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Introduction

The principal driving force of slope
movements is generally considered to
be gravity, with the main triggering
factor being the increase of pore
pressures by the presence of water
contained in fractures (Terzaghi, 1950;
Noverraz et al., 1998). The localiza-
tion of the main flow paths and
saturated zones is thus a fundamental
stage of the slope evolution before and
after failure.
Various methods are classically

employed in order to locate and study
water in sliding and non-sliding rock
masses.

1 Geological and morphological field
studies allow the determination and
the localization of mechanical dis-
continuities (faults, fractures, etc.)
and lithological discontinuities
guiding the water drainage (Le-
bourg and Fabre, 2000; Guglielmi
et al., 2005).

2 Hydrogeological studies allows the
determination of the origin of hy-
drous flows and their relationships
to the release and the acceleration
of movements (Bonzanigo et al.,
2001; Tullen, 2002; Cappa et al.,

2004; Onda et al., 2004; Guglielmi
et al., 2005).

3 Electrical surveying can be used to
determine the depth and geometry
of sliding surfaces (Bogoslowsky
and Ogilvy, 1976; McCann and
Forster, 1990; Caris and Van Asch,
1991; Godio and Bottino, 2001;
Lapenna et al., 2003; Lebourg
et al., 2003; Bichler et al., 2004),
and the localization of water flow
paths (French and Binley, 2004).

These methods are frequently cou-
pled for landslide studies (Caris and
Van Asch, 1991; Maquaire et al.,
2001; Agnesi et al., 2005). In order
to better approach the dynamical
process involved in landslides, we
need to understand the evolution in
time of the groundwater flow circula-
tion versus spatial displacements. At
this time, specific and uncoupled data
acquisition does not allow for carrying
out a real dynamic relation between
them. For the comprehension of land-
slides, only a small number of labor-
atory studies have linked the
dynamical relation between different
methods of investigation (Tohari
et al., 2000; Wang and Sassa, 2003;
Moriwaki et al., 2004).
A first hydrological/geophysical

study has been performed in a secon-
dary landslide located at the toe of the
La Clapière landslide to demonstrate
the spatio-temporal repartition of
water in the unstable slope and its
effect on landslide acceleration (Le-
bourg et al., 2005). This study high-

lighted the geometrical relations
between the main water flow paths
and the slope structure and allowed
the definition of two types of water
circulation: spatially distributed in the
form of drains and perched water-
table. It also showed the relations
between tectonic structure, drainage
and slope activation. The temporal
geophysical monitoring carried out
between March and July 2003 on this
slide showed the relative importance
of these two main water flowpaths in
the slope at the scale of a month.
Nevertheless, this follow up raises two
problems for the comprehension of
the landslide dynamics:

1 We have no active control on exter-
nal conditions (precipitations, snow
melting, etc.): this monitoring is
qualified as passive.

2 The monitoring yields information
about the slope response to the
water supply but not the response
of the landslide itself.

Those problems are first related to
the lack of coupling of the methods
employed and second to the spatial
and temporal acquisition constraints.
Therefore, a new experiment on the

secondary landslide has been aimed to
establish a link between these passive
methods and the principal active
parameter in slopes stability, water.
This experiment has consisted in

developing a methodology for a con-
trolled injection of fluid at the secon-
dary landslide head combined with a:
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1 natural and artificial hydrological
tracing (Mudry, 1990; Dzikowski,
1995; Guimera and Carrera, 2000;
Sawada et al., 2000; Tullen, 2002);

2 time-lapse geophysical survey
(Descloitres et al., 2003; French
and Binley, 2004; Guérin et al.,
2004; Lebourg et al., 2005);

3 real-time geodetic monitoring using
an accurate precision tacheometer
(Gunzburger et al., 2005).

Our objectives are first to establish
a dynamical link between these inves-
tigation methods and second, to show
the possibility of carrying out a
hydrological assessment in correlation
with the imaged structure of a land-
slide and, if possible, to approach the
necessary conditions for triggering a
movement.

Geological and Hydrogeological
Settings

The La Clapière landslide

The La Clapière landslide is a large
unstable slope which has been monit-
ored since 1982 (Follacci, 1987, 1999)
and is located in the south-east French
Alps, about 80 km north of Nice
(Fig. 1a). This landslide, which mobil-
izes a huge volume (55 · 106 m3) of
metamorphic bedrock (Follacci,
1987), is located on the NE side of
the NW-SE flowing Tinée river, near
the town of Saint-Etienne de Tinée
(France). Elevation of surrounding
crests and peaks reach 3000 m.
From the geological point of view,

the studied zone is situated in the
Upper Tinée valley which represents
the northwestern part of the Argen-
tera external Massif and limits the
metamorphic basement from its wel-
ded and uncoupled sedimentary cover
(Faure-Muret, 1955). The whole La
Clapiere slope is occupied by two-
mica gneisses of the Variscan Argen-
tera-Mercantour massif (Bogdanoff
and Ploquin, 1980) and can be separ-
ated into three entities (Cappa et al.,
2004):

1 A stable internal zone where the
foliation has a strong dip varying
from 60� to 80� towards the interi-
ors of the slope.

2 A 200-m wide transitional zone
dipping towards N030� where foli-
ation is gradually rotated to the
horizontal and showing several lines

of evidence for incipient instability
(extension cracks, toppled blocks).

3 A slipped zone where displacements
towards the valley are important.
The surface of the landslide is quite
irregular because of numerous rock-
fall accumulations, tilted terraces
and internal cracks.

The La Clapière slope is affected by
three families of faults: N10–30�E;
N90�E and N110–140�E (Ivaldi et al.,
1991). The major fractures are sub-
vertical N020 faults intersecting the
whole slope far away from the active
landslide. The displacements meas-
ured by the 2D French equipment
ministry monitoring system (Follacci,
1999) have also on average a N20
orientation showing the guiding role
of faults localizing landslide deforma-
tions.
The geometry of the sliding surface

is difficult to understand. Its depth is
thought to be approximately 100–
200 m but no geophysical study has
been devoted to confirm this until
now.
From the hydrogeological point of

view, the area is characterized by sev-
eral springs (perennial and temporary).
Some of these springs flow directly out
from the basement along faults with
various orientations or in the weath-
ered superficial formation. A study of
the water chemistry (Guglielmi et al.,
2000; Binet et al., 2004; Binet, 2006)
suggests the presence of two main
flowpaths in the landslide slope:

1 deep flow through fractured gneiss
and low permeability Triassic
deposits pinched under the foot of
the landslide;

2 a more superficial flow through a
more permeable fractured basement
with a complex flow path guided in
particular by the internal deforma-
tion of the landslide.

Differences in the slope drainage
have been correlated with different
scenarios and mechanical behaviours
of the landslide by Cappa et al.
(2004): sliding accelerations occur
during snow melting period and slow
speeds during low water-level periods
(Follacci, 1999).

The studied secondary landslide

The foot of the landslide is an active
area where a rotational landslide

(Table 1) occurred in 1995 in the
fluvio-glacial deposits overlying the
gneiss (Fig. 1b). This zone is cut by
N170 dextral faults which continue
through the Tinée River alluviums
(Lebourg et al., 2005) and divide the
entire unstable rock zone. In partic-
ular, one of those faults corresponds
to the East limit of the studied land-
slide as it shifts fluvio-glacial deposits,
and therefore gives, in the superficially
slipped part, a sufficient sediment
thickness to allow a slide movement.
The displacement recording systems
show the advancing foot following a
N170 direction which demonstrates
the guiding played by these faults.
The hydrogeology of the zone,

studied with hydrogeochemistry (Bi-
net et al., 2004) and imaged by 3D
geophysical surveying (Lebourg et al.,
2005), shows various types of springs
draining the slope. A significant share
of water comes from a deep tectoni-
cally guided subsoil drain, with which
comes to mix surface waters, fallen on
the slide surface, and drained partly
high. A significant part of the water is
drained by the spring 15 (S15, Fig. 1)
located at the foot of the small land-
slide.
This geometry with a perched

watertable and a spring at the foot
of the landslide is similar to the
observations carried out on a regional
scale (Guglielmi et al., 2002).
The interest of the studied zone is

then, to present at reduced scale, some
mechanisms similar to those existing
on a large scale at the La Clapière
landslide level (Cappa et al., 2004);
namely a toppling zone strongly frac-
tured and highly draining.
In the case of the secondary land-

slide, the toppling movement affect-
ing the gneissic substratum is
confirmed by the displacement meas-
urements taken during a 1-year per-
iod on this landslide (Binet et al.,
2004; Binet, 2006). Toppling was not
observed in surface because of the
contrasting tills granular mechanical
behaviour that leads to a more diffuse
deformation.
However, the origin of the defor-

mation is different for the two move-
ments in the case of:

1 the entire La Clapière landslide, it is
the consequence of generalized
slope deformation on a long time
scale (Bigot-Cormier et al., 2005);
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Fig. 1 Localization and topography of the La Clapière landslide (a) and detailed map of the studied secondary encased landslide
(b) in the slope toe (from Lebourg et al., 2005).
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2 the encased slip, it is the result of
the deformation induced during the
overall movement of the La Clap-
ière landslide on a much more
reduced time scale (Binet et al.,
2004).

Experimental Protocol: Method and
Processing

The studied site was also selected
because of its relatively small size.
This slide is sufficiently significant
not to be a simple superficial land-
slide but to reflect larger-scale mech-
anisms. It is therefore sufficiently
small for us to be able to place a
large number of sensors and meas-
urement devices relatively easily
(Fig. 2).

Injection protocol

The choice of the injection zone on the
principal sliding surface was carried
out with the objective of testing the
permeability of principal fractures,
and to inject water into the slipped
mass. We dug a 4-m length trench 1-m
wide and 1-m high. The pumping tests
were carried out outside the slipped
zone in order to not chemically pollute
the site with the Tinée river water. The
height of the injection zone is 43 m
above the Tinée River and the con-
stant flow of 2.23 ± 0.15 L s)1. The
injection lasted 5 h.

Hydrological acquisition dispositive

Temporal monitoring of the spring
response to the injection (S15, Fig. 3)

draining the landslide foot allows a
study of the hydrogeologic character-
istics of the slope. At the time of the
injection there is no sign of the
presence of a perched watertable
(prolonged low water level). The flow
was manually measured once per
hour at all the water exit points
(S15, S16, S17, Fig. 1) present at the
foot of the slope in order to do a
hydrological statement. All the data
are presented in Binet (2006) and
Binet et al. (in press). An artificial
tracing was carried out, simulta-
neously with the water injection
(2.23 L s)1 during 5 h) in the main
trench of the landslide. A total of
150 g of fluorescein was injected into
the first 15 min of the injection (from
9 h and 30 min to 9 h and 45 min).
Monitoring of the water fluorescein
concentration was then carried out.
The calculation of the restored fluo-
rescein flow as well as the fluorescein
restitution curve through time yields
information about the transportation
of water in this slope (channelled
flow, diffuse, response time, etc.).
These measurements were carried
out at the Besançon laboratory with
a luminescence spectrometer LS30
from Perkin Elmer (Wellesley, MD).
Results and interpretations are dis-
cussed in the following sections.

Geophysical acquisition, calibration
and processing

We installed a line of 48 electrodes
(profile), with 3 m spacing between
each electrode, within the landslide
(Fig. 2) in a longitudinal arrangement
(from top to bottom). The profile has
an overall length of 141 m. The 2D
resistivity data were recorded using
the Syscal R1 Plus imaging system
(IRIS Instrument, Orléans, France).
The transept installation required
some modifications compared with
traditional profiles because we are on
a mass whose movement can be signi-
ficant; indeed we systematically left
1 m of free cable between each elec-
trode so as to prevent possible differ-
ential movements. The type of selected
survey takes into account several geo-
metrical and temporal constraints.
Indeed, the grid must be sufficiently
precise in order to image the structures
correctly; it must also be sufficiently
deep to exceed the sliding surface,
estimated to be at a depth of between

Table 1 Landslide geometrical characteristics.

Max length (L) Max width (W) Height Mean slope angle Estimated volume

70 m 55 m 45 m 40� 40 000 m3

Volume is calculated for a maximum surface rupture depth (D) of 20 m with V ¼ (1/6) pDWL (Cruden and

Varnes, 1996).

Fig. 2 Localization on the secondary landslide of the geophysical survey array
(141 m), the hydrological acquisition device and the tacheometric sensors used for the
injection experiment.
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20 and 30 m (Lebourg et al., 2005).
Coupling accurate measurement and a
sufficient investigation depth imply a
significant number of measurements.
Moreover, carrying out a great num-
ber of measurements takes time, hence
electrical properties of the slope may
fluctuate between the first and last
acquisition of a profile. To satisfy
those requirements, we carried out a
pole–dipole survey using 48 electrodes
plus an injection pole and we have
limited the duration of acquisition to
30 min, which corresponds to a maxi-
mum of 768 measurements. The meas-
urement density is stronger in the
higher part of the profile (3-m hori-
zontal resolution, 1-m vertical resolu-
tion down to 15-m depth and 2-m
vertical resolution from 15- to 41-m
depth) to reach the best precision of
surface water circulation.
The measurement sequences were

made in the downstream direction so
that the start of each profile is carried
out in the injection zone.
The installation of the profile was

made 2 months before the beginning
of the injection to determine the most
hydraulically stable period to begin
the injection and to acquire a basic
profile as stable as possible.

Resistivity calibration

The interpretation of electrical tomo-
graphy profiles in terms of presence or
absence of water requires an evalua-
tion and calibration of resistivity val-
ues directly on rock samples. Our
measurements give us the following
indications:

1 Morainic formations (dry or with-
out water) characterized by large
resistivity variability (from about
200–3000 Xm). We observe a strong
correlation between water content
and measured resistivities. With
increasing water content, resistivi-
ties decreases strongly and are sys-
tematically lower than 100 Xm.

2 The gneissic substratum is charac-
terized by high resistivity values
(higher than 3000 Xm). The weath-
ered zones of this formation show
lower resistivity: (1) 200 Xm for
saturated weathered gneisses and

(2) around 3000 Xm for dry weath-
ered gneisses.

Data processing

The field data depicted as contoured
pseudoresistivity sections (Edwards,
1977; Griffiths and Barker, 1993),
were inverted using the software RE-

S2DINV written by Loke (1997).
In order to limit as much as possible

the error related to the inversion of
the electric tomography data, we car-
ried out the same treatment for each
batch of gathered data:

1 each data whose resistivity exceeds
7000 Xm (maximum resistivity
measured on samples) and each
data including a non-negligible fac-
tor of quality is systematically with-
drawn from all the data files before
inversion;

2 the inversion is carried out with the
same parameters for each profile;

3 the profiles are recorded at the end
of four iterations in order to guar-
antee the quality of the measure-
ments.

A total of 14 electrical profiles were
performed during this study. Only five
of them were selected in order to reach
the best measurements and quality of
interpretations (Table 2). We also
selected those because they corres-
pond to the significant periods of
slope response to the injection: pro-
files 1 (Pd1) and 3 (Pd3) (during the
injection) and the post-injection pro-
files 8 (Pd8) and 9 (Pd9).

Geodetic monitoring dispositive

The routine tacheometrical follow up
of secondary landslide has now existed
for more than 1 year (Binet et al.,
2004). We thus used and supplemen-
ted the devices already in places (14
targets, Fig. 2) in order to follow the
deformations which the water injec-
tion could have induced. Two con-
crete pillars were built on an alluvial
terrace of the southwest bank Tinée
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Fig. 3 Hydrological data obtained on S15 (see Fig. 2). First graph presents the injected
and recovered water flow, 30%of the injected flow exits in S15. Second graph shows the
evolution of fluorescein concentration with two of line dilution peaks (>500 lg L)1,
strong grey mark). The injection duration is highlighted by the smooth grey mark.

Table 2 Selected geophysical survey profiles (see Figs 2, 4 and 5).

Profile Pd0 Pd1 Pd3 Pd8 Pd9

Date/h 19 July/

12 h 50 min

20 July/

10 h 39 min

20 July/

13 h 23 min

21 July/

11 h 15 min

21 July/

15 h 50 min

RMS (%) 9.4 9.6 2.2 9.4 6.2
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river, to be used as station. Measure-
ments are taken from one of them
(Fig. 2). For the calibration, the sec-
ond concrete pillar is installed on the
alluvia considered as stable. One car-
ries out an indirect levelling on short
ranges: 150 m of distance. The tradi-
tional corrections are applied for the
data processing (Milles and Lagofun,
1999). The absolute precision of taken
measurements and the effectiveness of
the corrections are tested on the ref-
erence target. During the week of the
experience, after corrections of atmo-
spheric changes and calibrations, the
precision reach by the geodetic system
correspond in ±0.2 mm with 100 m
for a measurement in x and y and
±0.5 mm in altitude.

Results

Hydrological results

Injected volume, transit time and refund
rate

The water injection on the summit
escarpment of the slide lasted 288 min
by maintaining a constant flow of
2.23 ± 0.15 L s)1. Total volume
injected is thus 38.6 ± 2.6 m3. The
transit time between the beginning of
the injection and the water arrival to
the S15 is 78 min. In the same way, we
observe, from flow measurements that
the spring recovers the initial flow rate
140 min after stopping the pump
(Fig. 3). Flow measurements on S15
allow recovering 11.6 m3 of injected
water, which correspond to 30% of
the injected water. In the same way,
part of the water injected is arisen by
various discharge system of very low
flow while another part could be lost
in the Tinée alluvia.
The course of part of the water

injected on the surface remained very
shallow as it is arisen twice in the
landslide, on the level of each great
wrenching, to lose a few meters further
in the following sliding surface. The
slope water was thus drained by zones
of high permeability contrasts corres-
ponding to the sliding surfaces. The
sliding surfaces play the role of drains
with a fast transfer of water injected.

Fluorescein concentration

Fluorescein was injected during the
first 15 min in order to track the first

part of the water injection. The recov-
ery rate of S15 was about 15% of the
total 30% recovered injected water for
all the springs (Fig. 3). This rate is
weak compared with the covered dis-
tance (about 100 m); it can be ex-
plained by the complexity of the
sliding surface and by the many points
of injection/reinjection observed on
the ground. Nevertheless, we observe
a fast and synchronous fluorescein
response to the increase in the spring
flow. First, the concentration in-
creased to 3200 lg L)1 in 1 h and
30 min, then decreased to values lower
than 500 lg L)1 in 12 h, this shape of
the fluorescein curve is characteristic
of a preferential drainage (Miyazaki,
1993). In this granular material, the
water drain is interpreted as the sli-
ding surface, which confirms the
observations of the flows.
On the second part of the curve, we

observe a significant variation
(300 lg L)1) which corresponds to
the delayed arrival of the tracer. The
moraine matrix is relatively per-
meable; part of the water can infiltrate
under the slipped zone and join the
water of the fractures underneath
(deep watertable). This second circu-
lation is supported by the presence of
fluorescein in piezometer 1 (Fig. 2)
and validates the link between the
slope water and the alluvia.

Interpretations

The acquired hydrological data high-
lights the draining role of the fractures
and the sliding surface, even in a
relatively permeable material like the
fluvio-glacial deposits. The transfer
times of water injected within the slide
is very short (78 mn) and water pres-
sures very quickly evacuated. How-
ever, part of the water was infiltrated
under the slip or was stored before
joining S15, under the slipped zone.
The water which followed this path
arrives partly at the source the second
day (second restitution peak, Fig. 3)
or passes directly in the Tinée alluvia
(piezometer 1).
The next part of this paper des-

cribes evidence for the existence of
these two underground flowpaths
(double fluorescein peak, Fig. 3); and
the visualization of the ground water
distribution by electrical tomography
in order to locate the escapes or
storage zones of water in this slope.

Temporal geophysical response of
slope

Electrical tomography results

The first profile Pd0 (Fig. 4a), per-
formed before the injection, is taken
as the reference profile. Figure 4(b)
represents the geometric accuracy of
the inverted profiles after calculation.
This profile can be broken into

three distinct zones (Fig. 4a):

1 zone 1: has resistivity values higher
than 500 Xm. This zone is charac-
terized by substratum outcrops and
slipped fluvio-glacial material;

2 zone 2: has a highly variable resis-
tivities between 40 and 500 Xm.
This is the signature of a saturated
zone in the form of a perched
watertable including weathered
gneisses and fluvio-glacial deposits
which can only be distinguished by
the surface geological mapping (Le-
bourg et al., 2005). The discharge
system of this watertable is marked
by S15;

3 zone 3: has resistivity values higher
than 500 Xm interpreted from geo-
logical observations to be the gneis-
sic substratum (Lebourg et al.,
2003, Jomard et al., 2005).

To quantify and observe the con-
secutive variations of resistivity to the
water injection, we propose to show
results in the form of inversed matri-
ces subtraction (Fig. 5), where X and
Y are the coordinates of the measure-
ment points on the profile, q the
associated resistivity value, t the
acquisition hours and Dt ¼ t1 ) t2
(Eq. 1)

½X ; Y ; ��t1 � ½X ; Y ; ��t2
¼ ½X ; Y ; ��Dt:

ð1Þ

This representation has the advantage
of showing in a simple way the positive
or negative variations of resistivity.
The subtraction of the Pd1 profile

to the reference profile Pd0 presents
the evolution of the resistivities 1 h
after the beginning of the injection.
The volume of infiltrated water at this
moment is approximately 8 m3.
Ground observations and hydrologi-
cal measurements show that the injec-
ted water is already flowing to the
slope base (flow increase of S15 and
fluorescein peak). Saturation zones
are clearly defined in the upper part
of the profile and confined to the
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sliding area. The thickness of these
does not exceed 15 m. The drainage is
superficial and effective implying the
presence of a succession of strong
permeability contrast surfaces. The
correlation of water springs with the
mapped sliding surfaces shows that
the drainage is carried out through the
slip surfaces. The assumption of the
simple rotational slip is thus not valid
(Lebourg et al., 2005). A more com-
plex sliding surface geometry where
the water exits on sliding surfaces toe
and re-injects on sliding surfaces head
(Figs 5 and 6) should be considered.
The correlation with the profiles

subtraction results is very good and
allows the quality validation of the
profiles carried out.
The subtraction of the Pd3 profile

to the basic profile Pd1 yields the

evolution of resistivities starting from
the acquisition of the first profile. We
found the same characteristics of
superficial drainage with an increase
of the medium saturation character-
ized by a continuous decrease of the
resistivities.
This profile also shows a localized

strong fall of resistivity towards the
depth resulting in the loss of part of
the water injected. This indicates a
vertical variation of the permeability,
which could be associated with a
geological discontinuity.
The subtraction of the Pd8 profile

to the basic profile Pd0 yields the
evolution of the resistivities 1 day
after the end of the injection. The
flow of S15 returned to the normal
and the profile shows, by an increase
of resistivities, that the superficial

saturation is finished. However, in-
depth saturation, although less signi-
ficant, is always present and tends to
be diffused towards the downstream
side. Indeed, this diffusion corres-
ponds to the second fluorescein in-
crease observed the day after the
injection to S15. Water is diffused by
gravity and mixes with the watertable
feeding S15 without increasing the
flow.
Subtraction of the Pd9 profile to the

basic profile Pd0 presents the final
evolution of the water-injected dissi-
pation within the lower saturated
zone.

Interpretations

Geophysical tomography is used to
follow the two flows highlighted by
hydrological measurements through
time. The surface flow is carried out
in a section not exceeding 10-m thick-
ness. Water accumulations are signifi-
cant on re-injection and exit points
observed on the ground during the
experiment. These zones correspond
to the sliding surfaces of the landslide.
The increase in superficial saturation
through time is followed by an in-
depth loss of injected water. While the
surface zone is quickly drained by the
sliding surface, the water infiltrated
towards the depth is spread slowly, by
gravity, in the deep watertable (deeper
than 20 m).

Discussion and Conclusion

The hydrogeophysical acquisition
provides coherent information, by
acquisition and correlation of two
complementary signals, about the
draining properties of the unstable
rock mass in space and time. With
this hydrogeophysical approach, we
highlighted information on the geo-
metry and the dynamics of the slip.
The first highlighted structure is the

failure slip surface; this surface guides
the flow of the injected water. This
sliding surface is at maximum 10-m
depth, is not continuous and appeared
as a succession of upstream failure
surfaces (Fig. 6). These results are not
in agreement with those published by
Lebourg et al. (2005) who suggested
the presence of a continuous sliding
surface between 20- and 30-m depth in
the case of a simple rotational land-
slide. According to our observations

1

2
3

S 15

landslide upper 
         limit

(a)

(b)

Fig. 4 (a) Reference profile made before the injection. Zones 1 and 3 correspond to
unsaturated zones and zone 2 to a perched saturated zone with an exit point on S15.
(b) Localization of inversion blocks edges for all the acquired profiles (note that a
block can contain several measurement points). It shows the geometric accuracy
evolution of inverted profiles with depth increase.
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and measurements (Figs 4 and 5),
Lebourg et al. (2005) should have
imaged the deep watertable present

within the slope. However, the pres-
ence of an existing shrouding continu-
ous failure is not excluded (Fig. 6) but

the obtained single fluorescein peak
(Fig. 3) and the correlation of accu-
rate geophysical data (Fig. 5) with
surface observations argue against its
existence.
The in-depth loss of water, observed

by tomography and leading to the
second fluorescein peak implies the
presence of a lower permeability zone
towards the depth. Surface observa-
tions and tacheometrical measure-
ments (Binet et al., 2004; Binet,
2006) demonstrate the presence of
toppled trenches within the gneissic
bedrock perpendicular to the line of
greater slope (Fig. 6). Those toppled
structures could be at the origin of the
studied slip (Binet et al., 2004; Binet,
2006). These trenches are also ob-
served on a large scale on the whole of
the slope of La Clapière giving the
mobilized rock formations much more
permeable by creation of pores and
open fractures (Cappa et al., 2004).
This permeability increase because of
the formation of trenches can explain
the rather fast in-depth loss of water,
its temporary storage and its slow
diffusion by gravity in the deep water-
table.
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Fig. 5 Inverted matrices subtraction of selected profiles (see Table 2). Dti is the elapsed time between the acquired profile and the
injection start. Red parts correspond to a relatively increasing resistivity and blue part to a relative resistivity decrease (water flow
path). No dimension or value is given because of the different relative resistivity response of geological formations to the water
solicitation.

Temporary spring

 Perenial spring

Gneissic Substratum 

Fluvio-glacial deposits 

Toppled Gneissic Substratum 

Deformed Fluvio-glacial deposits 

Alluviums 

Sliding surface

Possible sliding surface

Toppled trench

1180

1160

1140

1120

1100 ?

Fig. 6 Conceptual sketch of slope geometry after geological and hydrogeophysical
interpretation. The landslide occurred within the glacial deposits. The movement is
controlled by basement toppling (Binet et al., 2004; Binet, 2006) which imply a diffuse
deformation in tills.
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From the flow dynamics point of
view and its possible relationship to
the actuation of the slipped mass are
given below.
The injection shows that failure

surfaces are used as draining surfaces
and then as short-cut for the deep
watertable alimentation. Indeed, 30%
of injected water was quickly drained
by S15. Seventy per cent of remaining
water was thus shared between the
other discharge system S16–S17,
the alluvia (piezométres 1-2-3) and
the mix within the deep watertable.
This mix, not leading to an increas-

ing flow to S15 (Fig. 3) can thus repre-
sent only one relatively low infiltrated
volume. Superficial infiltrations, short-
cut by surface fractures and the sliding
surface, thus do not seem to allow the
increase of the deep watertable level.
We have tried through this experi-

ment to induce a movement of the
landslide to quantify the contribution
of water and thus the slope saturation
necessary to its actuation. But the
tacheometrical follow up carried out
during the injection was not able to
detect a movement on any of the 14
targets laid out on the slope. The only
recordedmovement, following the slope
axis, maximum 0.0129 m on target 11
which is situated outside the landslide,
corresponds to the daily average move-
ment of the La Clapière Landslide
(Follacci, 1999). The injected water on
the failure surface of the landslide was
drained too fast to cause a sufficient
pore water pressures increase in the
slope and thus, to allow a perceptible
acceleration of this landslide.
This injection experiment indicates

that the water flowing on the sliding
surface cannot be the cause of a
movement of the slipped mass in the
short term.
Which conditions could be at the

origin of accelerations and movement
of the landslide?
In the short-term movements con-

secutive to moderate rain events can-
not be caused by the water drained on
the sliding surfaces. Thus, the origin of
these movements must be the consecu-
tive overloading due to water infiltra-
tion in the slipped volume. Indeed,
taking into account the landslide sur-
face (<2500 m2) and mean precipita-
tion values of 10 mm m)2 (Cappa
et al., 2004) the volume of water reach-
ing the landslide surface will not exceed
25 m3. With an estimated permeability

of the geological material of
1.9 · 10)5 m s)1 (Binet, 2006; Binet
et al., in press) and without taking into
account the average slope angle, the
duration of the rain and the evapo-
perspiration, the infiltrated water and
then the consecutive overload should
not exceed 17 m3. In the same way, the
water stored in the landslide during the
injection before recovering the first
flow on S15 is about 10.4 m3

(2.23 L s)1 during 78 min). The vol-
umes and the consecutive overload in
both cases (injection and precipita-
tions) are comparable. As any move-
ment was recorded by the geodetic
monitoring, the overload consecutive
to a moderate rain event on the studied
landslide does not seem to be able to
lead to a movement, in the case of the
already existing landslide.
In the medium term exceptional

precipitations on long periods (up to
200 mm m)2 in 1 h were recorded
during the millennial flood of the
Var in 1994) or more probably the
water felt in the overall slope and
drained in depth by fractures and
faults (Lebourg et al., 2005) in rising
periods (snow melt or rains onto the
massif), will represent volumes defin-
itely more significant. Those volumes
could be at the origin of more signi-
ficant overloads in one hand and of
the increase of the deep watertable in
the other hand, both could participate
to the actuation of the landslide.
Those mechanisms also characterize
the reaction of the overall slope of La
Clapière (Cappa et al., 2004).
The renewal of this hydrogeophysi-

cal experiment in high-level period of
the deep watertable or by sprinkling
on the slipped volume coupling
numerical stability models will be a
next stage with an aim of answering
the assumptions that this injection will
have enabled us to advance.
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