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ABSTRACT: This paper deals with the applicability of electrical resistivity tomography (ERT) for the recognition of large landslide
structures at depths, which have never previously been imaged accurately. One of the most studied and instrumented deep land-
slides in Europe is taken as an example: the La Clapiere landslide.

The first stage of the study consisted of an accurate geological mapping taking into account a morphological analysis of gravi-
tational deformations. This allowed a very fine definition of the landslide structure, that could be compared with three provided
ERT profiles performed within the landslide body. Very good correlations were obtained for the determination of sub-horizontal
structures and associated fluid circulations. It confirmed the position of the sliding surface that reached a maximum depth of
100 m. Forward computing was however necessary to determine the influence and then the presence of vertical discontinuities.
It supports the use of ERT as an efficient tool for large scale landslide imaging, such as deep seated landslides. Copyright © 2010

John Wiley & Sons, Ltd.
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Introduction

The recognition of the geometry of deep seated landslides is
a fundamental stage in the understanding of mechanisms
leading to wide destabilizations. As mentioned by Ferrucci et
al. (2000), any investigation of gravitational slope deformation
should include a study of the geometry of the landslide and
the structure of both the landslide and the parent rock. Three
types of dataset were defined by McCann and Forster (1990)
for the geotechnical characterization of landslides. The deter-
mination of the three-dimensional (3D) geometry of the
studied object, particularly that of the sliding surfaces; the
investigation of slope hydrogeology, mainly water inputs and
its pore pressure distribution within the sliding mass and
finally the detection and characterization of sliding move-
ments and rates.

Most studies on landslides combine various direct and indi-
rect methods to assess those parameters (Bogoslowsky and
Ogilvy, 1977; Caris and Van Asch, 1991; Mauritsch et al,,
2000; Ferrucci et al., 2000; Maquaire et al., 2001; Agnesi et
al., 2005; Bichler et al.,, 2004; Lebourg et al., 2005). The
methods employed, direct or indirect are subject to opera-
tional requirements and limitations according to the studied
slope conditions. Therefore it is necessary to determine the
most common applicable methods for the recognition of the
sliding surface in large rock-slides.

Direct recognition of the sliding surface is mainly obtained
by boreholes (Hutchinson, 1983; Ayalew et al., 2005), but this
method is seldom used for large rock slides (Forlati et al.,
2001) because of the high costs and the configuration of the
unstable slopes, mainly linked to high internal deformation of
the landslide body.

Indirect inference of landslide geometry is mainly obtained
by the use of geophysical methods (Hack, 2000). Most of them
are classically applied in the case of shallow and large land-
slides: seismic refraction (Caris and Van Asch, 1991; Mauritsch
et al., 2000), seismic reflection (Bruno and Marillier, 2000),
self potential (Bogoslowsky and Ogilvy, 1977; Bruno and
Marillier, 2000), electromagnetic imaging (Caris and Van
Asch, 1991; Mauritsch et al., 2000; Godio and Bottino, 2001;
Bichler et al., 2004), and geoelectrical imaging (Bogoslowsky
and Ogilvy, 1977; Caris and Van Asch, 1991; Israil and
Pachauri, 2003; Lebourg et al., 2005; Jomard et al., 2007a;
Jomard et al., 2007b; Godio et al., 2006). A different indirect
way to assess the sliding surface geometry was introduced by
Casson et al. (2005), by the use of remote sensing analysis.

The necessary investigation depth to assess the sliding
surface recognition of a large landslide must lie between 50
and 200 m. This considerably constrains the application of
geophysical methods. In fact, only the use of seismic reflection
or electrical tomography is currently possible. Seismic reflec-
tion has been the only geophysical method employed in
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detection of sliding surfaces on large rock slides that has
yielded results (Ferrucci et al., 2000; Brueckl and Parotidis,
2001). But, the need to use explosives as the seismic source
and problems of strong attenuation and the consequent high
signal to noise ratio (Ferrucci et al.,, 2000) makes that method
not really suitable in the recognition of rock slide sliding sur-
faces geometry.

The aim of this paper is therefore to evaluate the possibility
of using electrical resistivity tomography (ERT) for the charac-
terization of large landslide structures at depth, in particular
the geometry of the sliding surface.

ERT is a widely applied method to obtain two-dimensional
(2D) or 3D high-resolution images of ground resistivity varia-
tions (Griffiths and Turnbull, 1985; Griffiths and Barker, 1993;
Loke and Barker, 1996; Lebourg and Frappa, 2001). It has
received increasing attention in recent years, in particular for
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shallow landslide characterization (Benderitter and Schott,
1999; Godio and Bottino, 2001; Lapenna et al., 2003; Bichler
et al., 2004; Lebourg et al., 2005). This attention is mainly
linked to the efficiency of the method in detecting interstitial
water in the ground (McGrath et al., 2002; Garambois et al.,
2002; Jomard et al.,, 2007a; Jomard et al., 2007b). More
recently, ERT has been successfully applied to the analysis of
geologic, tectonic structures (Gourry et al., 2003; Caputo et
al., 2003) and deeper investigations (from the kilometre to the
crustal scale) highlighting discontinuities, faults, drainage
channel systems, and structural features (Storz et al., 2000;
Colella et al., 2004). This makes it possible to consider the
application of this method to large rockslides.

The well known landslide of La Clapiere is taken as an example
(Figure 1). In spite of 25 years of monitoring and analysis of this
landslide, its geometry has never been characterized in detail and

Ti|_1ée River

The La Clapiere Landslide near the village of Saint-Etienne de Tinée

Figure 1. (a) Localization of the La Clapiere landslide; (b) photograph (picture by Y. Guglielmi); (c) aerial photograph (Institut Géographique
National) of the studied zone in 1999. This figure is available in colour online at www.interscience.wiley.com/journal/espl
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the sliding surface has not been identified with accuracy. The
calibration of the ERT method needs an accurate redefinition of
the geological/hydrological structure of the landslide. The first
part of this paper consists of an accurate morphologic and geo-
logic mapping of the La Clapiére slope structure. This structure
will thus be compared and discussed later with three ERT
acquired on the landslide body.

Geological and Geomorphological Analysis
of La Clapiére Landslide

Previous studies of the rock slide

The La Clapiére landslide (Figure 1) is located in the French
Alps, 70 km as the crow flies from the city of Nice (Figure 1a).
More precisely on the left bank of the northwest (NW)-
southeast (SE) oriented Tinée valley, near the village of Saint-
Etienne-de-Tinée (Southern Alps, France, Figure 1c). It is
bordered on its north-western side by the Tenibres River and
on its south-eastern side by the Rabuons River (Figure 1b),
which are fed from lakes situated at elevations of 2500 m and
flow into the Tinée River. The Tinée valley elevation is 1100 m
at the landslide base and the two tributaries create a 300 m
deep notch of the slope. The prism culminates at an elevation
of 2200 m. Elevations of surrounding crests and peaks reach
3000 m (Figure 1b). The base of the La Clapiere landslide is
located at the Tinée valley elevation and is 1 km wide (Figure
1c). The landslide currently overlaps the Quaternary alluvial
deposits of the Tinée River. The top of the landslide is a 120 m
high scarp that extends over a width of 800 m at an elevation
of 1600 m.

One of the first studies of the La Clapiere landslide was
carried out by Follacci (1987). He interprets the current land-
slide as a movement included in a greater deformation zone
linked to gravitational toppling of the Variscan gneisses folia-
tion of the slope. He determines the shear surface as a circular
failure affecting a column of rock 150 m thick.

Julian and Anthony (1996) further describe a mechanism
which seems to be common to the whole of the Tinée valley.
Its origin would be, in agreement with Follacci et al. (1988),
that a neotectonic compression has affected alignments of the
valley slopes and crests by inducing stress at the base of the
hill slopes; such stress propagates upwards inducing a sliding
movement as found in the La Clapiere landslide. They however
do not give geometrical constraints on the slip surface except
the assumption of a circular shear surface ending at the foot
of the slope.

Assumptions advanced until that time linked the importance
of deglaciation to the initiation of a gravitational toppling
which would be one of the origins of the La Clapiere landslide.
Gunzberger and Laumonier (2002) showed that the origin of
the foliation toppling is not gravitational and that the landslide
slip is not aligned on the axis of this deformation. This assump-
tion is supported by numerical modelling (Merrien-Soukatchoff
et al., 2001) showing that gravity and thus the post-glacial
effect cannot be at the origin of such a significant toppling.

Cappa et al. (2004) and Guglielmi et al. (2005) described
this landslide as an encased slide in a fossil movement of
much greater significant width and characterized by a network
of trenches and fractures. The slip surface is included in a
weathered bedrock zone characterized by a thickness ranging
between 50 and 200 m (based on cross-section geometry).
The surface is complex and structurally guided. Moreover,
generated numerical models assigned columns of rocks of
thickness of 150 to 200 m.

Copyright © 2010 John Wiley & Sons, Ltd.

Finally, the only representation of the sliding surface of the
La Clapieére landslide was done by Casson et al. (2005) from
an indirect use of remote sensing and surface deformation
analysis [comparison of digital elevation models (DEMs) gen-
erated from multi-temporal stereoscopic pairs of aerial photo-
graphs]. Observations and modelling are characteristic of a
non-uniform rotational behaviour of the landslide along an
irregular curved slip surface located at a depth of 100 m.
However, these data result from the use of important assump-
tions like a low internal deformation of the landslide body and
give only a 2D view (transverse section) of the sliding surface.

Geostructural context

The La Clapiere unstable slope is located at the north-western
edge of the Argentera-Mercantour External Crystalline Massif.
This basement unit consists of metamorphic rocks having
recorded a polyphased tectonic and metamorphic evolution
during the Variscan and Alpine orogeneses (Faure-Muret,
1947; Bogdanoff and Ploquin, 1980). The slope is composed
of two-mica gneisses characterized by alternating or anasto-
mosing thin micaceous layers, quartz-feldspar layers. A meta-
granodioritic layer is exposed half-way between the bottom
and the top of the landslide.

The metamorphic foliation in the La Clapiére zone appears
undulated and microfolded. The regional metamorphic folia-
tion in the western part of the Argentera-Mercantour strikes
N130°E and dips 60° or steeper towards the northeast (NE).
Close to the land surface, the foliation is horizontal or dips
gently (less than 20°) either to the NE or to the southwest (SW)
(Fabbri and Cappa, 2001; Gunzburger and Laumonier, 2002).
In the upper part of the La Clapiere slope, this toppled zone
displays a N140 axial plane roughly striking to the SW. Scarps,
trenches and other sagging morphological structures were
observed within this uncompressed zone where metamorphic
rocks are weathered on a thickness ranging from 50 to 200 m
between elevations 1300 and 2200 m. A lower Triassic to
Upper cretaceous sedimentary unit is identified (Faure-Muret,
1947; Malaroda et al., 1970) in the right bank of the valley
and covered by the Tinée alluviums. A Triassic sedimentary
layer containing Gypsum underlies the La Clapiéere slope base-
ment. This layer is associated with the Alpine tightly over-
turned syncline with an inner core of gypsum and dolomitic
breccia (cargneules) enclosed by sandstone layers in the left
side of the Rabuons River (Faure-Muret, 1947; Ivaldi et al,,
1991) and is indirectly shown by the enrichment in SO,* of
spring water originating from the landslide base (Guglielmi et
al., 2000). Those sediments are trapped under the gneissic
basement by the Alpine displacement of the Cascai overthrust-
ing fault (Figures 2 and 3).

The fracture pattern of the La Clapiére slope is complex.
Compressive faults are represented by the Cascai thrust that
has a N130 orientation and dips to the NE (Figures 2 and
Figure 3). Extensive faults are represented with two main
directions (Figures 2 and 3):

* A N110-140° family dipping 60° to the SW. Faults have a
150 m average spacing that is characteristic of the overall
massif. This fault set clearly characterizes the main land-
slide scarps (Figures 2 and 3) including the landslide head
(120 m high) and the lower head dividing the landslide into
a higher and a lower part.

e A NO10-030° family of faults dipping 70° to 80° to the SE
and the NW. Two of them contain a thick tectonic breccia
(Figure 3). The north-eastern and the south-western side of
the landslide are bounded by a NO10 major fault (Figures
2 and 3).
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Figure 2. Morphotectonic map of the La Clapiére landslide. Major superficial structures are structurally controlled dividing the landslide in four
principal parts. The accurate mapping allowed the reconstruction of gravitational failure mechanisms. The three electrical profiles (ERT1-3) were
respectively acquired on cross-sections CS2, CS3 and CS4. This figure is available in colour online at www.interscience.wiley.com/journal/espl

Geomorphological analyses performed to
calibrate geophysical data

Detailed field work was performed to characterize the links
between this tectonic pattern and the internal gravitational defor-
mation of the sliding zone. As shown by Guglielmi et al. (2005),
the current La Clapiere landslide is only one more reactivation
of larger and older slope movements corresponding to a large
scale toppling. It means that the slope already had gravitational
failure features before the historical failure. The current landslide
started in the 1950s with an increasing speed up to 6 m/yr in
1987 (Follacci, 1999). All morphological features mapped are
then a combination of pre-existing discontinuities and gravita-
tional features induced by the sliding movement.

The landslide can be divided in to four distinct parts (Figure
2), these distinctions were made by comparing aerial photo-
graphs (1974, 1991, 1995, 1999, 2004) from the Institut
Geographique National (IGN) database, measured and calcu-
lated displacement rates (Follacci, 1999; Serratrice, 2001;
Casson et al., 2005) and field investigations.

The first part was the first area showing signs of destabiliza-
tion in the 1950s. The first recorded evidence of failure is a
N175 motion that is structurally guided by the geometrical
relations between the F2-3-4 and FA faults and the lower
boundary of the toppled zone (Figure 2). The failure propaga-
tion showed an upward progression close to the FA fault that
corresponds to the first sliding unit. The failure surface is about
100 m deep (Figure 3), which seems to be the deepest part of
the overall landslide; this is in agreement with the model
proposed by Gugliemi et al. (2005). The movement is a com-
bination of complex overlapping failures guided by the faults
F2-3-4 that are described by the orientations of the morpho-
logical features. Current movements are influenced by the
overall mass. The sliding direction has reoriented to a N220
motion characterized by scarps having a N120 orientation and
the development of more superficial movements as rock falls
near blocky areas and retrogressive superficial landslides cor-

Copyright © 2010 John Wiley & Sons, Ltd.

responding to scree reactivation and circular failures near the
foot of the slope.

The second part of the structure of the landslide was first
induced by movements linked to the F2 orientation (Figures 2
and 3). However, most directions in this part highlight a N220
motion and the development of superficial block collapse as
screes and superficial slides. The movement does not reach
the toppled zone as it does not mobilize pre-existing trenches.
The sliding surface in this zone remains very superficial and
seems to have appeared more recently as a consequence of
the movement of the remaining slope.

The third part shows also the combination of two movement
directions (Figure 2). The first one is mostly located between
faults F2-3 and is linked to the movement of part one. A
second major orientation has a N120 direction due to a down-
ward N220 motion. This downward movement is character-
ized by scarps in the lower part due to readjustments after
destabilization respectively of parts one and two. Deformation
mainly consists of traction-opening of trenches with a high
deformation rate in the south-eastern part. Failure propagation
at the base of those trenches followed a N40 direction with
an upward propagation of the landslide over time up to the
FB fault that bound today’s unstable zone. High deformation
rates in this unstable zone allowed the initiation of a super-
imposed blocky landslide (Figure 3) which is currently the
most active part of the overall landslide (Casson et al., 2005,
Jomard et al., 2007a).

The fourth part is a relatively stable area (Figure 2). Pre-
existing trenches show small deformations compared to the
overall sliding zone. Movements are bounded to a N220
motion with a deformation by toppling leading to rock falls.
It could mean that the failure surface has not yet completely
propagated under this zone.

Deformation and the increasing number of trenches above
and in the western boundaries of the sliding zone are significant
and would probably induce a future extension of the landslide
westward and up to the FC fault as a next step.

Earth Surf. Process. Landforms (2010)
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Figure 3. Ceological cross-section of the La Clapiére slope. Both landslide morphology and water repartition are complex with a predominant
structural control. An upward extension of the landslide will develop according to a retrogressive failure mechanism. This figure is available in
colour online at www.interscience.wiley.com/journal/espl
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Although only aerial views are available to confirm the
described movements from the 1950s to the end of the 1970s,
displacement measurements and accurate photogrammetric
views of the landslide made by the French Ministry of
Equipment services have been available since the beginning
of the 1980s (Follacci et al., 1987). Mean displacement of the
landslide between 1982 and 1986 was 13-3 m. The motion
peaked at 80 mm/day during a three month period in summer
1987. Quantitative comparisons between 1983 and 1999
photogrammetric views (Casson et al., 2003) have allowed the
total displacement of several landmarks to be determined. A
downward progression of 115 m of the landslide front which
correspond to a globally constant rate of 1-7 cm/day. This
deformation rate is comparable with the average rate deter-
mined for the whole rockslide body (1-7 cm/day, Casson et
al., 2003). But, taking into account the highlighted rockslide
parts, deformation rates of some landmarks are more hetero-
geneous within the landslide body (Casson et al., 2003): a
100 m displacement in part one (1-47 cm/day); 160 m in part
two (2:36 cm/day); 120 m in part three (1-67 cm/day); and a
retreat of the north-eastern head-scarp of about 260 m (4-1 cm/
day) showing the upward propagation of the rupture up to the
FB fault. These motions have a relatively homogeneous N220
direction (Casson et al., 2005) showing a global deformation
of the overall mass. However, the differences in the range of
deformation rates is a significant sign supporting the existence
of the described compartments and their geomorphological
representation.

From a hydrogeological point of view, many studies have
been conducted (Compagnon et al., 1997, Guglielmi et al.,
2000, Cappa et al., 2004) giving details to understand and
represent water in cross-sections (Figure 3). The landslide can
be divided into a higher part with unsaturated water circula-
tion on the sliding surface and a saturated lower part. This
difference may have been a critical factor for the destabiliza-
tion of the landslide base. Deep water tables are also repre-
sented corresponding to the foot of the toppled zone in the
higher slope part and to the basal aquifer (Cappa et al., 2004).

Electrical Resistivity Tomography (ERT)

Protocol used for ERT

The protocol used for this study was previously tested in
Jomard et al. (2007a) giving accurate results in the higher part
of the landslide. The same protocol has been followed in this
study. The key acquisition and inversion parameters are
described later.

Measurements were undertaken with a multielectrode 2D
device, using the Syscal R1 Plus imaging system (IRIS
Instrument). The 2D devices are composed of 48 electrodes
separated by 10 m (limit of the system). ERTT and ERT2
making a total length of 480 m. An overlapping of 50% was
made for the ERT3 which is a combination of two profiles in
order to extend the profile over a length of more than 500 m
and cross some expected major structures. Pole-pole and
dipole-dipole arrays have been acquired for each profile
(ERT1-2-3). Each acquisition point is stacked three to five
times and the obtained value is deleted if the quality factor
(corresponding to a deviation between the injected power and
received signal) is not null. For pole-pole arrays, the location
of infinite electrodes has been done with respect to recom-
mendations mentioned in Robain et al. (1999). In particular,
infinite electrodes are placed symmetrically on both sides of
the in-line electrodes with a spread angle of more than 30°.
However, the length of ‘infinite lines’ does not reach more

Copyright © 2010 John Wiley & Sons, Ltd.

than 7 to 10 times the greatest ‘in-line’ electrode distance
because of problems introduced by the shape of this moun-
tainous steep terrain. This limitation can introduce an almost
homogeneous under evaluation of the deepest measurements
as proposed by Robain et al. (1999). This problem is partly
addressed by the very consistent correlation observed between
resistivity ranges obtained for dipole-dipole and pole-pole
arrays in our previous work (Jomard et al., 2007a).

In this paper, the ERT presented are only for pole-pole
arrays, because other configurations could not penetrate to the
100 m depth assumed for the failure surface (Jomard et al.,
2007a). The resolution of the acquired profiles is a function
of the number of acquisition points; a grid of about 10 x 10
(in metres) was created in agreement with the geological set-
tings scale. It corresponds to about 1000 measurement points
for each ERT and should allow probing theoretically down to
a 250 m calculated depth (Edwards, 1977).

Inversion of the data is then required to obtain a vertical
true resistivity section through the underlying structure (Loke
and Barker, 1996). The field data were inverted with software
RES,pINV written by Loke (1997). Constraints provided by the
topographic variations have been incorporated in the inver-
sion processing. The results of the inversion process are pre-
sented in Figures 4-6. The resolution obtained through the
inversion process is presented in Figure 4, this resolution is
acceptable in comparison with geological parameters pre-
sented in the cross-sections (Figure 3) and the continuous
pseudo-section (Figure 4).

Analyses and discussion of field measurements

All figures presented in this paragraph are the resistivity
models resulting from inversions with RES,pinv software
(Loke, 1997).

According to the relative basement homogeneity for ERT1
and ERT2 (Figure 3), we will be able to associate resistivity
contrasts not to the lithological variations, but to the coupling
between rocks mechanical weathering, saturation and fractur-
ing. In general, resistivity variations can be explained by
(Jongmans and Garambois, 2007):

¢ The water content. In the same geological formation resis-
tivity variation is a function of the ratio saturation/porosity
of the rock.

e The rock weathering. It can be considered two ways: chem-
ical weathering and mechanical weathering. Chemical
(hydrolysis) weathering induces an increase content of clay
and the decreasing of the permeability. Mechanical weath-
ering followed by gravitational movements induces a poros-
ity increasing in a destructured medium. Both weathering
types are characterized by a resistivity increase

ERT 3 will also be dependent to lithological variations at
depth (Figure 3).

ERT descriptions

ERT1 (Figure 4) presents a very large resistivity variability from
50 @ m to 7000 Q@ m and a relatively low misfit of 13%. It
highlights a vertical distribution in three main zones: two
conducting zones located at depth and near the surface (first
and third bodies, Figure 4), separated by a more resistant one.
The lower zone (<500  m) and the resistant one (2000 to
7000 © m) are separated by a boundary of clear resistivity
contrast located at a depth of 110-150 m. The resistant body
is characterized by heterogeneous resistivities with an undu-
lated representation in the shape of bulbs with a resistant core.
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The transition between these resistive cores corresponds to
linear resistivity reductions from >7000 Q m to 2800 Q m.
The more superficial third zone presents another resistivity
decrease to a mean value of 1500 Q m with a clear contrast
at a depth of 30 m.

ERT2 (Figure 5) highlights shapes and ranges of resistivity
comparable to ERTT, excepting the superficial resistivity
decrease. The misfit is also comparable with a value 12-9%.
Both resistivity bodies are more homogeneous compared to
ERT1. The more resistant one still presents an undulated shape
with resistant cores and the lower one is characterized by a
mean lower resistivity value (20 Q m). Moreover, the resistiv-
ity contrast between the two bodies (and then between ERT1
and ERT2) is more important and corresponds to a depth
varying from 60 to 120 m.

ERT3 (Figure 6) presents a different shape compared to ERT1
and ERT2 below a depth of 150 m. The misfit is high com-
pared to the precedent profiles (31:6%). A second resistant
body can be distinguished under the conducting mass.
However, the transition between conductive and resistant
zones is characterized by high resistivity contrasts (as observed
on ERT2) and located respectively at depths of 30 m and
100-150 m.

Comparison with geologic profiles (Figure 7)
The three acquired profiles (ERT1-3) are compared with the
geological interpretation of the landslide previously drawn on
the same transects (Figure 7).

For ERT1, a globally high correlation between the subsur-
face structure and electrical information can be observed.

(m) A WNW
1580 _
1540
1500

1460 '
1420
1380
1340

From the surface to the depth, the conducting superficial body
corresponds well to the superficial secondary landslide as
shown and discussed by Jomard et al. (2007a). The main
landslide body is characterized by the resistive part which
could be associated with a highly deformed and destructured
unsaturated mass. The depth of the interpreted sliding surface
is well represented at a depth at about 80/90 m. At this alti-
tude, the sliding surface is considered to be characterized by
an unsaturated flow which can explain the drop of resistivity
with a lower contrast compared to ERT2. The extreme lower
zone corresponds to the toppled limit depth represented by a
saturate flow zone that explains the continuous resistivity
decrease down to values lower than 100 Q m.

ERT2 can be interpreted in an equivalent form. From surface
to the depth, the first body observed in ERT1 is not represented
any more. This difference can be explained by the absence of
overlapping landslide draining superficial water in this part of
the La Clapiere rockslide. Below, the transition gradient
between the two resistivity bodies is more abrupt compared
to ERT1 and is located at a mean depth consistent with the
geological interpretation (90 m). This strongest gradient can
be explained by the influence of a water content increase
through the sliding surface. Indeed, the sliding surface zone
is characterized in this landslide part by a saturate water flow
that should introduce a higher electric contrast than in the
ERT1 case. From this transition zone to the base of the profile,
resistivities are quite homogeneous (<50 Q m), which is a
problem in comparison with the geological cross-section
where the lowest part is not recognized as a saturated zone.
A strong influence of water content on acquired resistivities at
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Figure 7. ERT projections on geological cross-sections. It highlights a good correlation with sub-horizontal structures although vertical features
are not well explained. This figure is available in colour online at www.interscience.wiley.com/journal/espl
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depth, introduced by the saturated sliding surface level and/
or through draining vertical faults, playing as a short cut for
current lines propagation could be a way to explain this
observation.

ERT3 was made on a much more heterogeneous geological
structure. The upper resistant body, corresponding to the
destructured media of the landslide mass is still coherent with
the geological cross-section. The brutal transition to lower
resistivities (<50 Q m) at a depth of about 30 m corresponds
to the combination of the saturated sliding surface and the
underlying water table affecting Triassic deposits. This con-
ducting zone is thicker in the west-northwest (WNW) part of
the profile, consistent with the localization of the Triassic
formation maximum thickness. Finally, the deep resistivity
increase could be associated with the unsaturated metamor-
phic basement under the Cascai overthrusting fault (Figure 3).

The comparison between electrical profiles and geological
cross-sections indicates that the horizontal geological struc-
tures are well correlated and reproduced by electrical tomog-
raphy for the three profiles. In particular, the precision of their
localization at depth seems to be accurate at this survey scale.
On the contrary, the representation of vertical structures such
as faults is not directly observable with the pole-pole geo-
physical surveys; but the undulated interface between resis-
tant/conductive bodies and the bulb and core heterogeneity
within the undulating resistant body observed on the three
acquired electric profiles cannot be adequately explained with
only horizontal heterogeneities. It can be observed, especially
in ERTT and ERT2, that the electrical undulations are present
where vertical geological discontinuities have been mapped.
This observation implies that vertical structures could have an
influence in the acquired profiles. Therefore simplistic models
were made to estimate the signature of vertical structures in
the acquired profile inversions.

Resistivity modelling (Figure 8)

Resistivity modelling was conducted to assess the reliability of
the information obtained from ERT pole-pole profiles. Two
main problems rose from their analysis:

e The estimation of the signal induced by the presence of
vertical heterogeneities,

¢ The influence of geological complexity to explain the
increasing misfit between the three acquired profiles.

The Res,pmod software (Loke, 2002) was used for this resis-
tivity modelling. Models are computed by (i) the integration
of a determined 2D geometry divided in resistivity bodies, and
(ii) a forward-calculation process depending on the survey
configuration.

The models presented in this paper were tested with geom-
etries in agreement with the field profiles: an electrode spacing
of 10 m, a total length of about 500 m, a pole-pole configura-
tion, an investigation depth around 300 m. From there, three
models were computed taking into account three imposed
geometries corresponding to field analysis and presenting an
increasing complexity:

e A two parallel layer model to represent the interface
between the landslide mass and the stable area taking into
account a clear transition zone at a depth of 80 m.

e A two parallel layer model with the same characteristics
and the adjunction of four vertical faults. Faults are repre-
sented by a thin zone of about 10 m. Faults are irregularly
distributed along the profile to test the accuracy of the
localization; lateral spacing between them is more than
100 m.

Copyright © 2010 John Wiley & Sons, Ltd.

e A two parallel layer model with four dipping faults. A
dipping angle consistent with angles observed on the field
is introduced to the precedent faults.

A range of three characteristic resistivities were attributed
to these different bodies for modelling: (i) a conducting basal
layer (50 Q m) representing the saturated stable bedrock; (ii)
a resistant upper layer (5000 Q m), which represent the land-
slide body with weathered and destructured gneisses on a
80 m thickness; (iii) an intermediate 250 Q m. value for the
representation of faults. Those resistivities were determined by
analysis performed on rock samples by Lebourg et al. (2005).

Two parallel layer model (Figure 8a)

The calculated resistivity model (Figure 8a) well reproduces
the imposed geometry. The error on the interface depth local-
ization (80 m) and the introduced resistivities is negligible.
Furthermore the calculated root mean square (RMS) (4-8%) is
very low compared to the field profiles.

Two parallel layer model with vertical faults (Figure 8b)
Forward-calculation with faults introduces strong heterogene-
ities but the vertical signature of faults is not reproduced. In
detail, the interface depth is still well reproduced around 80 m
but appears strongly undulated. The resistivity contrast
between the two principal bodies is enhanced. In addition,
the shape of the resistive body presents strong lateral varia-
tions in the form of cores separated by the concentration of
nodes of less important resistivities localized on the intro-
duced fault zones. The resistivity of the conductive body is
over evaluated of a ratio of 10. The calculated RMS increases
up to 16-6% with the integration of faults.

Two parallel layer model with dipping faults (Figure 8c)

The introduction of dipping faults with a dip of 70° (Figure 8c)
does not fundamentally modify the precedent results (Figure
8b). However the following points can be seen: (i) the inter-
face undulation is smoothed when the faults dips increase and
the interface at 80 m seems to be under evaluated (10%)
because of a less clear transition, (ii) lateral heterogeneities
are enhanced and (iii) the RMS increases to 40-0%.

Model comparison with ERT2 profile (Figure 8d)

Results are compared to the ERT2 profile. This profile was
selected because it showed better contrasts, the best resistivi-
ties homogeneity and a good accordance with the geological
cross-section. Furthermore, it was acquired on the part of the
landslide that seems to present the simplest structure from a
geological point of view.

e Comparison of ERT2 with the first model is fairly accurate.
The strong resistivity gradient is comparable although the
interface is not undulating and the two bodies are quite
homogeneous.

* Models b and c are quite similar in their forms (Figure 8d),
the introduction of vertical heterogeneities in calculated
models correctly reproduced the undulating surface
between the two bodies and also the formation of resistivity
bulbs in the upper body. Both signs expressed in the ERT2
could then be the expression of vertical heterogeneities in
nature. It also seems that a smooth undulation of the tran-
sitional zone, observed in ERT2, could be a sign of dipping
vertical heterogeneities. The most important result is that
the introduction of vertical heterogeneities does not seem
to strongly influence the horizontal interface localization at
80 m which confirms the reliability of the profiles for the
detection of the sliding surface and associated fluids.
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(a) Geoelectrical model a (with the calculated apparent resistivity model, the resistivity model, and the inverse resistivity model section

calculated); (b) geoelectrical model b with two layers and four vertical faults; (c) geoelectrical model ¢ with two layers and four dipping faults; (d)
comparison between model b, model c and the field ERT2. This figure is available in colour online at www.interscience.wiley.com/journal/espl

However, the calculated lower body is not consistent with
the one obtained in ERT2 (a ratio of 10 is observed between
models and ERT2). This could be partly explained by the
saturation that must homogenize the basement and faults
resistivities, especially because faults are often recognized
as drains for groundwater alimentation (Cappa et al., 2004;
Guglielmi et al., 2005; Lebourg et al., 2005; Jomard et al.,
2007a, Jomard et al., 2007b).

Copyright © 2010 John Wiley & Sons, Ltd.

Furthermore, the variation of the misfit in models a, b and
c clearly shows that increasing the geological complexity will
strongly influence the results of ERT tomography. This should
be taken into account before underestimating the reliability
of ERT and be further developed in the future. In the case of
La Clapiere the high misfits obtained should therefore be
a sign of structure complexity, in particular for the ERT3
(Figure 7).
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Conclusion

The synthesis of 25 years of observations and analysis on the
La Clapiere landslide coupled with an accurate morphological
and geological mapping allowed the creation of a better and
updated structural map and geological cross-sections includ-
ing hydrological water flow paths in and around the landslide.
The final landslide body structure results from a complex
inherited slope structure which strongly guides local deforma-
tion and long-term evolution. It results in a complex morphol-
ogy of the sliding surface which should be later integrated for
numerical and physical modelling.

Moreover, electrical tomography was, for the first time, suc-
cessfully conducted on a deep seated landslide. Results
obtained with this method (pole-pole survey) at this scale are
accurate to define horizontal heterogeneities of slopes, in
particular those introduced by water circulation and porosity/
dislocation of geologic materials. Indeed, correlations with
field analyses confirm the localization of the reconstructed
sliding zone at expected depths (down to an 80-100 m depth).
It also confirms hydrological models previously drawn by
Cappa et al. (2004) and Gugliemi et al. (2005). On the con-
trary, vertical structures are poorly reproduced with this kind
of electrical survey, but it is clear that the signal still contains
information that can be explored to confirm field hypothesis.
ERT therefore provides an efficient geophysical tool for pre-
liminary studies on deep seated landslides by giving quickly
good constraints on their internal structures.

Further studies using much longer and precise devices
coupled with the development of more powerful and adaptive
modelling tools are the next steps in developing the use of
geoelectrical tomography on steep and irregular destabilized
rock slopes. Comparisons in other well known cases of deep
seated landslides such as the Séchilienne landslide (Meric et
al., 2005) or the Rosone slope (Binet et al., 2007) should also
be conducted in order to validate the methodology at this
scale.
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