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Application of geophysical methods for the
investigation of the large gravitational mass
movement of Séchilienne, France

O. Meric, S. Garambois, D. Jongmans, M. Wathelet, J.L Chatelain, and
J.M. Vengeon

Abstract: Several geophysical techniques (electromagnetic profiling, electrical tomography, seismic refraction tomogra-
phy, and spontaneous potential and seismic noise measurement) were applied in the investigation of the large gravita-
tional mass movement of Séchilienne. France. The aim of this study was to test the ability of these methods to
characterize and delineate the rock mass affected by this complex movement in mica schists, whose lateral and vertical
limits are still uncertain. A major observation of this study is that all the zones strongly deformed (previously and at
present) by the movement are characterized by high electrical resistivity values (>3 kQ-m), in contrast to the undis-
turbed mass, which exhibits resistivity values between a few hundred and 1 kQ-m. As shown by the surface observa-
tions and the seismic results, this resistivity increase is due to a high degree of fracturing associated with the creation
of air-filled voids inside the mass. Other geophysical techniques were tested along a horizontal transect through the
movement, and an outstanding coherency appeared between the geophysical anomalies and the displacement rate curve.
These preliminary results illustrate the benefits of combined geophysical techniques for characterizing the rock mass in-
volved in the movement. Results also suggest that monitoring the evolution of the rock mass movement with time-lapse
geophysical surveys could be beneficial.

Key words: gravitational movement, geophysical methods, Séchilienne.

Résumé : Plusieurs techniques géophysiques (profil électromagnétique, tomographie électrique, tomographie sismique
et potentiel spontané et bruit de fond sismique) ont été appliquées pour la reconnaissance du grand mouvement de ter-
rain de Séchilienne (France) situé dans des micaschistes. L’ objectif de cette étude était de tester ces méthodes géophy-
siques afin de caractériser et de délimiter la masse de roche affectée par ce mouvement complexe dont la limite
latérale reste incertaine. L’étude a montré que toutes les zones tres déformées (encore actuellement et dans le passé)
par le mouvement sont caractérisées par de fortes valeurs de résistivité électrique (supérieure a 3 kQ-m), tandis que
dans la zone non perturbée les valeurs de résistivité sont de quelques centaines de Q-m a 1 kQ-m. Comme le montrent
les observations de surface et les profils de tomographie sismique, cette augmentation de résistivité est due a une frac-
turation importante associée a la création de vides remplis d’air au sein du massif. Les techniques électromagnétiques,
PS et de mesure de bruit ont été testées le long d’un profil transversal recoupant le mouvement. Une corrélation remar-
quable est obtenue entre les anomalies géophysiques et le taux de déplacement. Ces résultats préliminaires soulignent
I’intérét de combiner les méthodes géophysiques pour caractériser la masse de roche impliquée dans le mouvement et
pour déterminer 1’évolution du mouvement par un suivi temporel des parametres géophysiques.

Mots clés : mouvement gravitaire, méthodes géophysiques, Séchilienne.

Introduction some cases, one of these mechanisms can evolve into a cata-
strophic failure and into a long-runout avalanche, such as the

Various types of failure, such as toppling, sagging, and  recent rockslides of Valpola, Italy, in 1987 (Azzoni et al.
translational or rotational sliding (Hutchinson 1988), may 1992) and Randa, Switzerland, in 1991 (Noverraz and
occur during large gravitational movements, which are com- Bonnard 1991) or the prehistoric events of Kofels, Austria,
mon in the crystalline formations of mountain ranges. In and Langtang, Nepal (Erismann and Abele 2001). In con-
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trast, large, slow rockslides with signs of self-stabilizing
movement have also been observed; an example is the La
Clapiere rockslide in gneiss (Follacci et al. 1988). The dif-
ferent failure processes are mainly governed by the rock
properties and the characteristics of the discontinuities (foli-
ation, schistosity, faults, and fractures) affecting the rock
mass (Antoine et al. 1994; Glastonbury and Douglas 2000).
From the study of two large-scale field examples and numer-
ical modelling, Nichol et al. (2002) recently distinguished
two alternative modes of toppling in rock slopes: ductile
flexural toppling in weak rocks (schist and phyllite) with a
single dominant joint; and brittle block toppling in strong
rocks (granite) with well-developed cross-joints. These re-
searchers concluded that the brittle process can lead to rock
avalanches, whereas the other one exhibits slow deforma-
tions without a catastrophic event. Rockslide failures can,
however, be highly complex and involve several deforma-
tion mechanisms relating to geological variations, weather-
ing, influence of groundwater conditions, and the presence
of faults and several fracture sets.

In the Alps, most of the large gravitational movements
were probably initiated or reactivated after the retreat of gla-
ciers (Noverraz 1996) some 10 000 — 15 000 years ago. The
movements have evolved at very different rates, depending
on the initial geological and topographic characteristics, as
well as on the other factors contributing to lower stability
(influence of water, toe erosion, earthquake ground motions,
and climatic cycles). The instability process progresses
through periods of stabilization and reactivation and leads to
slope failure after decades or centuries.

Forecasting the failure characteristics of a rockslide re-
mains a difficult problem, mainly because of the difficulty of
obtaining reliable and representative information on the ge-
ometry, rheology, and kinematics of the unstable slope
(Crosta and Agliardi 2003; Moser 2002; Noverraz 1996).
This lack of information can only be mitigated by the obser-
vation, investigation, and monitoring of numerous sites over
long periods. In the last 10 years, innovative techniques have
emerged in geodesy for measuring ground displacements on
the surface (global positioning systems; synthetic aperture
radar interferometry) and in applied geophysics for imaging
the subsurface. In parallel, 2D and 3D numerical modelling
methods have been developed that can better simulate the
complexity of the mechanisms. However, because of the
large uncertainties in input parameters, the use of numerical
modelling is mainly limited to back analysis and to the un-
derstanding of the significant factors leading to failure. In
combination, all these investigative techniques and computa-
tional methods offer researchers the opportunity to get a
better insight into the deformation mechanisms of rock
slopes (Briickl 2001; Havenith et al. 2003).

In this study, we used geophysical prospecting methods to
investigate the large gravitational mass movement of
Séchilienne (the French Alps). In the past, except for some
seismic reflection or refraction experiments (e.g., Bogoslovsky
and Ogilvy 1977; McCann and Forster 1989), geophysical
methods were rarely applied to such slides, particularly in
rocky conditions. This is probably partly due to the difficul-
ties of deploying geophysical sensors in rocky ground and
taking measurements on steep slopes. Recently, several stud-
ies using different geophysical techniques were performed in
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mountainous areas on large slides (Bruno and Marillier
2000; Briickl 2001; Havenith et al. 2002; Supper and Romer
2003; Lapenna et al. 2003). Advantages of geophysical
methods are that they are fairly flexible, they give informa-
tion on the inside of the mass, and they can investigate a
large volume of rock. The main drawbacks are the decreas-
ing resolution with depth, the need for calibration, and the
indirect information (geophysical parameters) they yield.
Some of the measured parameters (seismic velocity, for in-
stance) can, however, be correlated with mechanical proper-
ties, such as the degree of fracturing (Sharma 1997). Recent
developments in geophysical prospecting make it possible to
generate images of the subsurface distribution of geophysi-
cal properties by inverting the acquired data (Reynolds
1997). In particular, electrical tomography (ET) and seismic
tomography (ST) are now standard methods (Jongmans et al.
2000; Havenith et al. 2002; Lapenna et al. 2003) that can
contribute useful information, in addition to high-resolution
seismic reflection surveys (Bruno and Marillier 2000). How-
ever, Musil et al. (2002) recently showed that in shallow
low-velocity and heterogeneous layers (rock glaciers), seis-
mic reflection failed to map the bedrock surface. The main
factor contributing to this failure was the unexpected low-
frequency signals returned by the subsurface as a result of
the anelastic attenuation, scattering, and low-pass filter
effect of the heterogeneous shallow layer. In contrast, the P-
wave refraction tomography technique provided reliable in-
formation on the structure of the rock glacier.

The aim of this study was to test the applicability of a va-
riety of geophysical techniques (electromagnetic (EM) pro-
filing, ET, ST, and spontaneous potential (SP) and seismic
noise (SN) measurements) in the investigation of a large
movement in crystalline formations. The seismic reflection
technique was discarded in the first stage, because of the
high heterogeneity of the slope and the difficulty of continu-
ously deploying geophones in such an environment.

The Séchilienne mass movement

The Séchilienne movement, located in the French Alps,
near Grenoble, is affecting the right south-facing bank of the
Romanche River (Fig. 1). The slope consists mainly of mica
schists with interbedded quartz—feldspar-rich layers, whose
thickness can reach a few metres. These rocks were affected
by the Hercynian and Alpine orogenies, resulting in a near-
vertical foliation that is at right angles to the valley, except
in the upper part of the slope, where it is folded with an axis
inclined 30° northward (see Fig. 3). In the lower part of the
hill, at an elevation of 330-950 m above sea level (a.s.l.), the
slope is about 40°-50° (Fig. 2), but it decreases to 20° be-
tween 950 and 1100 m a.s.l. (Mont Sec area). Near the crest,
a scarp that is a >20 m high and several hundred metres long
(Fig. 3) reveals an upper subsidence. The nonfreshness of
the scarp shows that this movement is old; it was probably
initiated or reactivated after the retreat of glaciers. Because
of the tectonic history, the mass is cut by several faults (F1—
F4, Fig. 3) and three sets of near-vertical fractures (Pothérat
and Alfonsi 2001). The main fracture family, running
N70°E, delimits vertical slices in the rock mass and is
clearly distinguished by depressions, several hundred metres
long, in the morphology; these depressions are associated
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Fig. 1. Location and topographical map of the Séchilienne movement. Ellipse delineates the most active zone. Circle indicates the lo-

cation of the survey gallery.
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Fig. 2. Cross section (labelled A—A” in Fig. 1) through the
Séchilienne movement, with the location of the survey gallery
and the kinematic model deduced from the displacement mea-
surements within the gallery (after Vengeon 1998).
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with north-facing scarps several metres high (Figs. 1 and 3)
(Vengeon 1998). Some of the depressions are 20 m wide, at-
testing to the lengthy duration of the gravity-induced pro-
cesses. At a late tectonic stage, the rock mass was cut by
metallic sulphur veins, which were worked at different lev-
els during the 19th and 20th centuries (Durville et al. 2004).

The part of the slope that exhibits more signs of current
instability (high-motion zone, Fig. 1) is in the middle of the
hill, at an elevation of 600-900 m a.s.l., and involves a rock
volume estimated from geometric constraints to be about 3 x
10° m? (Giraud et al. 1990). This area has been extensively

instrumented since 1988 (Evrard et al. 1990; Duranthon et
al. 2003); the measured displacements are globally oriented
in a south-southeast direction (Fig. 3), perpendicular to the
strike of the main fractures, and dip downhill between 10°
and 20°. The displacement rate in the high-motion zone var-
ies from 15 cm/year to 1 m/year and regularly decreases to
the north and to the west. In 1993-1994, a 240 m long gal-
lery was excavated at 710 m in a zone to the west of the
high-motion zone and characterized by a displacement rate
of about 5 cm/year (see Figs. 1 and 2). Displacement mea-
surements and observations inside the gallery showed a suc-
cession of rigid moving blocks delimited by highly fractured
zones parallel to the main fracture set. These blocks exhibit
differential normal faulting movement, as shown by the ki-
nematic model presented in Fig. 2. Unfortunately, the gal-
lery did not reach the sound rock, and the existence of a
sliding surface is still an open question. On the basis of
structural data, numerical modelling of the rock mass was
performed with the discrete element method (Vengeon 1998;
Pothérat and Alfonsi 2001), which modelled the main field
observations. These results suggest that the movement at
Séchilienne is controlled by the principal discontinuities,
where the mass breaks into blocks, and includes toppling
and local sliding, evolving from progressive damage to a po-
tential large slide of unknown characteristics.

Isotopic and hydrochemical methods were used to investi-
gate groundwater movement inside the Séchilienne slope
(Vengeon 1998; Guglielmi et al. 2002). This analysis showed
the existence of a deep saturated zone, which extends into
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Fig. 3. Topographical map with the main geological structures and displacement rate affecting the Séchilienne hill. The high-motion
zone is shaded in grey. This map also shows the location of the geophysical profiles: electromagnetic (EM), electrical tomography
(ET), and seismic tomography (ST). Three geophysical measurement methods, EM, seismic noise (SN), and spontaneous potential
(SP), were used along the EM2 profile. Finally, this map outlines the main electrical contrasts found by the survey and their relation to
morphological features. Electrical contrasts are represented by boxes, the resistive part of which is darker: points f and g are on the
Mont Sec scarp; points h and j are on the eastern limits of the movement; point k marks a limit inside the movement that delineates
the most active part; points b and i are located on faults F2 and F4, respectively; and points a, c, d, and e are deduced from geophysi-

cal prospecting.
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the fractured metamorphic bedrock, with a probable 100 m
thick vadose zone above. With intensive rainfall and long-
time water recharge, this vadose zone could be saturated for
a short time, increasing the displacement rate.

The data available at Séchilienne have led some authors to
propose that the hill could be affected by a massive move-
ment, delineated to the east by the high-motion zone and to
the north by the Mont Sec scarp. No western limit is clearly
visible in the topography, and the thickness of this poten-
tially moving mass is unknown. Consequently, the volume
estimations for a rock avalanche scenario are highly variable
and poorly constrained, ranging from 3 x 10° to 20 x 10® m?
(Giraud et al. 1990; Antoine et al. 1994) inside a total,
slowly moving mass of (50-100) x 10° m>. It is noticeable
that a rockfall of more than 3 x 10° m?® can generate a sec-
ondary hazard, flooding, by damming the valley (upstream,
during filling of the reservoir created by the dam; down-
stream, in case of dam failure). Furthermore, the presence of
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an active seismic strike-slip fault (Thouvenot et al. 2003)
has recently been pointed out in the vicinity of the landslide,
indicating the possibility of an earthquake trigger for a rockfall.

Geophysical investigation

Five geophysical methods (EM profiling, ET, ST, and SP
and SN measurements) were applied to delineate the mass
affected by the movement and to find possible relations be-
tween geophysical parameters and zones of rock deforma-
tion. The principles of the first four methods can be found in
Reynolds (1997). Geophysical tests are being used more of-
ten now for engineering site characterization (Foti and
Butcher 2004). In a rock mass, geophysical properties (pri-
marily electrical resistivity and seismic velocity in our
study) can vary with the nature of the geologic formation
and the degree of fracturing and weathering, as well as with
the presence of water. For example, an increase in the degree
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Fig. 4. Electromagnetic profiles EM1-EMS: points f and g are on the Mont Sec scarp; points h and j are on the eastern limits of the
movement; point k marks a limit inside the movement that delineates the most active part; point i is located on fault F4; and points a,

¢, and d are deduced from geophysical prospecting.
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of fracturing leads to a decrease in P-wave velocity and
variations in electrical resistivity, depending on the water
content. In a dry context, increased fracturing will lead to in-
creased electrical resistivity.

Electromagnetic profiling

As a first step, EM profiles were recorded with a ground
conductivity meter (EM34, Geonics Ltd., Mississauga, Ont.)
at different locations on the hill. This method, which yields a
single apparent electrical resistivity value at each measure-
ment location, was favoured because it does not require that
electrodes be driven into the ground. The EM measurements
were performed with horizontal loops, an intercoil separa-
tion of 20 m, and a measurement interval of 20 m. Penetra-
tion depth ranged from 4 to 30 m with this configuration,
with a maximum contribution from approximately 8 m. EM
measurements were taken along five transects (labelled
EMI1-EMS in Fig. 3) across the movement zone; the result-
ing curves are displayed in Fig. 4. Vertical dipole measure-
ments show that the apparent resistivity values range from
0.2 to >10 kQ-m, which is the limit of the device. Profile
EMS5 crosses the Mont Sec scarp, the location of which is
shown by a resistivity increase from about 2 kQ-m to
> 10 kQ-m in the subsiding zone (at point g, Fig. 4). Profile
EM4 also starts above the Mont Sec scarp, crosses the area
of rock movement, and ends in the undisturbed zone, east of
fault F4 (Figs. 3 and 4). Apparent resistivity values, which
are between 0.5 kQ-m and a few kQ-m at both ends of the
profile, dramatically increase (>10 kQ-m) in the deformed
zone defined between the Mont Sec scarp and fault F1 (at
points f and h, Fig. 4). A local resistivity increase (at point i,
Fig. 4) was also observed where fault F4 crosses the profile.
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The three other profiles, EM1, EM2, and EM3, orientated
approximately west-southwest—east-northeast (Fig. 3), were
recorded at elevations of 460-560, 540-840, and 590-870 m
a.s.l., respectively. To the west, the resistivity measured
along profile EM2 regularly increases from <1 kQ-m (at
points ¢ and d, Fig. 4) to >10 kQ-m in the high-motion zone,
whose limits are at points k and j. At the limit with the un-
disturbed rock, the resistivity strongly decreases to <1 kQ-m
(at point j, Fig. 4). Profile EM1, which is shorter, exhibits a
similar increase from the west to the western limit of the
high-motion zone, which is impossible to cross. In contrast,
resistivity values at the western end of profile EM3 do not
show a clear decrease. The transect was made along a major
depression corresponding to a fracture zone, which probably
influences the resistivity values. Resistivity values of
<1 kQ-m are locally observed in the middle of the profile.
The results from the EM transects suggest that the strongly
fractured zones are well correlated with high resistivity val-
ues and can be distinguished from the undisturbed mass,
which is characterized by apparent resistivity values of
<1 kQ-m close to the surface.

Electrical tomography

We tried to understand the observed variations in apparent
resistivity more quantitatively and at greater depths by re-
cording six ET profiles along specific lines, whose length
varied from 320 to 750 m. The electrical data were pro-
cessed with the algorithm developed by Loke and Barker
(1996). Unlike EM profiling, ET involve inversion of direct-
current resistivity field data to produce models of the distri-
bution of the ground’s electrical resistivity directly under the
survey line. Resulting images show real electrical resistivity
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Fig. 5. Electrical images ETI1-ETS5. Vertical arrows and labels are the same as in Fig. 4. The RMS values after inversion are 5% for
ETI1, 5% for ET2, 7.5% for ET3, 3% for ET4a, 5% for ET4b, and 2% (ETS).
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values, and the vertical axis represents the true depth under
the profile line. The derived models are smoothed, owing to
the methodology, and the final deduced solution must not be
considered as unique, because of the sparsity of field data.
Nevertheless, the inversion reliably provides estimates of the
broader scale variations within the ground. Figure 5 presents
six ET sections (ET1-ET4a, ET4b, and ETS; see Fig. 3).
Models shown in Fig. 5 were obtained by inversion, which
yielded root mean square (RMS) values of 5%, implying
that each model was reliably able to reproduce its corre-
sponding dataset. Profile ET4b was recorded in the eastern
unaffected zone, where mica schists outcrop. Below a resis-
tive layer of rock debris a few metres thick, the bedrock ex-
hibits a resistivity of 50-800 Q-m, with a vertical resistive
zone (at point i) already shown on EM4 and corresponding
to the presence of a fault (F4 in Fig. 3). Profile ETS5 was re-
corded at the top of the movement across the Mont Sec
scarp (Fig. 3; point g in Fig. 5), where the transect EM5 was
carried out. Below a highly resistive surficial layer of debris
and glacial deposits, a few metres thick, the resistivity val-
ues are globally higher than in ET4b, with a lateral resistiv-
ity increase below the Mont Sec scarp, from about 800 Q-m
to 3 kQ-m in the settled zone (at point g). This latter zone is
also characterized by its thicker surficial resistive layer.
These results explain the lateral variation of the EM data
across the scarp. Another electrical profile (ET4a) was re-

o [ N N ] ] [ [ e
400 800 1600 3200 6400

Resistivity (Q-m) E
e i

corded along EM4 at the western end of the Mont Sec scarp.
This electrical profile also shows a lateral resistivity contrast
(at point f), with increased thickness of the resistive layer to
the south. Three other ET profiles (ET1-ET3) were recorded
to the west, parallel to profiles EM1 and EM2 (Fig. 3). The
first one (ET2), which is 750 m long and reaches a penetra-
tion depth of >100 m, exhibits strong lateral resistivity con-
trasts (at points c, d, and e). The first two of these (points ¢
and d) correspond to an eastward resistivity increase, which
is consistent with the results of the EM2 profile. In particu-
lar, the first contrast (at point c¢), from 200 to >1 kQ-m, fits
with the strong resistivity rise noticed along the EM2 pro-
file, whereas the second one corresponds to the trace of fault
F2. The third electrical contrast corresponds to the presence
of a more conductive zone at depth. Profile ET3 is located
farther west than the other profiles. Below a surficial resis-
tive layer, the corresponding image exhibits resistivity val-
ues of <750 Q-m in the western part of the profile, with a
lateral resistivity increase (at point b) that is consistent with
the location of fault F2.

Finally, the ET1 profile shows relatively high resistivity
values (usually >1 kQ-m in the upper 30 m), with a general
increase of the average resistivity of the surficial layers to
the east, consistent with the data from EM1. An important
feature of this image is the vertical decrease in resistivity
with depth below 30 m, where values as low as 800 Q-m are
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Fig. 6. Comparison between the electrical (@) and seismic (b) tomography sections ET2 and ST2: points ¢ and d are at the limits de-
duced from geophysical prospecting. The RMS values after inversion are 5% for ET2 and 2% for ST2.

[0 OO0 .0 O [ () () ) (e D D BN BN B e
1140 2560 5770

Resistivity (€2-m)

100 225 506

(a) 600

550

(b) s

0 500 1000 1500

reached. This result, which suggests the presence of sound
bedrock at that depth, was checked by using another inver-
sion technique, DCIP2D (UBC-GIF 2001), which is based
on subspace methods (Oldenburg et al. 1993). The obtained
image (not shown here) also exhibits a low-resistivity zone
(about 800 Q-m) below 35 m depth. When the technique
proposed by Oldenburg and Li (1999) was applied, the depth
of investigation was estimated to be about 45 m, supporting
the presence of sound bedrock below 30 or 35 m.

The EM and electrical profiles show a significant increase
in electrical resistivity values when entering the zone af-
fected by the gravitational movement, both at the two limits
of the high-motion zone (at points k and j, Fig. 5) and across
the Mont Sec scarp. This global electrical resistivity rise
probably results from the presence of air-filled voids in-
duced by the deformation. Some local lateral resistivity vari-
ations have, however, been observed within the movement
area, which probably result from differences in the fractur-
ing degree and (or) in the rock types. Also, the measure-
ments in the supposedly undisturbed zone show a large
resistivity range, from 100 Q-m to the east of the movement
to >1 kQ-m in the Mont Sec area, which might, however, be
affected by fracturing above the upper main scarp. Finally,
the vertical resistivity variations seem to indicate the pres-
ence of undisturbed bedrock approximately 30 m below ET1
and >100 m below the central part of ET2.

Seismic tomography

The ST technique, which consists of inverting first-arrival
times to get an image of P-wave velocity distribution in the
ground, is applied, in engineering geology, between bore-
holes and at the surface (e.g., Lanz et al. 1998; Jongmans et
al. 2000). For this study two long seismic profiles (300 and
650 m) were recorded, and the first-arrival times were in-
verted by the simultaneous iterative reconstruction technique

12970 29130

2000 2500 3000 3500 4000 4500

Vp (m/s)

(Dines and Lyttle 1979). The strong eastward resistivity in-
crease (at points ¢ and d, Fig. 5), observed on both the EM2
and the ET2 profiles, was investigated with a 300 m long
seismic refraction profile. Ten shots were recorded by 24
geophones 10 m apart, and the P-wave first-arrival times
were inverted. The resulting seismic image is compared with
the electrical one in Fig. 6. The measured seismic velocities,
V,,, range from 500 m/s at the surface (weathered layer, rock
debris) to 4000 m/s (sound bedrock) at depth. The seismic
image also shows lateral variations, and the previously
described eastward resistivity increase, from 200 Q-m to 1 k
Q-m, is clearly correlated with a seismic velocity decrease,
from 3500 m/s to about 2000 m/s (at point d). These results
provide strong evidence that the resistivity decrease is
caused by a higher degree of fracturing, which also lowered
the seismic velocity values. For the 650 m long seismic pro-
file, we made use of the 240 m long survey gallery to per-
form ST between the slope surface and the gallery. Forty-
eight geophones, 10—15 m apart, recorded the signals gener-
ated by 24 explosions (see Figs. 4 and 8). The seismic image
obtained after inversion of the travel-time values (with RMS
error of 1%) is presented in Fig. 7. The robustness of the im-
age was tested with different initial models. As in the 300 m
profile, the major features are the large range of P-wave
seismic velocities, whose values range between 500 and
5000 m/s, and the presence of strong lateral velocity gradi-
ents. Considering that the volume investigated is fairly ho-
mogeneous rock (mica schists), these two features highlight
the strong fracturing and weathering, whose intensity not
only is depth dependent but also varies laterally. No system-
atic surficially damaged zone overlying the sound bedrock
has been detected, at least not down to 100 m depth. These
results, showing the juxtaposition of near-vertical highly
fractured zones and little deformed blocks, are consistent
with geological field observations and motion measurements
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Fig. 7. Seismic tomography profile ST1 between the survey gallery and the slope. RMS = 1%.

1000.0 +
900.0

800.0

Elevation (m a.s.l.)

700.0 4

600.0 -

& Seismic source S
®  Receiver

P ey
0.0 100.0 200.0

r—— L p— 1 T
300.0 400.0 500.0

Horizontal distance (m)

500 1000

at the surface and in the gallery, as well as with the geologi-
cal model used for discrete numerical simulations (Vengeon
1998; Pothérat and Alfonsi 2001). This seismic image sug-
gests that the survey gallery was driven into a lower velocity
zone that is too wide to have resulted from the decompres-
sion around the gallery. This survey, which involved mea-
surements between the surface and the underground gallery,
used an unusual configuration that provided high-quality,
continuous information on the rock mass inside the moving
massif.

Spontaneous potential and seismic noise measurements
Finally, two other techniques, SP and SN measurements,
were tested. The SP method measures differences in natural
electrical potentials, which can be produced by electrochem-
ical, mineral, and electrokinetic effects (Reynolds 1997). In
recent decades, SP measurements have been regularly used
for detecting groundwater flow in landslides (Bogoslovsky
and Ogilvy 1977; Giano et al. 2000; Bruno and Marillier
2000). In our study, SP data, as well as SN data, were ac-
quired along the EM2 profile, which crosses the movement
zone. In Fig. 8 are plotted the SP values (Fig. 8a), profile
EM2 (Fig. 8b), the noise measurements (Fig. 8c), and the
mean displacement rate during the last 2 years. The mea-
sured SP values (Fig. 8a) range from —100 to 350 mV. The
SP anomaly is positive across the movement and becomes
negative at both ends. The shapes of the SP and displace-
ment rate curves are similar, showing two maxima at the
same location. The stronger SP positive anomaly is observed
over the high-motion zone. Similar results were also ob-
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tained on the Boup landslide (Bruno and Marillier 2000),
where SP data showed a positive anomaly over the landslide
body, particularly in the vicinity of the boundary between
the landslide and the stable ground. At this stage, it is diffi-
cult to determine which SP source produces these large
anomalies. Repeated measurements were made along the
same profile at three different dates over a period of
7 months. They show very stable behaviour with time across
the movement (Fig. 8a). These large, stable positive and
negative anomalies could be generated by the geological
structure of the movement (fracturing, lead—zinc and quartz
veins) and (or) a permanent, deep main water flow nearly
parallel to the surface. However, Fig. 8a also displays local
SP variations with time, particularly outside the mass move-
ment, where the profile crosses faults F3 at 1220 m a.s.l. and
F4 at 1360 m a.s.l. (see Fig. 3). These variations could be
electrokinetically generated by fluid flow changes inside
these major discontinuities.

SN measurements are used in earthquake engineering for
estimating site effects (Bard 1998) or in exploration for
mapping soft deposits (e.g., Delgado et al. 2000). In our
study, measurements of ambient vibration were made every
50 m along the same profile (EM2) with a 5 s sensor. Fig-
ure 8¢ displays the behaviour of the mean spectral amplitude
computed between 0.25 and 35 Hz along this line. As the vi-
brations were measured at different periods, they were all
normalized with a reference station. Dramatic variations
(from 1 to 10) of the noise energy were observed. The strik-
ing feature is that the spectral amplitude values are higher in
the same zone as the SP and apparent resistivity curves, and
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Fig. 8. Geophysical anomalies along electromagnetic profile
EM2. (a) Spontaneous potential data measured on three dates
(black curve, December 2003; light grey curve, March 2004;
dark grey curve, June 2004). (b) Electromagnetic profile EM2.
(c) Spectral amplitude of the seismic noise computed between
0.5 and 30 Hz. (d) Displacement rate. Points ¢ and d are at the
limits deduced from geophysical measurements; points k and j
are morphological limits (k marks a limit inside the movement
that delineates the most active part; and j is at the eastern limit
of the movement).
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they significantly decrease at both ends of the profile. A
possible explanation for these results is the decrease in P-
wave and S-wave velocities with rock deformation. This
phenomenon generates a ground motion amplification effect,
whose magnitude increases with the seismic impedance con-
trast between the deformed zone and the underlying bedrock
(Bard and Bouchon 1990).

Discussion and conclusions

Five geophysical techniques (EM profiling, ET, ST, and
SP and SN measurements) were applied on the large gravita-
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tional movement of Séchilienne, with the aim of characteriz-
ing and delineating the mass affected by the movement. Be-
cause of the difficulty of performing tests on steep slopes,
the number of geophysical profiles is limited, and the results
presented here allow only preliminary conclusions to be
drawn. A major outcome of this study is that all zones ex-
hibiting signs of present-time or previous movements (col-
lapse, toppling, sliding) are characterized by high electrical
resistivity values (>3 k€-m), compared with the undisturbed
zones (between a few hundred and 800 €Q-m). Figure 3
shows the location of the main electrical contrasts pointed
out by the survey. This relation between electrical resistivity
and gravitational deformation was particularly well demon-
strated in the Mont Sec subsiding area (at points f and g,
Fig. 3) and at the two limits of the present-time high-motion
zone (at points k and j). The consistency between the geo-
physical parameters and the displacement rates was also
shown along east—west-oriented profile EM2. It is reason-
able to assume that the present relative rates of movement at
Séchilienne reflect the total relative movement that has oc-
curred since movement began along this profile. The very
good agreement between the two curves (Figs. 8¢ and 8b)
and the inverse relation between electrical resistivity and P-
wave velocity (Fig. 6) support the interpretation that resis-
tivity variations along the profile are mainly related to the
degree of fracturing. The resistivity increase corresponds to
a P-wave velocity decrease, both of which can result from
fracturing and the creation of voids that are not filled with
water over a depth of a several tens of metres. Most remark-
able is the similarity in the overall shape of the four curves
of Fig. 8: all exhibit an asymmetric bell shape with a maxi-
mum across the high-motion zone. Our interpretation is that
this area, which now experiences the highest displacement
rates, exhibits the highest resistivity values because of the
presence of voids, is probably the place of deep preferential
groundwater flow (SP data), and has the lowest V and V,
values (highest noise spectral amplitudes). The eastern limit
of the movement is clearly indicated by a sharp geophysical
contrast (at points h and j, Fig. 3), as all the curves show a
regular decrease to the west. However, the negative—positive
SP anomaly, the local resistivity and seismic gradients, and
to a lesser extent, the noise amplitude all suggest that the
western limit of the zone affected by the movement could be
between points ¢ and d along ET2 and around point a along
ET1 (Figs. 3 and 8). At these sites all the measured geophys-
ical data have approximately the same values as those from
the eastern unaffected zone. As observed on the curves of
Fig. 8 and in other data presented above, strong lateral varia-
tions are present along the geophysical profiles. These varia-
tions in geophysical parameters probably result from the
numerous fractures and faults of tectonic origin that affected
the massif before the movement. However, these low-
strength discontinuities have without doubt controlled the
action of the forces of gravity, resulting in a heterogeneous
deformation pattern juxtaposing near-vertical, highly frac-
tured zones and little deformed blocks, as observed in the
gallery and as shown by the seismic and electrical images.
The limit of the movement at depth was a major focus of
this study. Although most of the geophysical images show
prominent horizontal variations, which probably mask the
vertical ones, some indications of characteristics at depth
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were given. At its western limit, electrical image ET2
(Fig. 5) nicely shows the deepening of the sound bedrock
top, which is located at a minimum of 40 m depth across
point d, if we consider the 800 Q2-m isoline as this boundary.
Similarly, the depth to bedrock can be estimated as being at
about 30 m below ETI1, which is the only electrical image
showing a clear resistivity decrease with depth. Below the
Mont Sec scarp, section ETS gives a depth of >40 m for the
sound bedrock. Finally, image ST1 and profile ET2 appar-
ently did not detect the sound bedrock within 100 m. All
these results indicate that the Séchilienne movement is deep
seated, with heterogeneous deformation, as locally shown by
the investigation gallery.

The geophysical campaign on the Séchilienne movement
tested different techniques and has brought new information
on the characteristics of the deformed zone. In future, the
first objective will be to delineate the zone affected by the
movement to the northwest, where the boundary is quite un-
certain. An effort will also be made to more quantitatively
interpret the results of SP and SN measurements. Other fast
and innovative techniques, such as the transient electromag-
netic method (Reynolds 1997) and noise array measurements
(Wathelet et al. 2004), will also be tested in an effort to de-
tect the undisturbed bedrock top. Finally, the outstanding co-
herence between geophysical anomalies and displacement
rate data highlights the potential for using time-lapse geo-
physical techniques as a component of a monitoring system;
this has been initiated on other movements (Supper and
Romer 2003).
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