ: High Motion Zone. MSH: Mont Sec Head scarp. DZ: Depletion Zone.

image of Fig.�4
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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 (N 45 days), this
vadose zone could be saturated during rainy periods, increasing the
displacement rate (Vengeon, 1998). Recently, Meric et al. (2005)
performed a geophysical survey on the Séchilienne landslide, which
showed that the moving zone is identified by higher resistivities
and lower P-wave velocities, compared to the stable area. They
interpreted these results as the consequence of a high fracturing in
dry micaschists. Combination of morphological features, displacement
rate values and geophysical measurements allowed themovingmass to
bedelineated at the surface (Figure 2). The area affected by the landslide
has beenestimated to about 1×106m2 (LeRoux, 2009).On the contrary,
the depth of the sound bedrockwas still poorly controlled, whichmade
the total landslide volume assessment uncertain. Recently, three 150 m-
depth boreholes were drilled between the high-motion zone and the
G710 gallery (Kasperski et al., 2010). Two of the boreholes were
equippedwith inclinometer casing (SD-1 and SD-2, Figure 3a). For SD-1,
monthly measurements between February and July 2010 indicate
horizontal displacements from the surface to 80 m depth. Piezometric
measurements made in the third borehole (SP, Figure 3a) showed that
the water level is deep (below 130 m depth).

3. Methods

3.1. Structural analysis

Based on field work surveys, aerial photo interpretation and inner-
rock information collected in exploration galleries, a structural sketch
map showing themain detected fractures (or faults) at the scale of the
Séchilienne slope was proposed by Potherat and Alfonsi (2001)
(Figure 3a). For this study, the fracture orientation data have been
statistically reprocessed and weighted as a function of their length.
These lineament orientations are then reported in rose diagrams at
the scale of the whole slope (Figure 3b) in order to determine the
main fracture orientations. The dataset was also treated according to
and for the four different morphological zones (stable area, depletion
zone, accumulation zone and high motion zone) of the Séchilienne
slope (Figure 3c). Fracturing data were also collected and spatially
analyzed in a near horizontal 240 m long gallery driven in 1993–1994
at an altitude of 710 m a.s.l. (G710, Figure 3a).

3.2. Geophysical prospecting

Four 950 m long electrical tomography profiles (labeled ET1 to
ET4, Figure 3a) and four 470 m long seismic profiles (labeled ST1 to
ST4, Figure 3a) were conducted in the Séchilienne landslide.

Along each electrical profile, 96 electrodes 10 m apart were used
with a Wenner–Schlumberger (for profiles ET1, ET3 and ET4) and
Wenner (for profile ET2) arrays for their low noise sensitivity (Dahlin
and Zhou, 2004). The ground surface being locally very resistive, the
contact between soil and electrode were improved by adding bentonite
clay mixed with salt water, allowing to transmit a minimal current of
20 mA through the ground. Four measurements were stacked for each
pair of current and potential electrodes. Measurements with a standard
deviation greater than 1% were eliminated of the pseudo-section. The
numbers of remaining points were respectively 1698, 1254, 2028 and
2199 for profiles ET1, ET2, ET3 and ET4. Finally, a median filter was
applied to the apparent resistivity data sets to remove the influence of
outliers. Apparent resistivity data were then inverted using the
Res2dinv software (Loke and Barker, 1996; Loke, 1998) with the
L1-norm toget an image of the resistivity distribution in theground. This
robust inversion method was chosen to image the expected sharp
boundaries and to minimize the effect of error measurements
(Claerbout and Muir, 1973; Loke, 1998). Due to the heterogeneity and
the sharp vertical and horizontal variations of the data set, the initial
damping factor, the vertical to horizontal flatness filter ratio and the
number of nodes between adjacent electrodes were respectively fixed
to 0.16, 1 and 4 (Loke, 1998). The inversion process was stopped after 5
iterations. The inversion stability and robustness were controlled by
applying a median filter and adding a random noise of ±10% to the
measured apparent resistivity and by modifying the starting model.

Along each seismic profile, 20 explosive shots including4offset shots
were recorded by 48 vertical receivers (4.5 Hz) 10 m apart. First arrival
times were picked and processed using the plus–minus method
(Hagendoorn, 1959). The obtained seismic models were then used as
initial velocity sections for inverting the first arrival times, applying the
SIRTmethod (Dines and Lyttle, 1979;Demanet, 2000) to get an image of
theground inP-wave velocity (Vp). ST1andST2were inverted together,
as well as ST3 and ST4. The inversion process was stopped after 10
iterations. The robustness and stability of all images were tested by
starting with another initial model (homogeneous with a velocity of
4000 m/s) and by adding a randomnoise up to±10% on the first arrival
times. Areas with poor resolution, i.e. low ray coverage, are superposed
to the velocity section inorder to determine thepenetrationdepthof the
seismic rays (white cross-hatching).

3.3. Porosity assessment

Geophysical methods only give indirect information— geophysical
parameters — instead of geotechnical properties. Numerous mixture
laws have been proposed to link Vp or ρ to the porosity Φ, mostly in
saturated sedimentary rocks (Mavko et al., 1998). The geophysical
properties of a mixture of grains and pores can be predicted knowing
the volume fractions and the properties of the two phases, as well as
the pore shape. For Vp, one of the simplest models is the empirical
equation proposed by Wyllie et al. (1956) for fluid saturated rocks:

1
Vp

=
Φ
Vpf

+
1−Φ
Vpm

ð1Þ

where Vp, Vpf and Vpm are the P-wave velocities of the saturated rock,
of the pore fluid and of the mineral material composing the rock,
respectively. This empirical relation, which hypotheses that the travel
time is the sum of the transit time in the mineral material and the
transit time in the pore fluid, cannot be justified theoretically and
should be limited to isotropic, consolidated and fluid saturated rocks
at high enough effective pressure (Mavko et al., 1998). According to
these authors, this equation can however be used to estimate the
porosity frommeasurements of seismic velocity and knowledge of the
rock type and pore-fluid content. In the case of fractures in dry rocks,
Vpf is the air velocity and Φ is the fissure porosity. Although the
isotropy and high effective pressure conditions are not fulfilled in such
a shallowmetamorphic rock, the Wyllie's law was applied with a rock
porosity threshold in order to grossly estimate the thickness of the
mass affected by the landslide activity from the seismic tomographies.

The landslide volume was then estimated by interpolation between
the three seismic images, one previous Vp profile (Meric et al., 2005)
and the landslide lateral limits. We used the Surfer software to
reconstruct the landslide geometry, applying the Natural Neighbor
gridding method (Watson and Philip, 1987). The advantage of this
technique is that it does not extrapolate contours beyond the convex
hull of the data locations. The uncertainty of the landslide volume was
estimated by applying other interpolation methods and porosity
threshold.

4. Analysis of the landslide fracturing

Fig. 3a presents the structural sketchmap of the Séchilienne landslide
determined by Potherat and Alfonsi (2001). At the scale of the slope
(Figure 3b), 3 main fracture orientations have been evidenced: N20 to
N30, N70 and N110 to N140. The first set, which is major in the stable
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zone, includes the N20–N30 near-vertical faults (e.g. FM, FR2, FR3 in
Figure3a) that arenear-parallel to themainPalaeozoic BelledonneMiddle
Fault. Their orientation fits with the main foliation plane measured over
the slope. TheN70 set (F20 to F23, F29 to F36 in Figure 3a) corresponds to
a major regional fracture family evidenced on both sides of the BMF, as
well as in themicaschists as in the amphibolites (Le Roux et al., 2010) and
is probably inherited from the regional tectonics (Figure 1b). In the high
motion and accumulation zones where this set is dominant (Figure 3c),
the N70 trending fractures are open and delineate near vertical slabs
toppling downslope. These open fractures have been progressively filled
with coarse screedeposits andnowappear asV-shaped troughsof various
widths and depths (Figure 4). In the high motion zone, toppling is very
active and generates the numerous recorded rockfalls (Helmstetter and
Garambois, 2010). The N70 trending fractures then turned out to play a
major role in the gravitational deformation in the accumulation and active
zones and most of the displacement vectors measured in the two zones
(Figure 2) are perpendicular to the fracture trend. In the lower part of the
Séchilienne slope the fractureorientationevolves fromN70 toN50 (F35 to
F40 in Figure 3a). Finally, the third fracture orientation, N110 to N140 (F1
to F18, FR1 in Figure 3a), is dominant in the depletion zone (Figure 3c).
This fracture family is an inherited tectonic structure also observed at the
regional scale by Le Roux et al. (2010).

The north–south oriented gallery (G710, Figure 3a) crosses the
near vertical foliation whose orientation varies from N170 to N20.
Displacement measurements performed in the gallery showed that
this latter did not reach the sound bedrock (Vengeon, 1998).
Fracturing is highly heterogeneous along the gallery and three
zones can be distinguished (Figure 4, Vengeon, 1998). From 0 to
140 m, the rock is intensively fractured and exhibits three sets of
locally open fractures: a first family of near-vertical fractures oriented
N90 to N135–150, a second set running N80/50°N and a third set
oriented N75, dipping 50°S near-parallel to the slope. From 140 to
170 m, the rock is little fractured and constitutes a compact block.
Beyond 170 m, the gallery crosses a succession of compact blocks and
crushed zones (cataclasis). These meter-to-decameter thick zones,
made of plastic clay materials, strike N50 to N70 with a dip of 50° to
80°NW. The sound blocks are affected by few near-vertical N0 and
N90 fractures.

Fracturing analysis at the surface and in the gallery both evidenced
the set of fractures oriented N50–70 and dipping 50° to 80°NW,which
appears as V-shaped troughs at the surface and as crushed zones in
the gallery (see F22, F23 and F25 in Figures 3 and 4a). This major
fracture family cut the whole mass and has a predominant role in the
deformation processes affecting the accumulation and high motion
zones. On the contrary, the fracture set trending N75 and dipping
50°S, which was observed in the gallery, has little expression at the
surface except at a local scale. However, these short fractures, parallel
to the slope, may have played a role in the mass destabilization, as
suggested by Fig. 4a.

5. Geophysical results

5.1. Location of the geophysical profiles

Four 950 m long electrical tomography profiles (labeled ET1 to
ET4, Figure 3a) were conducted in the Séchilienne landslide. Profile
ET1 is SW–NE oriented (Figure 3a). It starts in the south-western part
of the accumulation zone (AZ), runs above the high motion zone
(HMZ) and ends in the stable zone (SZ). Profile ET2, oriented N115,
starts in the north-western part of the accumulation zone and finishes
beneath the HMZ (Figure 3a). Profile ET3 is approximately parallel to
ET2 and crosses the Mont Sec head scarp (MHS) and the depletion
zone (DZ), ending in the SZ above the AZ (Figure 3a). Finally, Profile
ET4 was carried out along the slope (oriented N0°), starting at the
Mont Sec scarp foot and extending parallel to the survey gallery
(G710) (Figure 3a).
Four 470 m long seismic profiles (labeled ST1 to ST4, Figure 3a)
were performed parallel to the electrical ones. ST1 and ST2 are aligned
along the ET1 profile, while ST3 and ST4 are acquired along the ET3
profile (Figure 3a). The results of a previously acquired seismic profile
(ST5; Meric et al., 2005), running parallel to ET4 with geophone and
sources located at the surface and in the survey gallery (G710), have
also been used.

5.2. Seismic profiles

The three seismic images obtained after 10 iterations are
presented in Fig. 5. For all images, RMS (Root Mean Square) values
of the time residuals are lower than 1.7%, implying that each model is
coherently consistent with its corresponding data set. Using another
initial model (homogeneous with a velocity of 4000 m/s) and adding
random noise on the dataset, inversion provided seismic models
similar to those shown in Fig. 5 with RMS lower than 1.5%. Along
profile ST1–ST2 (Figure 5a), the seismic image shows a superficial low
velocity layer (b2000 m/s) with a thickness of about 30 m between
0 and 550 m. This thickness dramatically increases to 100 m over the
high motion zone, between 550 and 750 m (Figure 2), highlighting
the fracturing induced by the landslide activity. Below 100 m, Vp
values increase from 2500 m/s to reach 3500 m/s at 150 m. That latter
value characterizes the unweathered and compact micaschists, in
agreement with the P-wave velocity measured outside the landslide,
on the left bank of the Romanche River by Le Roux et al. (2010). In the
SZ, similar high velocities (N3500 m/s) were measured near the
surface, suggesting that the compact bedrock is almost outcropping.
P-wave velocities appear then to be correlated with the landslide
activity and to be able tomark at depth the limit of the disturbed zone.
For profile ST3–ST4, the upper part (0–500 m), located over the DZ,
exhibits a low velocity zone (b2000 m/s) with a thickness varying
from 70 m below the MSH to 150 m at the slope break. These low
velocities can be interpreted as the consequence of the damaging
effect of the landslide. Below this thick layer, a high velocity gradient
is observed with velocities which rapidly reach up to 3500 m/s. The
total thickness of the decompressed and fractured zone can thus be
estimated below the DZ between 100 and 150 m. In the down part of
the profile (500 to 750 m), located in the stable zone, high velocities
(N3500 m/s) are measured directly below the surface, suggesting that
the bedrock was not deconsolidated.

The P-wave velocity image along profile ST5 (Figure 5c) exhibits a
superficial low velocity layer (b2000 m/s) with a thickness varying
from 20 to 50 m. Below, the velocity increases heterogeneously to
reach more than 3500 m/s at a depth between a few tens of m to
200 m. In particular, a strong lateral velocity gradient (from 2000 m/s
to more than 3500 m/s) was observed between abscissa 475 to 525 m,
showing that the fracturing degree is not only depth dependent but
also varies laterally. A rise of the bedrock (VpN3500 m/s) was also
visibly close to the limit between the AZ and the DZ.

5.3. Electrical profiles

The four electrical images (ET1 to ET4), obtained after 5 iterations,
are shown in Fig. 6. The sum of the normalized absolute resistivity
residuals divided by themeasurement number (absolute error) is lower
than 5%. Modifying the starting model and the measured apparent
resistivity yielded similar resistivity images, outlining the inversion
robustness and stability, except for profile ET3. This issue will be
discussed later. For profile ET1, the resistivity section (Figure 6a) shows
a shallow resistive layer (thickness b10 m; resistivity N3200 Ωm),
probably corresponding to scree deposits covering the slope. Below,
significant resistivity contrasts areobservedwith respect to thedifferent
zones. In the stable zone (SZ), low resistivities (100–400 Ωm) were
found. These values are in agreement with the measurements made in
compact micachists on the left bank of the Romanche River (Le Roux



Fig. 6. Electrical tomography sections. (a) Profile ET1, 5 iterations, ABS=3.6%. (b) Profiles
ET2, 5 iterations, ABS=3.3%. (c) Profile ET3, 5 iterations, ABS=4.7%. (d) Profile ET4, 5
iterations, ABS=3.6%. SZ: Stable Zone. HMZ: High Motion Zone. DZ: Depletion Zone. AZ:
Accumulation Zone. G710: survey gallery.
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et al., 2010). The contact between the SZ and the HMZ (high motion
zone) is clearly visible with a dramatic increase in resistivity (1000–
2000 Ωm). The thickness of this intensively fractured zone (F30, F31
and F32) reaches at least 100 m. In the accumulation zone (AZ), low
resistivities (100–600 Ωm) characterizing compact micaschists were
found at about 50 m depth, consistently with the ST1–ST2 seismic
tomography. The sound bedrock is overlaid with a higher resistivity
layer (800–1600 Ωm), which evidences the fracturing generated by the
landslide. A higher near-vertical resistive zone (1200–1800 Ωm) and a
local resistive zone (3200–6400 Ωm) is observed at a distance between
350 and 400 m,which are located in the extension of amajor fault (F35)
visible to the east of the profile. Profile ET2 is entirely located in the
accumulation zone (Figure 3). Below shallow resistive scree deposits,
the resistivity tomography (Figure 6b) exhibits strong lateral resistivity
variations in depth, with a central medium-resistivity part (300–800 Ω
m) delineated by two 100 m thick conductive zones (resistivity lower
than 200 Ωm), the location of which could fit with cataclasis faults F25
and F36. The lower and upper parts of the profile show higher average
resistivity values, suggesting the increase in fracturing near the high
motion (F38) and depletion zones (F51 and FM), respectively. Along
profile ET4 (Figure 6d), the depletion zone is clearly visible with high
resistivity values (1600–6400 Ωm) to 100 m depth, highlighting the
intense fracturing under the headscarp (F4, F9, F13, F16, F17, F20 and
F21). Below, the rock resistivity is between 200 and 800 Ωm,
characterizing low fractured micaschists. At the limit between the
depletion and accumulation zones, the thickness of the resistive upper
layer sharply decreases, in agreement with the bedrock rise observed
along the PS5 seismic profile (Figure 5d). Downward, the resistive layer
(N800 Ωm) increases sharply to reach a vertical depth of at least 100 m.
The resistivity image ET3 (Figure 6c) exhibits a high lateral resistivity
contrast (from a few thousands ohmm to less than 800 Ωm) at the
contact between the depletion and the accumulation zones. The
thickness of the highly fractured rocks in the depletion zone could
reachmore than 200 m, in disagreement with the thickness of the low-
velocity layer (less than 150 m) measured along the seismic profile
ST3–4. Asmentioned before, the inversion process for ET3was found to
be unstable (a small change in data yielded different inverted models)
and non-unique (different models were obtained for different starting
models). In order to get a more reliable solution, we imposed a starting
model by fixing the resistivity values with a geometry derived from the
seismic image as shown in Fig. 7a (resistivities of the decompressed and
sound bedrock are respectively fixed to 5000 and 250 Ωm using the
valuesmeasured in the other electrical profiles and frompreviousworks
for the sound bedrock (Le Roux et al., 2010)). The damping factor of the
fixed resistivity areas, which allows the program to change the
resistivity of the region, is set to 2.5 (the larger the damping factor
weight is used, the smaller is the change that is allowed in the resistivity
of the fixed region (Loke, 1998)). The obtained resistivity image
(Figure 7b) explains equally well the data (ABSb5%) and is more
consistent with the seismic image of Fig. 5b and the crossing electrical
image ET4 (Figure 6d). The vertical high resistive zone at the interface
between the depletion and accumulation zones could be linked to the
influence of the fault F28.

6. Interpretation

Below a fewmeters thick very low velocity (Vpb1500m/s) and high
resistivity (a few thousands ohmm) layer made of scree deposits
covering the slope, thedifferent deformation zones can be characterized
through the geophysical investigation, using the P-wave velocity and
the electrical resistivity. In the stable zone (SZ), high seismic velocities
(VpN3500 m/s) and low resistivities (b600 Ωm)were measured a few
meters below the surface (profile ST1–ST2, Figure 5a, profile ST3–ST4,
Figure 5b, profile ET1, Figure6a, andprofile ET3, Figure 7b). These values
characterize themicaschists unaffected by the gravitational movement.
Notably, Vp of 3500 m/s was proposed as a threshold to differentiate
crystalline rocks with poor and fair RQD (Rock Quality Designation)
values (Sjøgren et al., 1979; Barton, 2007). On the other hand,
considering the inclinometer results with a depth of 80 m for the
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Fig. 7. Electrical tomography sections of profile ET3. (a) Initial resistivity model inferred from seismic interpretation. (b) Resistivity image obtained after 5 iterations, ABS=3.0%.
SZ: Stable Zone. DZ: Depletion Zone.
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sliding mass yields a Vp threshold of 3000 m/s, which is of a similar
order of magnitude. In the depletion zone (DZ), a strong velocity
decrease (Vpb2000 m/s), along with a significant resistivity increase
(1600 to 6400 Ωm), was measured to a depth varying between 100 m
and 150 m (profile ST3–ST4, Figure 5b; profile ET3, Figure 7b and upper
part of profile ET4, Figure 6c). This significant change in geophysical
parameters results from the landslide activity which intensively
fractured the rocks and favored the presence of air-filled voids. The
water has probably no influence on the geophysical parameters, as the
table level was found deeper than 130 m in a borehole. Below this layer,
the P wave velocities sharply increase to reach 3500m/s. Associated
with a significant decrease in resistivity (200–800 Ωm), these values
evidenced the undisturbedmicaschists. In the highmotion zone (HMZ),
thosewere found at 150 mdepth, below thick low-velocity and resistive
layers (eastern part of profiles ST1–ST2, Figure 5a and ET1, Figure 6a).
Resistivity values (1600–2000 Ωm) are lower than below the depletion
zone. In the accumulation zone (AZ), the upper low-velocity
(b2000 m/s) and resistive layer is thinner (20 to 50 m; Figure 5a and
c) and overlays a layer with intermediate characteristics (Vp around
2000 to 3000 m/s and resistivity lower than 1600 Ωm on average)
before reaching the compact bedrock at depths between 100 m and
200 m. This intermediate layer can be laterally heterogeneous (i.e.
Figure 5c and Figure 6a, b and d) and exhibits vertical low to very low
resistivity zones (50 to 300 Ωm). Moreover, the limit between the AZ
and the DZ is characterized by a rise of the high-velocity (N3000 m/s)
and low resistivity (b800 Ωm) zone (between abscissa 300 and 500 m
along profiles ST5, Figure 5c, and ET4, Figure 6d). The weathered
bedrock thus only reaches a thickness of about 50 m in this transition
zone. The G710 gallery allows the geophysical parameters to be
correlated with the rock conditions (Figure 4a). In the first 140 m, the
gallery has encountered intensively fractured rocks (fractured zone,
Figure 4a) between the fractures F25 and F26, explaining the high
resistivity values (from800 to 2400 Ωm, Figure 6d) and the relative low
P-wave velocity (about 2500 m/s, Figure 5c). In the last 100 m of the
gallery, resistivity andP-wavevelocity decrease to reachvalues less than
400 Ωm (Figure 6d) and 2000 m/s (Figure 5c), respectively. This low
resistivity and velocity zone correspond to the crushed rocks with clay-
filled fractures observed into the gallery (cataclasis zone, Figure 4a) at
the crossing with fractures F22 and F23. It then turned out that highly
fractured rocks (and the corresponding fractures) could be resistive or
conductive as also shown along other resistivity profiles. The resistive
property depends on the rockweathering and the fracture filling (air or
clay). The very low resistive zones observed on image ET2 probably
coincide with the tracing of clay-filled cataclasis zones.

Numerous gradients in velocity or electrical resistivity are either
near horizontal or perpendicular to the slope surface. This observation
could highlight the role of the near-vertical and parallel-to-the-slope
fracture sets on the rock mass sliding and deconsolidation, as sketched
in Fig. 4a.

The correlation between geophysical parameters and the rock
fracturing degree has been used to derive the rock fissure porosity.
Owing to the influence of the fracture filling material on the electrical
resistivity, this latter was discarded for computing porosity. The
P-wave velocity was considered, applying theWyllie's law (Eq. 1). We
benefited of laboratory measurements made on micaschists before
the driving of an investigation gallery on the left bank of the
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Table 1
Density, porosity and Vp values measured onmicaschist samples (from Effendiantz and
Guillot, 2000).

Sample # Schistosity Density (.103 kg/m3) Porosity (%) Vp (m/s)

1 Non apparent 2.68 0.9 4200
2 Non apparent 2.76 0.9 4890
3 Non apparent 2.69 0.6 4270
4 Slight 2.66 0.7 4390
5 Strong 2.79 1.6 5000
6 Non apparent 2.76 0.8 4490
7 Non apparent 2.73 0.5 5400
8 Non apparent 2.74 0.7 4400
9 Slight 2.67 1.1 4680
10 Non apparent 2.68 1.1 4200
11 Strong 2.76 1.9 5300
12 Non apparent 2.67 1.2 4100
13 Slight 2.68 0.9 4330
14 Non apparent 2.69 0.9 4810
15 Non apparent 2.68 0.5 4620
16 Non apparent 2.84 0.6 6100
17 Non apparent 2.68 0.8 4890
18 Strong 2.82 0.7 5880
19 Slight 2.73 0.8 5020
20 Slight 2.78 0.6 5000
21 Slight 2.79 0.6 5580
Mean 2.73 0.9 4836
Standard deviation 0.05 0.3 551
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Romanche river (Effendiantz and Guillot, 2000). Density, porosity and
Vp values were measured for 21 rock samples (Table 1) affected,
slightly affected or non-affected by schistosity. In the same table are
shown the mean and standard deviation values. A P-wave velocity of
Fig. 8. (a) Vp-porosity empirical law used for the porosity image computation. (b) to (d) P
coverage area. SZ: stable zone. HMZ: high motion zone. MSH: Mont Sec Head scarp. DZ: Depl
the limit of detected movements by inclinometer measurements (horizontal line).
4836 m/s was obtained for a porosity of 0.9% and a density of 2.73. The
P-wave material velocity (Vpm) computed from Eq. 1 is 5500 m/s.

Using that value in theWyllie's law (Eq. 1) we computed the fissure
porosity from the measured velocity values, at the scale of the
wavelength (a few tens of meters). The corresponding law is shown
in Fig. 8a. Although this law is probably not fully adequate, it gives an
order of magnitude of the porosity. The porosity images corresponding
to the three seismic tomography profiles (Figure 5) are shown in Fig. 8b
to d. The velocity in the undisturbed micaschists (3500 m/s) matches a
porosity of 3.7%. In the strongly fractured parts of the slope (depletion
and high motion zones), porosity can reach values as high as 30%,
highlighting the strong damaging effect of the gravitational movement.

From these three seismic images, one previous Vp profile (Meric et al.,
2005) and the landslide lateral limits (see Figure 9a for location on the
slope DEM), the volume of themass affected by the Séchilienne landslide
was computed, considering a threshold in porosity of 3.7%. Applying the
Natural Neighbor gridding method (Watson and Philip, 1987), we
reconstruct the landslide geometry (Figure 9b). Subtracting the two
DEMs we found a volume of 63×106m3, a value bracketed by previous
estimations (20×106 to 100×106m3, Antoine et al., 1994). Applying two
other interpolation methods yields a global volume between 61×106m3

and 69×106m3, indicating that the uncertainty resulting from the data
scariness is about 10%. Considering a different Vp threshold value of
3000 m/s (corresponding to the interface at 80 m identified by recent
inclinometer data, SD-1, Figures 5a and 8b) yields a volume of about
48×106m3 using theNatural Neighbormethod. Considering the different
uncertainty sources, a volume of 60±10×106m3 could be estimated for
the Séchilienne landslide. Notably, this global volume is different from the
volume of the HMZ, whichwas estimated to 3×106m3. Two topographic
cross-sections, drawn through the landslide (located in Figure 9a and b),
orosity images for profiles ST1–ST2, ST3–ST4 and ST5. White cross-hatching: low ray
etion Zone. AZ: Accumulation Zone. G710: survey gallery. Borehole SD-1 is located with
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Fig. 9. (a) DEM of the Séchilienne slope with the limits of the landslide zones and the location of the seismic profiles (red dotted lines) and the two cross-sections (blue dotted lines).
(b) 2D view of the landslide geometrywith the limits of the landslide zones, the location of the seismic profiles (red dotted lines) and the two cross-sections (blue dotted lines). (c) AA′
and BB′ cross-sections with the limit of themass affected by the landslide, considering a threshold of 3.7% in porosity (blue lines). MSH:Mont Sec Head Scarp. DZ: Depletion Zone. AZ:
Accumulation Zone. HMZ: High Motion Zone. SZ: Stable Zone.
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delineate the thickness of themovingmass inferred from the threshold in
porosity of 3.7% (Figure 9c). They show the lateral asymmetry of the
affected volumewhich is thicker in the central eastern part (cross-section
B–B′, Figure 9c) and the rise of the compact bedrock surface at the limit
between the DZ and the AZ (cross-section A–A′, Figure 9c). The thickness
of the mass affected by the Séchilienne landslide is quite similar in these
two zones (about 150 to 200 m). However, the fracturing degree is
significantly higher in the DZ and HMZ than in the AZ, as shown by the
calculated porosity values (Figure 8).

7. Conclusion

Four long electrical and seismic tomography profiles performed
across the Séchilienne landslide allowed the micaschists mass
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deconsolidation state to be characterized by P-wave velocity and
electrical resistivity values. The zones strongly affected and fractured by
the landslide (depletion zone and high motion zone) exhibit low
velocity and high resistivity values, resulting from an intense fracturing
degree and the presence of air-filled voids as shown the good
correspondence between these geophysical parameter variations and
the existing geodetic, geomorphic and geological data (investigation
gallery and borehole). However, strongly fractured rocks could locally
display low resistivity, owing to the presence of vertical cataclasis zones
filled with clayey material. This makes resistivity values ambiguous to
interpret in terms of fracturing degree and we favored P-wave velocity
values for this purpose. Exploiting previous seismic laboratory mea-
surements, we calibrated theWyllie's experimental law for micaschists
and derived the rock mass porosity from P-wave velocity. The volume
affected by the landslide was estimated, choosing two possible Vp (or
porosity) threshold values for the sound bedrock. The landslide volume
was bracketed between 48×106 m3 and 63×106 m3 for a 15% change in
Vp (3000–3500 m/s). Although the volume computation appears to be
sensitive to the threshold value, this is the first evaluation of the
Séchilienne landslide volume, based on deep investigation and not on a
mean thickness for the deconsolidated zone. This geophysical study has
also contributed to quantify thevoidpercentage createdby the landslide
in the rock mass, with a maximum value of about 30% in the more
deconsolidated zones, as well as themaximum thickness of the affected
zone which reaches 150 to 200 m.
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