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This study focuses on the understanding of the hydrogeological functioning of a complex landslide affecting the
coastal municipality of Villerville (Normandy, France). We wish to provide a conceptual model of functioning
using a multi-disciplinary approach. A set of geomorphological, geological and hydrological data, as well as
in-situ observations, were first used to understand the main landslides processes. New acquisitions were then
carried out to strengthen our hypotheses thanks to passive geophysics (SP) and the characterization of physico-
chemical parameters of surfacewaters. The joint analysis of former ERT surveys and SP results is of significant in-
terest for correlating hydrokinetic information measured at the surface with resistivity tomograms which
provide internal information. This study highlights (1) a division of the behaviour into three parts, from east to
west; (2) variable internal dynamics highlighted by geology and electric fields; (3) a preferential discharge of
the continental water table upstream of the central area of the landslide. This work tends to demonstrate that
on the basis of initial in-situ knowledge available onmany study areas, the understanding of the hydrogeological
functioning can be substantially improved by implementing light and inexpensive surveys, also suitable for large
and complex landslides.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Over the last decades, the joint use of multi-disciplinary investiga-
tionmethodshas beenwidely disseminated in the study of landslide be-
haviour (Caris and Van Asch, 1991; Jomard et al., 2007; Fressard et al.,
2016; Denchik et al., 2019; DiMaio et al., 2020). It is known that no sin-
gle method, whether direct or indirect, is able to reliably image the
structure and dynamics affecting an unstable slope. A wide range of
methods are available for researchers or practitioners to achieve this
purpose, such as borehole descriptions, laboratory tests, geophysical
surveys, and remote sensing techniques (Jongmans and Garambois,
2007; Chambers et al., 2011; Perrone et al., 2014). For hydrologically
controlled landslides, a major issue is also the characterization of the
water circulation, often affected by spatial and temporal variability, be-
yond the sole structural aspect (Malet et al., 2005).

Geophysical surveys are classically used for this type of study. The
most commonmethods are seismic refraction and reflection, geoelectrical
methods (electrical resistivity and self-potential), electromagnetic
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methods, and gravimetry. Each method has its own set of advantages
and drawbacks (Frappa and Lebourg, 2001; Pazzi et al., 2019). Depending
on themethod, the use of geophysics allows the imaging of the subsurface
from one to four dimensions (Jongmans and Garambois, 2007). These
methods are most often used to study landslide structure, including
lithostratigraphic alternation, bedrock depth, geological boundaries,
and slip surfaces (Bogoslovsky and Ogilvy, 1977; Meric et al., 2005;
Godio et al., 2006; Jomard et al., 2007; Göktürkler et al., 2008; Erginal
et al., 2009; Schmutz et al., 2009; Chambers et al., 2011; Coulouma
et al., 2012). Geophysics is also of real interest in determining the
hydrogeological characteristics associated with a given structure
(Grandjean et al., 2006; Jomard et al., 2007; Lee et al., 2008; Niesner and
Weidinger, 2008; Chambers et al., 2011; Gance et al., 2016).

Geoelectrical methods are classically used for landslide studies
(Grandjean et al., 2006; Jongmans and Garambois, 2007; Travelletti
and Malet, 2012; Ekinci et al., 2013; Gance et al., 2016; Palis et al.,
2017; Whiteley et al., 2019). Electrical resistivity tomography (ERT) is
classified as an active method and is most often used in the form of
two-dimensional profiles. It is designed tomeasure the electrical poten-
tial difference between two pairs of electrodes by injecting a direct cur-
rent into the soil (Kearey et al., 2002; Whiteley et al., 2019). ERT can be
used to assess the internal structure of landslides and highlight the
moisture content of materials (Telford and Sheriff, 1990; Jongmans
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and Garambois, 2007; Shevnin et al., 2007; Chambers et al., 2011;
Denchik et al., 2019; Pazzi et al., 2019). This method is particularly suit-
able to characterize the saturation of clay slides,which are very sensitive
to the presence of water.

Self-potential (or spontaneous polarization) is a passive geoelectric
method. This technique has been increasingly used in recent years in
the field of hydrogeological studies and allows the characterization
of the solid-liquid interface of porous media (Colangelo et al., 2006;
Jardani et al., 2006; Roubinet et al., 2016; Cherubini, 2019) and
highlighting of underground flows and drainage patterns (Revil et al.,
1999; Chambers et al., 2011). This method is defined as the measure-
ment of the electrical potential distribution at the soil surface without
current injection (Naudet, 2004). SP measurements characterize a
sum of potential electrical charges (superposition principle), including
thermo-electric, electrochemical and electrokinetic mechanisms
(Corwin and Hoover, 1979; Titov et al., 2002; Colangelo et al., 2006;
Chambers et al., 2011). In the absence of telluric or chemical distur-
bances, the electrokinetic phenomenon (or streaming potential) is
expressed in the study of landslides and is related to water circulation
(Revil et al., 1999; Meric et al., 2006; Chambers et al., 2011). The advan-
tage of this method is the lowweight of the device and the possibility of
covering large areas in a short time. Depending on the charge, electrical
anomalies can be characteristic of either a draining and infiltration zone
(negative charge) or an accumulation and upwelling of an impermeable
zone (positive charge) (Aubert, 1997; Perrone et al., 2004; Chambers
et al., 2011). In particular, previous works have shown that negative
SP anomalies could correspond to a downward water movement in
fractured surfaces or be related to an aquifer drawdown (Jardani et al.,
2009; Sujitapan et al., 2019).

ERT and SP are frequently used together to delineate preferential
flow paths (Titov et al., 2002; Lapenna et al., 2003; Jardani et al., 2006;
Suski et al., 2006; Robert, 2012; Santoso et al., 2019). From a spatial
point of view, the scope covered by a 2D electrical tomography survey
is often limited to two-dimensional transects, which are often discon-
tinuous despite possible overlaps. It does allow for in-depth imaging
of the landslide structure and the limits of the vadose zone, even in com-
plex formations and on hilly slopes. The SP allows the characterization
of the flow dynamics affecting a landslide over a continuous area,
under the sole condition of accessibility. Therefore, it has the ability to
validate and spatially extend the hydrogeological hypotheses made
from ERT surveys by providing hydrokinetic information.

However, geophysical data must be used in conjunction with other
investigative methods (Chambers et al., 2011; Perrone et al., 2014). In
particular, they must be combined and calibrated with geological, geo-
technical, and geomorphological data and observations to improve the
interpretation reliability (Jongmans and Garambois, 2007). It is there-
fore important to couple data sets that are sometimes very heteroge-
neous. Geological and geomorphological knowledge is crucial for
validating survey interpretations but also for assessing the observed
phenomena and their functioning (Hearn and Hart, 2011). The study
of hydrogeological behaviour also requires a focus on surface and sub-
surface flows. In this respect, hydrogeochemical analyses serve to high-
light the internal mechanisms and the flow of water by studying, for
example, major ions or physicochemical characteristics (Bogaard et al.,
2004, 2007; Montety et al., 2007; Bertrand et al., 2013; Marc et al.,
2017). Artificial and isotopic tracing techniques are also classically
used to help dissociate the origin of waters in an unstable slope (Binet
et al., 2007; Deiana et al., 2020).

The datasets to be integrated can be numerous and are sometime
heterogeneous. The consistency of temporally and spatially disparate
multi-source data with sometimes uneven reliability is an important
issue for the characterization and conceptualization of landslide func-
tioning (Bichler et al., 2004; Travelletti and Malet, 2012; Lissak et al.,
2014b; Fressard et al., 2016; Denchik et al., 2019). This is particularly
the case for long-term studied landslides, for which the data are some-
times discontinuous and scattered.
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The study site discussed in this paper is a typical case of a com-
plex landslide under hydrological control with a high sensitivity
due to the presence of clays. One of its significant specificities is
due to its coastal character. This site was the subject of several stud-
ies for more than 40 years, has been well documented and de-
scribed from structural and kinematic points of view (Maquaire,
1990; Lissak, 2012). Although the hydrological influence on land-
slide activity has been proven, the hydrogeological functioning of
the slope still begs many questions. The present research aims to
improve the understanding of internal flows by the joint use of
existing data sets (electrical tomography, geotechnical and geomor-
phological data), completed and supplemented by new investiga-
tions (self-potential and physicochemical studies of water). Thus,
through an integrative multi-disciplinary approach, the objective
is to homogenize this set of qualitative geotechnical, geophysical
and hydrological data and analyse them to propose a new concep-
tual hydrogeological model.

The expected results from thiswork aremanifold. It aims to (1) iden-
tify the preferred discharge locations from the continental water table;
(2) understand the preferential water flows in the landslide; (3) high-
light the degree of heterogeneity of the hydrogeological functioning of
the site; and (4) establish a link betweenmorpho-structural specificities
and the behaviour of the landslide with regard to internal flows.

2. Description of the site and prior knowledge

2.1. Study site

The Cirque des Graves is located in the northern part of the Pays
d'Auge (Normandy, France), along the coast of the English Channel.
It is the largest of the four large landslides affecting the coastline be-
tween themunicipalities of Trouville and Cricquebœuf (Fig. 1). These
landslides are deep and rotational-translational and were initially
triggered during the last Weichselian glaciations (Elhaï, 1963;
Juignet et al., 1967; Journaux, 1971; Fressard, 2013). They are also
all active due to the erosive action of the sea, exerting a continuous
undermining effect and not allowing the slope to reach an equilib-
rium profile (Maquaire, 1990). This landslide of 47 ha (1600 m long
and 450 m wide) is adjacent to the Pays d'Auge plateau and
surrounded by two non-permanent watercourses at its southwest
and northeast boundaries. Its anthropization is recent as it dates
back to the end of the 19th century (Lissak, 2012). Despite the de-
struction of a large part of the historical infrastructure due to previ-
ous accelerations, approximately twenty individual houses and a
major tourist road (RD513) are still located on the unstable area.

The lithostructure of the unstable area is more complex than on the
plateau due to the retrogressive kinematics of the slope generating dis-
continuities. From the plateau boundary to the sea, dissociated chalk
slabs sink into Albian-Aptian sands and slide over Kimmeridgian and
Oxfordian marly clay formations (Fig. 2). These formations, with fairly
poor geotechnical characteristics, are underlain by a bedrock composed
of Oxfordian gritty limestone (Maquaire, 1990). In the light of its size,
the sharpness of the main scarp, the processes affecting the slope, and
the landforms, this landslide can be classified as complex with rota-
tional and translational components (Varnes, 1978; Cruden and
Varnes, 1996; Lissak, 2012).

2.2. Hydromechanical background

The first studies carried out in the Cirque des Graves date back to the
1930s, but a real research interest emerged after the major event of
1982 (Fig. 3h) and focused on the geotechnical and kinematic response
for better management of the infrastructure facilities (housing, net-
works, etc.). Since this first recent reactivation, three other events im-
pacted the cirque in 1989, 1995 and 2001 (Maquaire, 1990; Lissak
et al., 2013, 2014a; Costa et al., 2019).



Fig. 1.A: Location of the study field in Normandy; B:morphological sketch of the fourmajor coastal landsides of the Pays d'Auge, between Deauville and Honfleur. 1. Border of the Plateau
d'Auge; 2. main scarp of the landslides; 3. secondary scarp; 4. basal scarp; 5. bumpymorphology; 6. solifluction lobes morphology; 7. spot height (in meters); 8. temporary river flow; 9.
permanent river flow; 10. municipality boundary.
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2.2.1. Morpho-structural knowledge
The global structure of the landslide was determined thanks to nu-

merous boreholes and geomorphological analyses (Maquaire, 1990;
Lissak, 2012; Lissak et al., 2014b). In addition, electrical tomography
Fig. 2. Schematic functioning of the Cirque des Graves proposed by Maquaire (1990) and Lissa
Kimmeridgianmarl; 4. Albian sands; 5. Cenomanian chalk; 6. surficial deposits (loess, colluvium
flow; 10. Cenomanian karstic flow; 11. main springs; 12. main scarp of the plateau; 13. main
shallow landslide/muddy flow; 17. denting and solifluxion.
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surveys confirmed the thickness of the different features over 18 transects
using vertical and horizontal variations in resistivity (Lissak et al., 2014b).

The litho-stratigraphy is generally consistent with the morphological
observations (Lissak et al., 2014b). The numerous main and secondary
k (2012). 1. Oxfordian gritty limestone of Hennequeville; 2. Oxfordian clay of Villerville; 3.
, head); 7. limit of the active landslide; 8. Albian sand groundwater; 9. Albian groundwater
scarp of the cirque (uphill limit of the landslide); 14. secondary scarp; 15. foot scarp; 16.



Fig. 3.Main geomorphological features of the Cirque des Graves. (a) Minor scarp and stepped morphology in the park; (b) major scarp (chalk outcrop) at the upstream part of the park;
(c) slab tilted into a counter-slope at the centre of the landslide; (d) heterogeneous soilmatrixwith blocks (heads) at the basal scarp of the park; (e)mudflows in theOxfordianmarls at the
foot of the landslide; (f) building near amain scarp in themiddle of the landslide; (g) recent crack on the RD513 due to the retreat of themain scarp; (h) destruction of the villa Chanteclair
after the acceleration of 1982 (Maquaire, 1984); (i) location and orientation of the pictures.
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scarps, ranging in height from a few decimetres (Fig. 3a) tomore than 15
mupstreamof thewestern part (Fig. 3b, f), correspond to a segmentation
of the chalk by weathering, inducing a dissociation into approximately
100 discrete slabs (Lissak, 2012; Lissak et al., 2014b). Their size increases
from east to west (Lissak et al., 2014b). Tensile zones between the slabs
are filled with silty-clay formations. Downwards, the thickness of the
Albian-Aptian sands is uneven due to the importance of creep and the
sinking of the chalk slabs in this loose and poorly cohesive horizon.

The site is characterized by a chaotic morphology with a succession of
scarps, counter-slopes, horst-graben structures, and general hummocky
topography (Lissak et al., 2014b) (Fig. 3b, c). The downstream part of the
central and western areas is also characterized by the absence of chalk
slabs (Fig. 8) and a solifluction dynamic of Oxfordian grey clays (Fig. 3e).

The global volume of the slide was estimated at approximately
3e107 m3 (Lissak, 2012; Lissak et al., 2014b). The slip surfaces are
deep, nested, and affect all of the horizons down to the Kimmeridgian
and Oxfordian clays (Maquaire, 1990, 2000; Maquaire and Malet,
2007). The slip surface was characterized by inclinometric surveys to
the east of the slide and measured at a depth of 23 m b.g.l. upstream
and 5.5 m b.g.l. at the bottom of the slope (Maquaire, 1990). However,
no inclinometer was able to characterize the deepest slip surface in
the middle and western zones of the cirque because the devices were
not implemented deep enough.
2.2.2. Kinematic knowledge
From a kinematic point of view, topographic monitoring was carried

out using (1) a total station (Maquaire, 1990), (2) GPS monitoring on
4

fixed benchmarks and (3) the implementation of permanent GNSS re-
ceivers (Lissak, 2012; Lissak et al., 2014a). These follow-ups revealed
continuous activity with periodic accelerations and uneven dynamics
(Maquaire, 1990; Lissak, 2012; Lissak et al., 2014b). Themean annual ve-
locity ranges from 1 to 2 cm. yr−1 near the main scarp to 10–12 cm. yr−1

at the foot of the slope (Lissak, 2012). The most active zone is located at
the foot of the middle zone, which is subject to clay mudflows (Fig. 3e).
The general dynamic is retrogressive with morphological downstream
readjustments (Fig. 3g), accentuated by basal sea excavation (Fig. 3d, e).
2.2.3. Hydrological knowledge
Previous work has shown a direct link between the rise of the chalk

water table on the Plateau d'Auge (at the Danestal piezometer, 17 km
away from the slide) and the four major accelerations of 1982, 1989,
1995 and 2001 (Maquaire, 1990; Lissak, 2012; Bogaard et al., 2013;
Lissak et al., 2014b; Costa et al., 2019) (Fig. 4). Although the levels be-
tween the plateau and the slope appear to be correlated, there is a
delay of a few days to weeks due to the transit time of water through
the matrix before the continental water table discharges on the coast
(Lissak et al., 2014b).

Exceeding the trigger threshold to achieve a major acceleration re-
quires several years with higher than normal annual rainfalls (Fig. 4B).
Thus, themajor event of 1982 was preceded by six years of high annual
precipitation. This expresses a cumulative effect of the precipitation on
groundwater levels from one year to the next and underlines the
major role of the continental discharge in exceeding the trigger levels
(Maquaire, 2000).



Fig. 4. Correlation between the fourmajor landslide accelerations in the Pays d'Auge and (A) thewater table level at the Danestal piezometer. Because the chronicle is irregular from 2011
onwards (change of acquisition method), the data have been smoothed to show the extreme monthly levels; (B) the effective annual rainfall at the Météo-France weather station in St-
Gatien-des-Bois, from 1974 to 2020 (updated from Lissak, 2012 and Costa et al., 2019).
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Site-wide water flows are considered erratic with interconnected
aquifers due to numerous structural discontinuities (Lafenetre, 2010;
Lissak, 2012).

The site has been equipped with a network of piezometers since the
1980s to allow groundwater monitoring. There is a slight temporal var-
iability between high and low waters despite a significant spatial vari-
ability between some neighbouring piezometers that is directly
related to the geological structure (Lissak, 2012).

Indeed, the hydraulic conductivity is variable depending on the ma-
terial. Cohesive chalk and sandy formations are most permeable. Their
values range from1.5e−6m.s−1 to 1.8e−4m.s−1, while clays and surface
flint clays have the weakest hydraulic conductivity of between 3.9e−9

m.s−1 and 5.9e−7 m.s−1 (Lafenetre, 2010; Lissak, 2012).
Hydromechanical modelling work has shown that a 1-m rise in the

water table results in a 6% decrease in the overall safety factor of the
slope (Maquaire, 2000; Maquaire and Malet, 2007). This demonstrates
a real importance of the internal circulation ofwater on the landslide ac-
tivity and confirms the hydrologically driven functioning of the slide.

3. Materials and methods

In light of the work described in the previous section, some data
could be reused for joint analysis with the new investigations carried
out. Fig. 5 shows the nature and location of all of the input data. The un-
even spatial distribution of the data is partly due to the inaccessibility of
part of the cirque (high scarps, fallow land, mudflow areas, etc.).

The methodological details for a re-analysis of the initial data and
new hydrokinetic data are detailed hereafter by type of acquisition.

3.1. Structural predisposition assessment

At first, our analysis consisted of synthesizing and reinterpreting
borehole descriptions from multiple geotechnical analyses carried out
since the 1970s. Logs of 62 boreholes drilled between 1978 and 2019
have been collected and used to assess the characteristics of the chalk
(condition and thickness). These boreholes are mainly distributed in
the eastern and upstream part of the site (Fig. 5A), characterizing the
areas with stakes. One issue was to dissociate the chalk and non-chalk
5

horizons because saturated and weathered chalk is rarely described
as such.

The assessment of chalk is crucial because thick and cohesive chalk
generates cracks and sharp discontinuities. In the Cirque des Graves,
these cracks are filled with heterogeneous and loose formations
(Lissak, 2012). It significantly increases the transmissivity and recharge
of aquifers (Foster and Milton, 1974). The transmissivity of a rock is de-
fined by its void volume, which in turn depends on its matrix porosity
and fissure porosity (Sausse, 1998). In the case of chalk, which is a ma-
terial with low elasticity and subject to karstification, the fissure poros-
ity can represent a significant part of the total flow. Therefore, this
material illustrates heterogeneous behaviour (Buscarlet et al., 2011)
with variable permeabilities and generally slow flowbut also very local-
ized fast flows (Crampon et al., 1993). This particular stratum is there-
fore critical for assessing the hydrogeological functioning of the slope.

3.2. Surface and groundwater study

Two physicochemical water characterization campaigns were car-
ried out. The first one was conducted during a low water period (Octo-
ber 2018) and the second during a high water period (April 2019) to
compare the results at hydrological extremes. The objectivewas tomea-
sure descriptive parameters such as water flow, pH index, conductivity
and temperature in all ponds, springs and drained waters that were ac-
cessible and identified (Fig. 5B).

In situmeasurementswere performed using a TetraCon®325 sensor
for conductivity (±1 μS.cm−1) and a Sentix® 41 electrode for pH index
(±0.01) and temperature (±0.1 °C), which were both connected to
a WTW® 340i measuring device (instruments by WTW® GmbH,
Weilheim, Germany). Flow measurements were carried out by
collecting water from springs and drains using suitable containers. The
containers were filled over a stop-time period, and the quantities
were measured in graduated test tubes. The locations of the measure-
ment points were determined using a Trimble Juno 3B lightweight
GPS field device.

These measurements allow for characterization of all areas where
the aquifer is outcropping on the landslide. The locations of the mea-
surement points were coupled to a set of 34 piezometric measurements
carried out over the entire site. The currently operational network is



Fig. 5. Typology and spatial distribution of the Cirque des Graves data used for morphostructural (A), hydrological (B) and geophysical (C) assessment. 1. Drillings from 1978 to 2019; 2.
chalk compartment delineation (fromLissak, 2012); 3. spring/resurgence; 4. pond; 5. piezometricmeasurements; 6. drainagenetwork; 7. SPmeasurement (2018 campaign); 8. ERT profile
(2008/2009 survey).
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composed of 13 piezometers and 7 inclinometers, followed by continu-
ous piezometric sensors or a manual contact gauge. In addition, data
from 14 other piezometric measurement locations could be retrieved
and integrated into the analysis. These data are partly from old piezom-
eters no longer in use and partly from exploratory drilling enabling spot
measurements of the groundwater level. The latter only provide point
information on the piezometric levels. Because we know that the varia-
tions in the water table are low on a seasonal scale but exhibit strong
site variability (Lafenetre, 2010; Lissak, 2012), it seems interesting to in-
clude them in the analysis.

The objective here is to characterize not the temporal variability but
rather the spatial variability of the unconfined aquifer, which is directly
related to the lithostructure. This is a first approach to try to highlight
the preferential water flow paths over the unstable area.

A total of 97 groundwater measurements were used to produce a
map of the mean piezometric surface. An ordinary kriging probabilistic
interpolation method was applied, which considers the spatial depen-
dency of the data while minimizing prediction errors (Matheron,
1963; Oliver and Webster, 1990; Baillargeon, 2005). This method is as-
sumed to be suited to conventional hydrological problems (Gambolati
and Volpi, 1979).
3.3. Geophysical imaging methods

3.3.1. Self-potential surveys
To refine internal flows, we used geophysical imaging tools. Self-

potential is a suitable method for highlighting disturbances in electric
currents and potential fields associated with water circulation (Gex,
1990; Naudet et al., 2008; Revil and Jardani, 2013). Natural electric
fields originate directly from the infiltration of water through the pro-
cess of electrofiltration. When water flows through a rock matrix, then
the positive ions are fixed while the negative ones are carried away by
the water. This creates an ion imbalance, which induces an electrical
anomaly that can be measured by electrodes on the ground, thus mak-
ing it possible to explain the orientation and intensity of the flow in said
matrix (Naudet, 2004).

A self-potential mapping was carried out in April 2018 at the end of
thehigh-water period. Somemeasurements have been performed using
a Fluke175 high-impedance multimeter and two WM “Wolf LTD” ce-
ramic electrodes saturated with Pb-PbCl liquid (lead-lead chloride),
which cancels polarization effects. A total of 1171 measurement points
was realized with a fixed base configuration (one reference electrode
and one moving electrode). The theoretical spacing of the survey was
10 m between each point on upstream-downstream profiles and 25 m
between two successive parallel profiles. Some adjustments had to be
6

made according to accessibility conditions, particularly in the western
zone of the landslide.

To avoid drifts due to the excessive distance between the electrodes,
the location of the base stationwas shifted every five profiles (≈125m).
Between each base station, a measurement of the anomalies was made
so that all values could be reported at the starting point of the survey.
We also carried out numerous check points on the previous profiles
each time that the base electrode location changed so that we can inter-
connect the survey lines and obtain a better monitoring of drifts and
errors.

The overall survey reference was located upstream of the park, out-
side of the unstable slope. We buried the fixed electrode 30 cm under
the ground, protected from solar radiation to limit thermal drift or drifts
due to ground drying (Fig. 6A).

Bentonite mud was systematically used to improve the electrical
contact between the electrode and the ground. In addition, the positions
of the measurement points were collected by GNSS surveying using a
Trimble R8 differential GPS (Fig. 6B). 65% of the slide surface was cov-
ered, and the remaining 35% were not accessible.

A validation survey was conducted in April 2019 to check the
reliability of the initial survey. To limit the acquisition time and the
associated drifts, we chose to establish two lateral profiles and one
longitudinal profile for a total of 225 measurement points.

All data points were interpolated using kriging, which is also a con-
ventional and suitable method for interpolating geophysical data
(Grandjean et al., 2006; Travelletti and Malet, 2012; Jaboyedoff et al.,
2020). The regional model was filtered to eliminate the topographic ef-
fect andmake local anomaliesmore apparent (Goto et al., 2012). The to-
pographic influence was considered constant and calculated using a
linear regression equation over all survey datapoints. This regression
equation was applied to the DTM to define the theoretical influence of
topography at each point of the raster. Finally, this influence was
subtracted from the raster of measured raw anomalies.

3.3.2. Cross-analysis with ERT and geological data
In the second phase, the ERT campaign conducted in 2008–2009 in

the frame of the SISCA project (Lissak et al., 2014b) was also reused. It
aims to compare resistivity information, which depends on saturation
and petrophysical characteristics, with hydrokinetic information from
self-potential. The local materials of the Pays d'Auge are generally not
very resistive. Chalk is above 60 Ω.m (Göktürkler et al., 2008; Naudet
et al., 2008), while clays, sands and reworked materials are rather
below 30 Ω.m (Perrone et al., 2004; Van Den Eeckhaut et al., 2007;
Naudet et al., 2008; Jongmans et al., 2009; Sudha et al., 2009;
Travelletti and Malet, 2012). Despite this slight distinction, the range
of values makes it possible to discretize the lithofacies encountered.



Fig. 6. Self-potential device: (A) derivation control between fixed andmobile electrode 1. high-impedancemultimeter; 2.mobile electrode; 3. fixed electrode protected by the silver side of
a survival blanket (to reflect solar radiation and limit the thermal drift). The blanket is then covered with clumps of earth during the survey; 4. bucket with bentonite slurry.
(B) Measurements of SP anomaly in the sliding area. 5. Cable reel connecting both electrodes; 6. GNSS acquisition to localize SP measurements.
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Lissak et al. (2014b) identified a sharp contrast in resistivity with
east-west growth explained by the litho-stratigraphy (Fig. 7). This ob-
servation is compared with the values and the type of underground
flows highlighted by SP monitoring.

A cross-interpretation work focused on two representative ERT pro-
files in the eastern andwestern parts of the landslidewith an upstream-
downstream orientation (located in Fig. 7). More information can be
found in Lissak et al. (2014b) concerning the acquisition parameters
and inversion processes of these ERT profiles. Drillings in the vicinity
of these profiles were analysed so that they can contribute to the inter-
pretation of these geophysical data.

4. Results

4.1. Structural analysis

The analysis of the 62 boreholes revealed a chalk thickness ranging
from 2.80 m to 17.75 m (Fig. 8). The chalk layer is significantly thicker
in the middle of the cirque, with a progressive decrease towards both
extremities (northeast and southwest). The median zone includes the
14 drillings with the greatest thickness (>11 m).

The thinnest chalk layers are located in the northeast (park). In this
zone, some drill logs do not clearly indicate the presence of chalk, even
though the geomorphology suggests so. Out of a total of 20 drill holes,
Fig. 7. ERT inversion profiles from the previous geophysical campaign conducted in the frame of
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seven describe very significantweathering,most often referred to in de-
scriptions as “yellowish-beige silty or sandy formations”. This has been
reinterpreted as “chalk”, although the hydraulic conductivity of this al-
tered material is closest to that of clay. The 13 other boreholes of the
park did not identify any chalk, as the horizons were very heterometric
with no clear distinction between the encountered facies.

The absence of obvious chalk is also possible elsewhere in the cirque.
That is the casewhen the boreholes are located between compartments,
in heterogeneous fill formations, or in the most reworked areas in the
downstream part of the landslide.

4.2. Characteristics of surface and underground waters

The physicochemical measurements reveal a concentration of the
measured surface water in three sectors (Fig. 9). First, there is a signifi-
cant flow at the southwestern border of the park along thalweg feeding
ponds connected from the scarp. A large number of springs also outcrop
at the foot of the chalk scarps in themiddle of the cirque. Finally, a large
number of springs, mainly in the form of seepage, can be observed at
the point of contact between the Albian sands and clays, upstream of
the mudflow area. Some springs outcrop directly on the foreshore, at
the foot of the slope, in the heterogeneous reworked formations and
heads, along the park's coastline. It is partly linked to the presence of
flows at the park's boundary, located right on the upstream side.
the SISCA project (2008). An east-west ascending gradient of resistivity values is observed.



Fig. 8. Variation of the chalk thickness from borehole logs in or nearby the Cirque des Graves and geometry of the identified slabs by Lissak, 2012
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The seasonality of the flows shows significant variations between
October (low water) and April (high water). 39 additional measure-
ment points were recorded during the high-water period, including
25 springs, 10 stagnant areas, and 4 drains that had dried up by October
2018. The total flow measured at the springs increased from 115.0 l.
min−1 to 171.80 l.min−1 (Table 1). The gap can be explained by an in-
crease of 22.9 l.min−1 from the springs alreadymeasured in lowwaters
and is related to new resurgences for a total of 33.9 l.min−1.

The spatial distribution highlights the importance of the central area
on the measured flow (Fig. 9B), with 74% of the total flow in October
(85.1 l.min−1) and 69% in April (119 l.min−1). In this central area, a net-
work of artificial drainage is implemented to evacuate the excess of sur-
face water through trenches, gullies and pipes (Fig. 10B, C, D).

Electrical conductivity measurements increase from upstream to
downstream and imply an ionic enrichment (Fig. 9A). In low waters,
the difference between the extreme values is 400 μS.cm−1 and rises to
more than 700 μS.cm−1 in periods of high water. The nine springs
with the highest values during the April 2019 survey are from 1321 to
1602 μS.cm−1 andwere all dry in October 2018. They are also all located
at the outcropping of sands, after the last chalk slabs.

Given the sedimentary context, waters logically tend to be basic. In
both surveys, only one measuring point was below pH 7. The October
2018 campaign reports an average pH of 7.74 compared to 7.82 in
April 2019. The variability is therefore low at the scale of the massif,
with the lowest measurements systematically located in the ponds,
often eutrophicated with the presence of duckweed.

The variability of the temperature is related to the type of measure-
ment. The lowest temperatures measured are those of springs with an
average of 14.9 °C in October 2018 and 12.2 °C in April 2019.

A piezometric map of the site has been produced by linking
these measurement points with the piezometric data recorded
(Fig. 11). The shallowest waters are located in the two areas of con-
centration characterized by numerous resurgences, with sub-
surface levels of approximately 1 m in depth. In the unstable area,
the water level seldom exceeds 5 to 7 m in depth. This water
8

table depth increases in the upstream direction to reach up to 17
m near the plateau.

There is a slight edge effect due to overly large gaps, generating a
“cluster effect” when the values are too different over a short distance.
However, the deepest values located along the RD513 and generating
theses clusters are indicative of a descending movement of the water
in the filling materials in the cracks between chalk compartments,
with values sometimes lower than 15 m b.g.l.−1.
4.3. Hydrokinetic assessment based on geophysics

The interpolated SP map shows spatial heterogeneities (Fig. 12),
with an increasing gradient of SP values from west to east. The range
of values is quite limited, from −14.1 to +32.6 mV. The highest values
are those found in the park, with values ranging from +3 to +32 mV,
and no negative anomalies are found. The clusters having the highest
values correspond to areas with springs and ponds (+20 to +32 mV).
The maximum value of the entire survey was measured in the centre
of a shallow pond located in this part of the cirque.

In the central section, the anomalies also increase from upstream to
downstream, with marked negative values along the RD513 (−5 to
−14 mV) and positive anomalies (+12 to +15 mV) at the contact of
the clay-marl flows at the bottom of the slope. The upstream zone of
the RD513 (in the centre of the landslide) corresponds to the strongest
negative anomalies, near the main scarp.

A validation survey was conducted at the end of April 2019, in ex-
actly the same period as the previous year, in an attempt to get as
close as possible to the initial acquisition conditions. By relating the
values from the second survey to the general reference from the first
survey, the range of anomalies seems to be comparable in broader
terms, ranging from −13.4 to +32.0 mV (Fig. 13A).

There are a few areas with deviations greater than 10 mV between
the two surveys, which may be related to local changes in subsurface
flows. However, the curves are comparable (Fig. 13B). The overall



Fig. 9. (A) Conductivity measured in springs, ponds, and drains and (B) water flowmeasured in natural springs at the Cirque des Graves during the field campaigns of October 2018 and
April 2019.
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survey error is acceptable, with a median of 3.16 mV and a RMSE (root
mean square error) of 2.14 mV.

Fig. 13 clearly shows the increase of anomalies fromwest to east and
from upstream to downstream, thus highlighting a link with elevation
following the same trends. The regional topographic effect was there-
fore filtered to more accurately reveal local anomalies (Fig. 14A) and
was calculated to be−0.296 mV.m.

On the filtered map, the negative anomalies remain pronounced
near the RD513 (≈−10 mV) and are heightened around the drainage
systems (from −10 to −20 mV). The western side of the Pointe
du Heurt is marked by a progressive upstream-downstream gradient
Table 1
Compared results between the two campaigns for surface water analysis.

Measurements October 2018 April 2019

Number of flowing springs 47 72
Number of ponds with stagnant water 8 18
Number of flowing drains 7 11
Temperature range (in °C) 12.0–20.3 9.3–17.7
Conductivity range (in μS.cm−1) 711–1103 693–1602
pH index range 6.68–8.55 7.19–8.58
Mean measured flow (l.mn−1) 2.52 2.59
Total measured flow (l.mn−1) 115 171.80

9

of anomalies, with the lowest values (−15 to−25 mV) in the direction
of the cliff. In the park, slightly negative zones appearwith an upstream-
downstream decrease. However, this eastern area remains more char-
acterized by positive anomalies up to +20 mV, particularly near the
ponds and stagnant areas identified.

To compare these surface acquisitions with in-depth information,
two ERT profiles were selected and compared with nearby boreholes.
These are respectively located in the park and in the central zone,
above the mudflows (Fig. 15).

On the western profile (A), the SP anomalies decrease at the slope
breaks. The upstream break shows a decrease of approximately 20 mV,
and the anomaly reaches −18.5 mV in downstream direction. The
flattened area in the middle of the profile also exhibits slightly less
pronounced negative anomalies of up to−8 to−10 mV. Conversely,
a positive anomaly located at the top of the profile reaches almost
+12 mV in an area of stagnant water near springs. ERT and geology
confirm these observations. The highest resistivities near the ground
surface (50 to 500 Ω.m) are correlated with a fairly thick layer of chalk
of up to 10 m. The contact with the marls, constituting the lower limit
of the aquifer formations, is identified at approximately 15 m in depth
in borehole SC3 and coincides with resistivities below 30 Ω.m.

On the eastern profile (B), weak negative anomalies (down to
−4.7 mV) are observed upstream of the profile, in a zone located
below the main scarp. The anomalies become positive and reach



Fig. 10. A: Natural spring from the Cenomanian chalk at the basis of a five-metre-deep scarp; B: trenches dug in the soil to channel and drain surface waters; C: water arrivals from four
drainage pipes in a concrete manhole for recovery in a larger pipe; D: open trench built with overlapped precast concrete elements.
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+10.6 mV in the last third of the slope. Lithologically, this zone is char-
acterized by the splitting of weathered chalk slabs (boreholes SD4 and
SD5), with a thickness ranging from 2 to 5 m. These slabs' fragments
Fig. 11. Piezometric level of the unconfined groundwater considering the identified pon
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are interspersed with heterometric clay-loam slope formations
(boreholes E and C1). The ERT also indicates fairly conductive layers
(<20 Ω.m) close to the ground surface. Near-surface resistivities are
d, springs and piezometric information from piezometers and drilling descriptions.



Fig. 12. Interpolated map of the self-potential over the Cirque des Graves and location of major drains in the middle part of the landslide.
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generally lower compared to the western side and barely exceed 70Ω.m
on a few isolated clusters, with a thickness that does not exceed 5 m.

5. Discussion

5.1. Towards a new hydrogeological model

Thanks to the characterization of the SP anomalies and the physico-
chemical analyses, we are able to propose hypotheses of spatial distri-
bution, flow direction and intensity regarding the internal circulations,
which could not have been done with the initial geometric model.

We are in a position to confirm the hypotheses of preferential dis-
charge from the plateau. Alternately, the initial assumption of erratic
Fig. 13. Comparison between the SP anomalies from the initial survey (2018) and those from
profiles superimposed on the initial raw anomaly map (the colour range is identical); (B) “po
measurements for the three profiles. The grey bar graph represents the absolute gap between
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flow and entanglement of the chalk and sand aquifers in the landslide
is not confirmed throughout the unstable zone. The variations in
water conductivity between the chalk and sand outcrops may suggest
a partial dissociation of the aquifers in part of the slide.

The trend of the regional SP map is observed at a local scale, despite
some infiltration zones that were not noticeable before the topographic
filtering. It tends to show that topography is not solely responsible for
the West-East increasing anomalies shown, with other electrokinetic
sources being incriminated as the cause of these anomalies.

In light of these results, the three approaches (structural, hydrologi-
cal and geophysical) converge towards the same trend, though with a
division concerning the hydrogeological behaviour. Water flow dynam-
ics are not homogeneous at the landslide scale, and it is possible to
the validation survey (2019). (A) Spatial distribution of the points of the three validation
int to point” comparison between the 2018 raw anomaly map and the 2019 verification
the campaigns.



Fig. 14. Filtering of the topographic effect on SP anomalies for the characterization of local hydrokinetic dynamics.
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delineate three different compartments in the eastern, central and
western parts of the landslide (Fig. 16). Such compartmentalization
has already been performed for other landslides, such as the Super-
Sauze earthflow (Malet, 2003; Malet et al., 2005; Montety et al.,
2007). However, the use of SP provides essential information that al-
lows the validation of the flow directions assumed from field surveys
and laboratory data.

5.1.1. Eastern part
On the east side (park), the high permeability of the heterogeneous

matrix, with thin and fragmented chalk slabs, facilitates the internal
flow. These observations are validated by the geological descriptions
and by the low resistivities up to near-surface. It explains the small
number of resurgences in this zone, rather characterized by the pres-
ence of ponds, in relation to a near-surface water table level. In this
zone, the groundwater seems to be undifferentiated in the sliding and
heterogeneous matrix (Fig. 16a). The surficial water supply from the
Plateau has been quantifiedwith a continuous flowofwater throughout
the year, although the flow is quite limited. Even if the regional SP map
(raw) shows nonegative anomalies, thefilteringmap suggests the pres-
ence of some moderately infiltrated areas. Despite the eastward slight
regional dip (1°), we detected no evidence of a direct inflow coming
from the west of the cirque into the park. The thalweg delineating the
park acts as a natural drain and allows the evacuation of a significant
amount of water from springs and surface runoff. This area is also char-
acterized by positive anomalies, consistent with water accumulation
12
zones. This draining function is confirmed by the electrical conductivity
values, which are steady from upstream to the foot of the slope,
reflecting a continuous surface and sub-surface flow with the same
origin.

5.1.2. Central part
This central zone appears to be the main contributor of water in-

flows, which is confirmed by (1) the retrogressive saturated zone
(pond and drains) behind the RD513; (2) the numerous springs found
at mid-slope with high flow drained by hydraulic structures; and
(3) the flow dynamics affecting the saturated clayey and marly mate-
rials at the bottom of the slope. This postulate was made by Lissak
(2012), and the new acquisitions have improved this empirical knowl-
edge and validated the assumed behaviour.

Field observations and negative SP anomalies express a main dis-
charge from the plateau water table upstream of RD513, followed by a
drawdown of the water table at the main scarp downstream of the
road (Fig. 16B). This discharge is probably amplified by the greater
thickness of the aquiferous layers in the upstream zone, compared to
the Eastern and Western areas. Such infiltration and SP anomalies in
the detachment zone were noticed in other places, such as the Varco
d'Izzo or Giarossa landslides (Lapenna et al., 2003; Perrone et al.,
2004; Colangelo et al., 2006)

The flow appears less erratic in this part of the unstable zone, thanks
to larger, thicker and generally less weathered chalk slabs, as shown by
borehole logs, and higher resistivity values than in the park. Average



Fig. 15. Correlation between SPfiltereddata (2018) and ERTprofiles (2007–2008) in (A) themiddle-western part of the Cirque and (B) in the eastern part of the Cirque (park). The location
is specified in the thumbnail in the bottom left and corresponds to the two profiles indicated in Figs. 7 and 14. Legend: (1) heterogeneous slope formation, (2) chalk +/− weathered,
(3) glauconitic sand, (4) clay & marl, (5) spring, (6) flow direction, (7) stagnant water and hydrophilic vegetation.
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water conductivities are measured at the top and middle of the slope
(700–900 μS.cm−1) at the chalk scarps, while a substantial increase oc-
curs at the outcrop of the Albian sands down the slope. The values range
from 900 to 1100 μS.cm−1 in lowwaters and can reach 1600 μS.cm−1 in
high waters on springs that were initially dry in October. These high
conductivities result in a decline in the SP anomaly, as the fluid conduc-
tivity decreases the electrokinetic coupling effect (Revil et al., 1999;
Naudet et al., 2008).

The increase of the conductivity in a short distance could imply an
extended residence time of these waters at the outcrop and a possible
dissociation between both aquifers. This hypothesis needs to be con-
firmed bymeans of geochemical methods (major ions, isotopic or artifi-
cial tracing). Marine pollution due to sea spray also cannot be excluded
in a coastal context (Moore and Brunsden, 1996), and could influence
these values, despite a dense tree cover at the springs' location. Never-
theless, this influence seems limited, as suggested by the values mea-
sured at the bottom of the thalweg delimiting the park, near the
foreshore (±800 μS.cm−1).

In this area, the sand water table moistens the clays, which behave
like an aquitard (i.e., weakly aquiferous but containing an important
quantity of water). This moistening, which induces an increase in pore
pressure, is a long process. Theflow is delayed and dampened compared
to a normal aquifer, given the low hydraulic conductivity of clays
(Tavenas and Leroueil, 1981). This process, associated with the dis-
charge of the overlying aquifers, explains the mudflow processes iden-
tified at the bottom of the slope.
13
Alternately, negative SP anomalies along the drainage systems
have to be explained. These values are consistent with the results
of Bogoslovsky and Ogilvy (1973), which show a decrease in the
SP values and negative anomalies reaching −8 to −12 mV along
ditches and channels. In general, the drainage structures increase
the flow velocity of groundwater and thus the electric fields of fil-
tration. For Bogoslovsky and Ogilvy (1973), these negative anoma-
lies might be regarded as explaining a concentrated infiltration of
water into the rock and are therefore related to the efficiency of
drainage or leakage due to the poor structural condition of the
developments. On the local network, this could be explained by
seepage from trenches dug directly into the ground or permeabil-
ities at the junction of concrete elements forming part of the drain-
age network (Fig. 10).

5.1.3. Western part
The behaviour of the western part of the cirque (west of Pointe du

Heurt) is not completely clear because the available data set is more re-
stricted in this area of the landslide due to the greater difficulty of access.

However, it is possible to define behavioural hypotheses from the few
available data and field interpretations (Fig. 16C). The electrofiltration
signal is quite heterogeneous from the raw results. However, there is a
decreasing gradient of SP anomalies in the direction of the foreshore,
more clearly revealed by thefiltering of the topographic effect. For the up-
stream front, there are slightly positive anomalies (<10mV), which may
indicate a weak surface discharge from the stable zone.



Fig. 16. Cross-sections of the conceptual hydrogeological behaviour identified in each of the three parts of the cirque. Legend: (1) +/−weathered chalk, (2) glauconitic sands, (3) marls/
clays, (4) gritty limestone, (5) boreholes, (6) potential active sliding surface, (7) potential latent sliding surface, (8) chalk water table flow, (9) sand water table flow, (10) clays/marls
wetting, (11) undifferentiated matrix flow, (12) free water table level, (12) spring, (13) building.
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Thus, a decrease in anomalies towards the bottom of the slope could
imply progressive water infiltration. Several other observations mainly
suggest deep-water functioning, such as: (1) the low number of resur-
gences and areas of stagnation (springs and ponds); (2) the high scarps
in this area (>15 m); and (3) permanent flows with high conductivity
(1003 Ω.m in autumn and 1404 Ω.m in spring) at the contact with the
Villerville marls on the cliff edge involving a rather long residence
time. The significant decrease in the downstream SP values may also
be influenced by the change in substrate, with the clay-marl facies out-
cropping on the lower half of the slope of this western zone. Indeed, the
soil resistivity distribution controls the amplitude of the self-potential
anomaly. Clay is characterized by a very low resistivity (visible with
ERT) and does not favour the occurrence of strong SP anomalies
(Skianis, 2012).
5.2. Interpretation limits and errors in the SP survey

Aubert (1997) points out an insufficient knowledge of the genera-
tion of SP potentials, which makes the interpretation complicated and
requires case-by-case argumentation. Over the years, the improve-
ments of this knowledge made it a powerful and proven method for
solving hydrogeological problems (Naudet and Binley, 2006). However,
many parametersmay explain the SP signal, defined by Hämmann et al.
14
(1997) as an overlay of elementary sources. It is therefore crucial to con-
sider data processing and interpretations in the environmental context.

For example, SP can help to determine the piezometric level by
inverting the self-potential values (Darnet et al., 2003; Naudet, 2004;
Naudet and Binley, 2006), which is not appropriate in our case due to
the topography and very rugged geology of the area. A bivariate analysis
between SP anomalies and measured piezometric levels shows a total
absence of correlation with R2 = 0.027. The electrofiltration anomalies
measured in our case seem to be mainly influenced by water infiltra-
tions and accumulations. We have therefore limited our approach to
the identification and mapping of the main upward or downward pref-
erential flow paths, which brings to light the discharge zones and the
deep or surficial behaviour. This geophysical method requires a-priori
information on the distribution of cross-coupling and the origin of pri-
mary electric field sources (Hämmann et al., 1997), which is enabled
by the hydromechanical information from in situ surveys.

A discussion regarding data quality is necessary to determine the ro-
bustness of the survey. Electrical drifts occur between the two elec-
trodes during the survey depending on many local factors, such as
thermal variations, soil drying, vegetation suction or local disturbance
signals (e.g., power lines, pipes). It is therefore necessary to check the
drift regularly during the survey. We carried out 46 control measure-
ments during the campaign by checking the electrical potential differ-
ence between the two electrodes at the location of the reference
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electrode or bymonitoring the drift over time at the location of themea-
surement points.

The distribution of the control measures reveals discrepancies that
need to be analysed. The range of absolute deviations between initial
and control measurements is from 0.0 to 17mV. The RMSE of the distri-
bution is 2.32mV, and the standard deviation is 5.07mV. The difference
between the RMSE and standard deviation is large, which tends to con-
firm the influence of the few extreme values, with the RMSE being less
sensitive to these values (Bouthevillain and Mathis, 1995). These ex-
tremes may be related to local factors that may generate disturbances
of the measurable electric field at the surface, as mentioned above. It
is also important to note that the drift is relative to the size of the
study area (cumulative effect at each base change) and the duration of
the monitoring (time-varying effect of soil properties) (Corwin and
Ward, 1990). We investigated 47 ha over 12 days in dry conditions,
with more than a thousand measurement points, which is significant
compared to conventional landslide surveys.

Previous work has shown similar errors. For example, a standard
deviation in the range of ±10–15 mV was reported by Naudet (2004);
±20 mV was reported by Fournier (1989); ±10 mV was reported by
Birch (1993); ±5 mV was reported by Corwin and Hoover (1979),
Perry et al. (1996), Panthulu et al. (2001), and Revil et al. (2004); and
±3 mV was reported by Hämmann et al. (1997). The main difference
with the current study is the range of values, which remains quite
small, of the order of a few tens of mV, probably influenced by the
clayey substrate. Comparatively, the range of values was approximately
600mV for Naudet (2004) or 900mV for Fournier (1989) and Revil et al.
(2004) but in different environments or with different scientific issues
(e.g., pollutant dispersion).

Themaximum drift of the survey is 17mV and corresponds to 48.7%
of the total range of measured values (0–34.9 mV), while the root mean
square error is only 6.6% of this range. The errors in the estimation of
geophysical surveys carried out in a natural environment are generally
of the order of 20%, a value that is considered by geophysicists as a tol-
erance threshold (Abdul Samad, 2017). Therefore, excluding the few ex-
treme ones, the highlighted errors seem to be acceptable.

6. Conclusion

The objective of this studywas to assess the hydrogeologic behaviour
of the Cirque des Graves using spatially and temporally heterogeneous
datasets to improve the limited initial knowledge. Structural and piezo-
metric datasets acquired over the long term were first used to assess
the predisposition of the massif to underground flows. This allows the
highlighting of litho-stratigraphic disparities explaining contrasts
regarding water table levels and the distribution of runoffs on the sur-
face. The wide heterogeneity of the geological formations encountered
(variation in thickness, reworking and discontinuities due to landslide
dynamics, varying density and hydraulic conductivity of the materials,
etc.) therefore explains the uneven functioning of the slope. Second,
geophysical and physicochemical data acquisition aimed to explain this
variability by characterizing the hydrokinetics of the slope.

We have shown that the slope is divided into three compartments
with an east-west division. The eastern part (park) is characterized by
a heterogeneous matrix with weathered and fractured chalk slabs
favouring the mixing of the two water tables of chalk and sand. These
observations are verified by (1) the borehole logs, (2) a low electrical
conductivity of thematrix to the near surface, (3) the low number of re-
surgences despite a highwater table, (4) a homogeneouswater conduc-
tivity from upstream to downstream, and (5) the quite positive SP
anomalies despite some small infiltration zones identified after the re-
moval of the regional topographic effect.

Conversely, the central part is characterized by a less linear and
more marked flow (upstream pond, numerous resurgences and
drainage networks). This is due to more pronounced scarps enhanc-
ing transmissivity along slip surfaces and a thicker, less weathered
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chalk, which is confirmed by geological logs and ERT. Regarding
the hydrokinetic features, the numerous SP anomalies support the
hypotheses of (1) a greater verticality of the flows than in the east,
(2) an inflow of the continental water table upstream and then an
infiltration in the vicinity of the RD513, and (3) an incomplete dis-
sociation of the chalk and sand aquifers. The influence of the drain-
age networks on the electrofiltration phenomena is also clearly
noticeable.

Finally, the west of the Pointe du Heurt, while less characterized, is
fairly close to the central zone from a structural point of view but
seems to experience infiltration with less intense water inflows than
the central area, as shown by the low number of resurgences and de-
creasing SP anomalies towards the shore.

In the end, the implementation of boreholes and piezometers are
classical methods of investigations for monitoring unstable slopes.
Based on this available empirical knowledge concerning numerous
landslides, the results obtained show that hydrogeological knowledge
can be substantially improvedwith light, easily transportable investiga-
tion methods and with limited costs, even on large and complex slopes.
In non-homogeneous environments, ERT and SP are recognized as the
two easiest geophysical methods to implement (Meric et al., 2006)
and are interesting to couple. The acquisition of physicochemical pa-
rameters is also simple and inexpensive.

However, the observed conductivity measurements open up new
research prospects. Further research would be required to dissociate
the contributions between the two aquifers of chalk and sand in a reli-
able manner and to determine what comes under the impluvium.
Knowledge of residence times would also help with interpretation. To
that end, the study of the strontium isotopic ratio 87Sr/86Sr could be
used (Siegel et al., 2000; Legeay, 2013) to determine the level of connec-
tion between the two regional aquifers at a local scale (Brenot et al.,
2008).

Other geophysical methods should also be explored. The interna-
tional literature shows recent developments in terms of SP data pro-
cessing, which may allow for more advanced acquisitions and data
inversions for future studies but is beyond themain focus of the present
paper. For example, continuous SP monitoring could be processed over
a given period (from several hours to several months) to characterize
the variability of groundwater flows (Meric, 2006). The realization of
self-potential tomograms (Patella, 1997) would also be considered
and has already proved its worth in landslide studies (Perrone et al.,
2004; Colangelo et al., 2006).
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