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Abstract

Geophysical surveys were conducted on the unstable upper part of the La Clapière landslide in the French Alps (Alpes
Maritimes). Electrical resistivity and seismic measurements were carried out over a 2-year period to obtain, for the first time on this
landslide, general information on the weathered zones, slipping surface and the network of water drainage. This geological
information is derived from two different surveyed areas presented in this paper. For the characterisation and quantification of the
weathering, the data showed a very good correlation between the electrical resistivity and the velocity of the direct waves which is
dependant on the quality of the rock, and put into context by the survey of geological and structural outcrops. This comparison
made it possible to differentiate the weathered zones from unweathered zones. The electrical resistivity profiles also allowed
mapping of the weathering zones at depth, and provided information on channeling of the water within the slope and on the depth
of the slip surface. Thus, the origin of the instability of the upper part of the La Clapière landslide seems to be strongly associated to
the water circulation. The maximum depth of the slipping surface in the uppermost part of the landslide is around 30 m. Moreover,
for the first time we have also identified from electrical resistivity tomography, (1) a boundary, at a depth of about 90±10 m, which
could be the depth of the slipping surface of the La Clapière landslide and (2) a possible perched aquifer.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The understanding of rupture processes in deep seated
landslides and hence the prediction of the evolution of
such phenomena is difficult for two main reasons. The
first one arises from the difficulty in estimating the
mechanical behaviour of the affected rock mass which is
very different from that of rock samples we can study in
the laboratory. This is mainly true in the upper part of the
slope subjected to weathering (Lebourg et al., 2003). The
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second reason is due to the necessity of taking into
account the 3D geometry of the phenomenon, and
particularly the geological discontinuities affecting the
rock mass. The geometry and the structure can be
obtained from geomorphological, geotechnical, geo-
physical, and mechanical data. In order to achieve this
task, both direct and indirect investigations must be
performed. The first approach is geomorphological,
because it allows on the one hand to conceptualize a
model of the studied site and, on the other hand to define
a protocol of study of the site (Hutchinson, 1988; Chigira
et al., 2003; D'amato Avanzi et al., 2004; Catani et al.,
2005; Dymond et al., 2006; Komac, 2006). Concerning
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direct investigations, geotechnical methods may be used
to obtain accurate data allowing slip surfaces to be
located, but the high cost of such methods implies that
they are not always suitable. Thus, an overall structural
interpretation of the landslide is not easy and sometimes
impossible. For this reason geophysical methods such as
electrical resistivity tomography are employed (Maur-
itsch et al., 2000; Roth et al., 2002). Its main advantage is
that it is possible to measure the ground response along
continuous (or pseudo-continuous) profiles located on
the ground surface in order to obtain 2D and 3D imagery
of the structure with an identification of weathered zones
that can be associated with lithologic, hydrologic and
mechanical characteristics. Nevertheless, the technique
requires calibration and validation and complementary
information (geomorphologic, hydrogeologic, tectonic,
etc.) or the application of other geophysical methods
(seismic reflection and refraction, gravity) to validate the
results obtained. Some recent works have shown that the
application of resistivity methods can reveal very
important details of the weathered zones, the hydrolog-
ical system, and geological structure (Robain et al.,
1996; Lebourg et al., 1999; Ritz et al., 1999; Jongmans
et al., 2000; Sumanovac andWeisser, 2001; Lebourg and
Frappa, 2001; Godio and Bottino, 2001; Wise et al.,
2003; Perrone et al., 2004; Lebourg et al., 2005; Rey
et al., 2006; Godio et al., 2006; Sumanovac, 2006).
However, this method has been rarely used on deep
seated landslides because of logistical difficulties with
using resistivity equipment in steep and unstable terrain.

The purpose of this work was to investigate whether
the electrical resistivity tomography could provide
accurate information on the weathered zones, slipping
surface, major discontinuities and the drainage network
in the upper part of the La Clapière landslide (Alpes
Maritimes, France). Although numerous studies have
been carried out on this landslide (hydrological, geo-
logic, tectonic, topographic) (Follacci, 1987; Ivaldi et al.,
1991; Compagnon et al., 1997; Guglielmi et al., 2000;
Cappa et al., 2004)), only one geophysical survey has
been performed at the foot of this landslide (Lebourg
et al., 2005). For this reason, we decided to undertake, for
the first time, such a study by applying the geophysical
approach to the La Clapière landslide and more precisely
to the more unstable part located at the top.

2. Geographical, geomorphological, geological and
hydrogeological setting

The La Clapière landslide is located in the French
Southern Alps (Fig. 1), downstream from the village of
Saint-Etienne-de-Tinée, at the edge of the Mercantour
massif. This landslide affects an area around 100 ha
between 1100 and 1800 m of elevation and mobilizes a
volume of rock about of 60 million m3. It is bordered on
its northwestern side by the Tenibres river and to its
southeastern side by the Rabuons river, flowing into the
Tinée river. The three valleys define a N010°E trending
prismatic geometry that allows a 3-dimensional view of
the unstable area. The prism culminates at an elevation of
2200 m. Elevations of surrounding crests and peaks
reach 3000 m.

The landslide currently overlaps the quaternary
alluvial deposit of the Tinée River and affects the
hercynian basement rocks composed mainly of migma-
titic gneiss (Follacci, 1987, 1999). A subhorizontal bar of
metadiorite, called the Iglière bar, crosses the landslide at
an average elevation of 1350 m (Fig. 2). All geological
units have a hercynian foliationwith a near subhorizontal
dip at the edges of the landslide and a 10° to 30° dip to the
NE within the landslide (Follacci, 1987, 1999; Gunz-
burger and Laumonier, 2002; Delteil et al., 2003). The
metamorphic foliation in the La Clapière zone appears
undulated and microfolded. At the top of the slope,
between elevations of 1700 and 2200 m, metamorphic
rocks are weathered over a thickness ranging from 50 to
200 m. In the middle and at the foot of the slope, the
gneisses are fractured. This landslide is largely fractured
with three characteristic directions of faults (Guglielmi
et al., 2000) which are N10–30°E, N90°E and N110–
140°E with a dip angle close to 90°. A fault with a N20
direction divides the landslide into two parts.

The landslide is bounded at the top by a main scarp of
60–80 m height which forms two lobes, an upper NE
lobe and an upper NW lobe (Follacci, 1987). Two
secondary scarps have developed within the landslide.
One of the scarps has a N120 direction and is located at
an average elevation of 1500 m, the other scarp having
developed since 1987 along a N90 fault just under the
top NW lobe (Fig. 1).

In the upper NE lobe, a secondary landslide is super-
imposed on the major one. This area corresponds to a
5 million m3 volume which has completely lost its
cohesion and which behaves like a block landslide sliding
along its own failure surface which is shallower than that of
the main landslide. It overlaps the main landslide. The
downward movement of this compartment ranges between
100 and 380 mm year−1. This area is the site of the
geophysical prospecting presented in this paper. The upper
part of the landslide between the headscarp and the Iglière
bar has a characteristic morphology in decametric steps
(Follacci, 1987). This landslide has probably been active
since the beginning of the 20th century. The first studies of
the LaClapière landslidewere carried out in 1977.Distance



Fig. 1. The “La Clapière” landslide in 1998, localisation of the studied area (photo from G. Sève, CETE de Nice). A zoom of this area is done in order
to locate the different geophysical surveys on the North–East section of La Clapiere landslide, which is actually the more unstable part of the slope.
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measurements have been regularly acquired since 1982.
These data indicate velocities of 1 cm/day on average. Two
accelerations have been registered: one in autumn 1987
with velocities greater than 10 cm/day and one at the
beginning of 1997 with velocities greater than 5 cm/day
(Follacci, 1999). Moreover, these measurements reveal a
seasonal response of the landslide characterised by an
acceleration of movements correlated to snow melting
(Follacci, 1987, 1999). For a few years, this distance
monitoring has been combined with other types of
investigations: hydrogeological studies (Compagnon
et al., 1997; Guglielmi et al., 2000), remote sensing
(Casson et al., 2003; Squarzoni et al., 2003) and subsurface
geophysical investigations (Lebourg et al., 2003). Different
types of geometric, mechanic or hydromechanic models
have been derived from these data sets (Merrien-Soukatch-
off et al., 2001; Cappa et al., 2004) but none of them
visualise themorphology of themain slip surface geometry.
Based on cross-sectional geometry, the depth of the failure
surface may not exceed 100–200 m (do not link Fig. 2 in
Cappa et al., 2004), but no data exist to confirm this
estimation, In this studywe present themorphology and the
image of the slip surface of the superimposed landslide
affecting the upper part of the NE lobe.

TheLaClapière slope itself is affected bymany tectonic
discontinuities, a complete description ofwhich is reported
in Gunzburger and Laumonier (2002). The major fractures
are subvertical N20 faults intersecting the whole slope far



Fig. 2. Geological and geomorphological maps of Clapiere landslide from Cappa et al. (2004).
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away from the active landslide and delimiting several
parallel N20 slices, several hundred meters wide. The
displacements measured by the monitoring system also
have on average a N20 orientation. This suggests that
faults play the role in guiding the deformation and also that
they aid water drainage.

From the hydrogeological point of view, the landslide
can be regarded as a discontinuous fractured reservoir.
Water flows into fractures whose openings depend on the
depth and on the structure of the slope. The landslide can
be taken as a highly permeable fractured reservoir because
the displacements induce the formation of large volumes
of pore space inside opened fractures, breccias and blocks.
The area is characterised by several springs (perennial and
temporary). Some of these springs emanate directly from
the basement along faults of different directions or in the
weathered topsoil. Thus, the landslide is drained at its foot
by a group of perennial springs with a total discharge of
between 0.25 and 0.35 l s−1 (springs 14, 25, 16, 20 in
Fig. 2). In the landslide, another perennial spring rises at
the foot of the northeastern compartment at an elevation of
1550 m, and has a discharge of between 0.1 and 0.3 l s−1

(spring 1 in Fig. 2). This spring is located in our study
area. After periods of long precipitation, some temporary
spring rise occurs at the same elevation (springs 2, 9, 10,
13 in Fig. 2). All these temporary springs rise along faults
or at the bottom of major tension cracks filled with
colluvial deposits. All the streams that originate from the
perched springs (springs located in the upper part of the
landslide) are interrupted a few hundred meters down-
stream (Cappa et al., 2004). This mean that all the waters
reinfiltrate the main landslide. Water chemistry studies
carried out by Guglielmi et al. (2000, 2005) and Cappa
et al. (2004) suggest the presence of two main flowpaths
in this landslide: (1) flow through low permeability
Triassic deposits pinched under the foot of the landslide,
(2) flow through a more permeable fissured basement.
These differences in the landslide drainage can be
correlated with the different mechanical behaviour: high
sliding speeds at the top and medium and slow speeds at
the base of the landslide (Follacci, 1999). From these data,
Cappa et al. (2004) proposed a conceptual hydromechan-
ical model of the slope, in which a doubly permeable
aquifer is present with a small number of highly con-
ductive fractures and a large number of poorly conductive
fractures. The main hydromechanical effect originates
from snowmelting in the upper part of the slope between
1800 and 2500 m. From this upper rechargeable area, the
transit time through the perched saturated zone can reach
5–8 days, and an infiltration yield ranging from 0.4 to
0.8 l s−1 causes a generalized landslide acceleration. The
transit time of the groundwater to the basal saturated zone
is between 8 and 12 days. Thus, landslide velocities are
characterised by very slow periods (velocities ranging
from 1 to 5 mm day−1) and acceleration periods. Acce-
leration amplitudes are higher in the upper part than in the
basal one. For example, Cappa et al. (2004) measured
velocity values of 44.3 mm day−1 in the upper part versus
14.9mmday−1 in the basal part of the landslide during the
99/11/25 event. For a more complete description the
reader is referred to the papers by Guglielmi et al. (1998,
2000, 2005) and Cappa et al. (2004).

3. Characterisation and quantification of weathering
across the landslide boundary

3.1. Geophysical and mechanical methods

The eastern flank of the slope displays the entire
evolution from weathered (nearest to the landslide) to
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unweathered gneiss (sites Electric Valley Rabuons, EVR,
in Fig. 1). In order to try to quantify this evolution, we
carried out different approaches using a range of
geophysical surveys and mechanical (triaxial) tests.

Geophysical methods used in this study were electric
imagery and P-wave seismic. They were used in order to
evaluate and quantify the apparent values of electrical
resistivity and P-wave velocity associated with the quality
of the rock and to differentiate the weathered rock from
the unweathered rock by mechanical characteristics.

The electrical approach was carried out using an
electrical quadrupole (4 electrodes) using the Wenner
array with the Syscal instrument from IRIS Instruments.
Once all the electrodes were aligned and spaced 0.5 m or
1 m, measurements were carried out, each one giving a
value of apparent resistivity at a geographical point of
reference. The quadrupole is moved along the profile to
obtain apparent resistivity values at different locations.

To quantify the variation of P-wave velocities, a seismic
tool (McSeis-3, Iris Instruments) was used, suitable for the
small outcrop scale survey. The seismic source employed
was a hammer. First arrival timeswere determined for each
site where resistivity measurements were carried out. An
apparent P-wave velocity value of the directwave has been
deduced from each measurement.

We carried out for all sites amechanical characterisation
tested by a geophysical survey. Themechanical parameters
usually used in rock mechanics are not applicable here
because of the breakdown of the material due to mass
movement. We decided to study the gneissic material by a
triaxial test approach, and the samples taken at outcrops
were mainly composed of granular elements. The elements
sampled in the gravitational faults are supporting the
maximum shearing stress in the field. They are mainly
composed granular gneissic material. Consolidated
Drained (CD) tests have been performed to simulate the
stress paths followed by granular material elements in the
studied areas of the slope, from the weathered zone to
the unweathered zones and that under drained conditions.
The study was carried out to investigate the shear strength
characteristics of material associated to the quantification
of the weathered evolution with the production of fines and
granular elements. These tests were performed using a
Wykeham Farrance triaxial press of 50 kN with 3500 kPa
Table 1
Physical and mechanical parameters determined from La Clapière material b

Sample location EVR8 EVR6

E 74±7 MPa 49±5
c′ 2±2 kPa 11±2
ϕ′ 28.4°±1.2 29.3°±1.

The sample locations are indicated in Fig. 1. Em: mean Young modulus, c′:
cells. For each sample we realised about 4 tests at 100 kPa,
200 kPa, 300 kPa and 400 kPa, for a 25% maximum
deformation and for 3 mm/mn velocity. The mechanical
parameters calculated here are the effective internal friction
angle (ϕ′ in degree) and the effective cohesion (C′, in kPa).

These parameters are classically used in the equation of
theMohr–Coulomb failure criterion: τmax=C′+σN·tanϕ′,
where τmax is the maximum shearing stress and σN the
normal stress (Costet and Sanglerat, 1981). Rewritten using
the applied stress (σV and σH) to the specimen during the
triaxial shear test, it becomes:

rV − rH
2

¼ rV þ rH
2

þ CV
tg/V

� �
d sin/V

The failure of the specimen occurs at (σV, σH) values
determined in the laboratory; parameters C′ and ϕ′ can
be calculated by simple mathematical expressions.

3.2. Results and interpretation

The mechanical results are shown in Table 1 for four
sites (EVR2, EVR4, EVR6, EVR8). We observe a
decreasing effective cohesion from the unweathered area
(effective cohesion of 36 kPa, site EVR2) to theweathered
area (effective cohesion of 2 kPa, site EVR8) whereas in
the same time the value of the internal angle of friction (ϕ′)
increases from 24.7° up to 28.4°, which confirms the great
variability of the mechanical behaviour.

The physical significance of this evolution of the
internal angle of friction is difficult to explain at present.
However, Lebourg et al. (2004) studied the mechanical
behaviour of the moraines from Aspe valley (Atlantic
Pyrenees) and made similar findings by establishing
relations between the effective internal angle of friction,
the elongation factor and the roughness factor. The
similarity between our results and their implies that the
more we approach the weathered area of La Clapière
landslide, the more the elongation of the grains becomes
important. From a geological point of view, it is well
known that hydrolysis of gneiss, which is mainly made
up of quartz (tectosilicate) and mica (phyllosilicate),
leads progressively to the destruction of mica. This
alteration forms clays drained by infiltrating water. This
y triaxial tests

EVR4 EVR2

MPa 52±5 MPa 43±4 MPa
kPa 26±3 kPa 36±3 kPa
2 25.7°±1.2 24.7°±1.3

internal effective cohesion, ϕ′: internal angle friction.
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drainage can lead to an increase of the percentage of
quartz in the rock matrix and consequently an increase of
the elongation factor. Given that the effective internal
angle of friction is related to the elongation factor
(Lebourg et al., 2004), our results are in agreement with
the fact that the increase of effective internal angle is
correlated with the increase of the weathering which is
generally characterised by low electrical resistivity and
P-wave velocity.

Measurements of electrical resistivity and velocity of
the direct waves were carried out on various zones of the
slip and more precisely from the limit of the landslide to
the unweathered zone (Fig. 1). The knowledge of
resistivity values corresponding to different degrees of
weathering is very important for the study of resistivity
tomography on the landslide, and the interpretation of
resistivity contrasts. Fig. 3 shows the variation of the
apparent resistivity and the velocity of the direct wave
according to the sites of study. These sites, regularly
spaced (about 100m), extend from the unweathered zone
(Rabuons gully, site EVR1, Fig. 1) to the weathered zone
(site EVR8 is on the slip). The change from unweathered
zone to weathered zone is clearly observed between sites
EVR3 and EVR4. We can observe a very good
correlation of the two signals with the unweathered or
weathered character of the rock. From these measure-
ments, we can infer that the unweathered rock has a value
of apparent resistivity of about 5000–6000 Ω m and a
propagation velocity of about 2000 m/s, whereas the
weathered rock has values of apparent resistivity
decreasing to 1500–2500 Ω m and its propagation
velocity to 600 m/s. These results are in agreement with
mechanical data given in Table 1, which show that the
more we approach the weathering area the more effective
Fig. 3. Evolution of the electrical resistivity and the propagation velocity fro
grey band corresponds to the limit between weathered and unweathered zon
cohesion decreases and effective internal friction angle
increases.

Thus it seems possible, for the La Clapière landslide,
to distinguish from resistivity values a weathered mate-
rial from an unweathered material, with a critical value
of resistivity around 2000±500 Ω m. This weathering
results from chemical weathering and/or mechanical
weathering. Yet the relative proportion of these two
mechanisms and the possibility to associate this wea-
thering signal with electrical signal remain uncertain
because the electrical response of a weathered forma-
tion is a function of many parameters such as the
porosity, amount of fracturing, water content and degree
of saturation. However, if we consider only the
chemical weathering (hydrolysis of the silicate) and
micromechanical weathering, an increased content of
clay and corresponding decrease of the permeability
should cause a decrease in the resistivity. This is in fact
what we observe using the subsurface imaging
techniques discussed earlier in this section. We can
also consider only the mechanical weathering from an
increase in the volume of the voids created by the
breakdown of the rock generated during gravity-related
deformation which should cause an increase in the
measured resistivity. The main problem is to quantify
the relative contributions of these two weathering
processes. In this study, the decreasing of the resistivity
seems mainly to be associated to the production of clay
minerals versus the breakdown of the gneiss. Moreover,
it is important to consider that the La Clapière site is a
petrologically homogeneous zone. Thus, a very strong
decreasing of resistivity in this zone could be also
associated to the presence of water. The question of
from which value of resistivity can the presence of
m the weathered zone of the landslide to the non-weathered zone. The
e.
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water in the rock by implied is addressed in the
following section.

4. Electrical resistivity tomography on the top of the
La Clapière landslide

4.1. Electrical and tomography methods

The results of the previous study showed us a reduc-
tion in the resistivity when we pass from the unweathered
zone to the weathered zone. The electric method using
the panel resistivity method makes it possible to carry out
a 2D tomography.

To obtain an image of the sub-surface it is necessary
to carry out various measurements over a short period
Fig. 4. (A) Electrical resistivity tomography obtained by the dipole–dipole
observed and can be interpreted as zone of drainage. We observe a good corr
noted 1 and 2 in the text (see part 2). The result obtained after 6 iteratio
Interpretation and localisation of the weathered zones of this profile. Hachur
could be considered as saturated zone and associated with slipping surface o
of time. This approach was undertaken with a
multielectrode 2D device, using 48 electrodes separat-
ed by 10 m. We systematically used a pole–pole and
dipole–dipole array, with measurement frequency of
4 Hz, for about 800 to 1100 measurements for each
profile (no. 1 and no. 2, see Fig. 1). The 2D resistivity
data were recorded using the Syscal R1 Plus imaging
system (IRIS Instrument). The data are classically
presented in the form of pseudo-sections (Edwards,
1977), which give an approximate picture of the
subsurface resistivity. The data, once recorded, are
transferred to and processed on a computer. Inversion
of the data is required to obtain a vertical true
resistivity section through the underlying structure
(Loke and Barker, 1996; Bear et al., 1996). The field
survey on the NE landslide (profile no. 1). Very conductive zones are
elation between these zones and the presence in surface of two springs
ns, as in Fig. 5, is equivalent to that obtained after 3 iterations. (B)
ed zones which correspond to very conductive zones observed in (A)
f the summit landslide.
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data depicted as contoured pseudoresistivity sections
were inverted with the RES2DINV software written
by Loke (1997). Furthermore, the constraints provided
by the topographic variations have been introduced
into the inversion processing. To reduce the error on
the resistivity interpretation, we systematically corre-
lated each electrode to geological field observations.
The interpretation of the resistivity cross section must
be improved by a high resolution geological and
structural study. This last aspect reduces the error of
the interpretation.

Two profiles, separated by a distance of approxi-
mately 30 m, were obtained on the lower zone of the
Fig. 5. (A) Electrical resistivity tomography obtained along a profile no. 2 by
30 m above the profile no. 1 (Fig. 4). The image is comparable with the
interpretation and localisation of the weathered zones of this profile.
unstable and higher part of the landslide (Fig. 1). The
profiles no. 1 and no. 2 were obtained in December 2003
and July 2004 respectively.

5. Geophysical results and interpretation

5.1. Profile no. 1 — dipole–dipole

This survey carried out in the higher part of the
landslide made it possible to obtain information on the
variations of resistivity to a depth of 50 m (Fig. 4). It was
obtained during the winter of 2003. The interpretation
identified three distinct geological objects:
the dipole–dipole survey. This profile has been obtained in July 2004,
tomography obtained along the profile no. 1. (B) Hyrdogeological
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1) Two zones of a few meters thickness characterised
by very low resistivities (200–300Ωm) and located
below the horizontal points 240 m and 275 m
(Fig. 4A). These two zones are interpreted as zones
of drainage. The presence of faults acting as drain-
age is in agreement with recent hydrogeologic work
(Guglielmi et al., 2002; Cappa et al., 2004) which
has shown the relation between a perched aquifer,
between elevation 1600 and 1800 m, and the deeper
water table between 1100 and 1200 m (Cappa et al.,
2004). Moreover, this interpretation is supported
by the presence of springs which are located at
the horizontal point 240 m and 20 m downslope
of the electrode lines (see part 2, springs 1 and 2).
Such results suggest the presence of a complex
water channelisation within this part of the slope
(Fig. 4B).

2) A very conductive zone located between the points
40 m and 200 m, of bowl-shaped form and maximum
thickness of 30/40 m. This zone is characterised by
electrical resistivities ranging from 100 to 300 Ω m
which can be interpreted according to the field
information as the slipping surface of the summit
landslide (Fig. 4A, B).

3) After referring to the preliminary results (in Section
3.2), we can identify zones within the landslide
where the gneisses are more or less weathered. For
the weathered gneiss, the resistivity is around 1000 to
2000 Ω m, and for the unweathered gneiss, about
4000–5000 Ω m. It is quite obvious that this
deterioration is in relation to the mass movement
Fig. 6. Electrical resistivity tomography obtained along profile no. 2 by the
unstable part between 0 and 20–30 m of depth characterised in Fig. 4, (2)
structure of La Clapière and (3) a perched aquifer as suggested by Guglielm
and to the occurrence of fractures in the gneiss rock
mass. Thus, one observes within the slipped masses
the zones known to be weathered (or decompressed)
and the zones still relatively unweathered.

5.2. Profile no. 2 — dipole–dipole

This profile was obtained during July 2004, approx-
imately 30 m above the profile no. 1 which was obtained
in the winter of 2003. The resulting tomographic image
is presented in Fig. 5A. It is comparable with the tomo-
graphy obtained along the profile no. 1, but it presents
differences owing to the fact that the profile was
obtained during the summer and thus in a dry period.
Thus, we observe a very large resistivity variability from
150Ωm to 8000Ω m with a vertical distribution in two
zones. The first one, between 0 and about 20–30 m
depth shows resistivity values generally lower than
1000Ω m. The second, deeper, zone is characterised by
very high resistivities (N7000Ωm). This strong contrast
could correspond to the boundary between weathered
and unweathered gneiss and can be interpreted as the
slipping surface of the summit landslide (Fig. 5B). This
boundary is associated with the very low electrical
resistivities observed in Fig. 4A obtained along the
profile no. 1.

5.3. Profile no. 2 — pole–pole

This survey gives information on the variations of
resistivity to a depth of 170 m (Fig. 6). We observe a
pole–pole survey. This image shows three electrical structures: (1) the
a layer of about 90 m thick which could corresponds to the principal
i et al. (2002) and Cappa et al. (2004).
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very large resistivity variability from 100 Ω m to
7800 Ω m. with a vertical distribution in three zones.
The first one, between 0 and 20–30 m corresponds to
the unstable part characterised previously with the
dipole–dipole surveys. The second one is about 90 m
thick and characterised by high resistivities (≥5000 Ω
m). This layer probably corresponds to the principal
structure of the La Clapière landslide. Below this layer
we found very low resistivities (≤150 Ω m) which may
be associated with the presence of saturated material and
may relate to the perched aquifer suggested by Guglielmi
et al. (2002).

6. Concluding remarks

For the first time, a geophysical study has been
carried out at the summit of the La Clapière landslide. It
illustrates clearly that electrical resistivity tomography is
very helpful in studying landslides because it not only
gives a resistivity value which depends upon the
physical and hydrological parameters of the materials,
but it also provides information upon specific geoelec-
trical heterogeneity of the investigated zone and, thus,
upon its lithological variations. At the first site (on the
East flank of the slope), the geophysical data (resisitivity
and velocity of the P-wave) allowed a characterisation
of the quality of the rock and to distinguish between
weathered and unweathered materials. A weathered
material is characterised by a true resistivity value lower
than 2000±500Ω m and/or P-wave velocity lower than
2000 m/s. This characterisation was then used to
interpret 2D images obtained by the electrical resistivity
tomography technique. These images have shown that
the superficial part of the slope is likely to be strongly
fractured over a thickness ranging from a few meters to
30 m. They showed also the importance of the
weathering and the complexity of groundwater move-
ment within the slope. Indeed, the very low resistivities
of the materials (b300±100 Ω m) compared to those
from weathered rock (2000± 500 Ω m) can be
interpreted as a saturated layer. Thus, the origin of the
instability of the upper part of the La Clapière landslide
may be associated with groundwater circulation. The
maximum depth of the slipping surface at the landslide
can also be derived from the electrical tomography
profiles and was found to be around 30 m.

Moreover, we have for the first time investigated
the vertical structure of the La Clapière landslide at
depth. From the pole–pole survey, we detected a very
strong decreasing of the resistivity to a depth of
approximately 90 m. The material below this limit is
characterised by very low resistivity of about 100 Ω m
which suggests the presence of a perched aquifer. This
boundary could be associated to the main shear surface
of the La Clapière landslide for this altitude. This
information is very important because this saturated
material could be responsible for the destabilization of
the massif. It is clear that 3D surveying with multi-
electrode arrays would be a useful addition to this study
in order to obtain a complete spatial structure. In the
future these data will be used for a stability assessment
of the area.
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