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ing our understanding and prediction of landslide triggering. This work presents observed changes in electrical
resistivity monitored at the Super-Sauze clayey landslide with the GEOMON “P resistivity instrument installed
permanently on-site for a period of one year. A methodological framework for processing the raw measurement
is proposed. It includes the filtering of the resistivity dataset, the correction of the effects of non-hydrological
factors (sensitivity of the device, sensitivity to soil temperature and fluid conductivity, presence of fissures in
the topsoil) on the filtered resistivity values. The interpretation is based on a statistical analysis to define possible
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Resistivity relationships between the rainfall characteristics, the soil hydrological observations and the soil electrical resis-
Hydrogeophysics tivity response. During the monitoring period, no significant relationships between the electrical response and
Landslide the measured hydrological parameters are evidenced. We discuss the limitations of the method due to the effect
Fissures

of heat exchange between the groundwater, the vadose zone water and the rainwater that hides the variations of
resistivity due to variations of the soil water content. We demonstrate that despite the absence of
hydrogeophysical information for the vadose zone, the sensitivity of electrical resistivity monitoring to temper-
ature variations allows imaging water fluxes in the saturated zone and highlighting the existence of matrix and
preferential flows that does not occur at the same time and for the same duration. We conclude on the necessity

to combine electrical resistivity measurements with distributed soil temperature measurements.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Water circulation within a slope, in both the saturated and unsatu-
rated zones, is one of the most common controlling factors of landslide
first time failures or reactivation (Van Asch et al., 1999; Malet et al.,
2005b). The internal structure and geometry, petrophysical properties
and the elementary hydrological processes govern the spatial and tem-
poral variations of water storage in a slope. The hydrological models
generally used for slope stability analysis which reasonably well
incorporate pore water pressure increase or matric suction decrease
are not always able to explain sharp variations of the groundwater
level, especially for clayey slopes. The incorporation of other important
elementary hydrological processes (Fig. 1) such as dynamic preferential
flows linked to soil heterogeneity or to the presence of fissures (Van
Asch et al., 1999), water storage and circulation in the vadose zone
(Bogaard and Van Asch, 2002; Philip, 1991), or the presence of local
perched water tables (Van Asch and Buma, 1997) to name a few, still
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lags behind because of a lack of knowledge on these processes at the
field scale.

In this context, hydrogeophysical monitoring of water storages and
fluxes is interesting for understanding landslide hydrology because of
its sensitiveness to water content changes in the subsurface and because
it provides spatially distributed images of the petrophysical parameters.
Time-lapse Electrical Resistivity Tomography (ERT) is often used to de-
tect, map and track water circulation in the subsoil (Revil et al., 2012)
and is able to complement point-based observations (Miller et al.,
2008). Recently, several automated monitoring instruments, specifically
developed for long-term time-lapse resistivity monitoring in rugged
slope conditions, have been developed, such as the ALERT system,
(Kuras et al., 2009; Wilkinson et al., 2010), the GEOMON “P system
(Supper et al., 2008, 2014) and the A-ERT system (Hilbich et al.,
2011). Up to now, only few studies are discussing the processing of
time series of resistivity datasets acquired on landslides and the
extraction of useful information for understanding slope hydrology
(Perrone et al., 2014).

Lebourg et al. (2005) repeated five ERT measurements on a profile
located at the La Clapiére (southeast France) rocky landslide. The results
are compared to water flow rates estimated from groundwater
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Fig. 1. Water storages and fluxes in clayey landslide body characterized by complex soil structures (macroporosity, stratified aquifers), lateral and vertical variations in soil properties
(porosity, density, hydraulic permeability) and the presence of local water barriers (impermeable blocks, bedrock). The different types of water fluxes are indicated in the figure as a
response of the slope to a rain or a snowmelt event. The geotechnical structure given by the Cla, C1b, C2 layers and the substratum is also indicated by different colors.

chemical analysis. At the same landslide, Jomard et al. (2007) performed
a 12 h continuous ERT measurements during a controlled infiltration
experiment over a period of 300 min and highlighted the presence of
deep cracks contributing to a direct percolation of the surface water in
depth. Lebourg et al. (2010) performed a time-lapse ERT survey at the
Vence landslide (southeast France) for three months and identified
the existence of two types of hydrological responses of the subsoil to
rainfall events from the analysis of inverted resistivity. At the Avignonet
clayey landslide (Eastern France), Biévre et al. (2012) repeated
campaigns of electrical resistivity measurements along a profile for a
period of two years and observed anomalies of resistivity around large
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fissures suggesting that they constitute preferential water pathways.
Travelletti et al. (2012b) used time-lapse ERT to characterize the spatial
and temporal development of water circulation at the Laval-Draix
clayey landslide (Southeast France) during a controlled infiltration
experiment over a plot of 100 m 2. At the start of the experiment, the
soil was in nearly unsaturated conditions. Sprinklers were used to
infiltrate a water containing chemical tracers. Water infiltration was
monitored with time-lapse ERT repeated every 3 h during 67 h. The
analysis of the resistivity variation in space and time allowed proposing
a conceptual model of infiltration integrating preferential lateral flows
in fissures and around impermeable blocks. The inverted resistivity
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Fig. 2. Location of the GEOMON “P profile and of the plots of complementary measurements on the Super-Sauze landslide. The profile crosses several areas with different soil surface

characteristics.
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Fig. 3. Complementary metrology to the ERT measurement: a) location of the different sensors on the map of surface fissures surveyed in May 2011 during the installation and b) table

resuming the data available during the monitoring period.

values are interpreted in terms of steady-state flow conditions and
apparent hydraulic permeabilities of the soil are estimated. A similar ex-
periment was carried out by Lehmann et al. (2013) who monitored
electrical resistivity at the Riidlingen landslide (Northern Switzerland)
for a period of 64 h, and identified the spatial and temporal evolution
of the wetting front in response to hydrological perturbations. Finally,
Luongo et al. (2012) analyzed the variations of electrical resistivity on
a landslide in the Basilicata region (Southern Italy) for a period of two
years. The authors highlighted the long term stability of the apparent re-
sistivity signal and established correlations between electrical resistivity
and soil moisture for the subsoil. These limited number of experiments
highlighted the complexity of interpreting time-lapse ERT datasets on
landslides. Most of the time, the interpretation of the resistivity values
in terms of hydrological knowledge is limited to the mapping of resistiv-
ity anomalies or to the establishment of site-dependent statistical
relationships among resistivity and soil moisture. The quantitative

interpretation of large resistivity datasets acquired is very difficult
because of various slope conditions (saturated versus unsaturated
media, complex slope structures), changing petrophysical and hydro-
logical parameters of the soil (porosity, density, permeability, tempera-
ture), of the fluid (conductivity, temperature) in space and time, and
changes in the instrument acquisition geometry because of the move-
ment of the electrodes.

The objectives of this work are 1) to estimate the contribution of
several non-hydrological factors on the resistivity values in order to
define the ‘real’ hydrological signal of the slope, 2) to interpret qualita-
tively the electrical responses measured after significant rainfall events
and 3) to identify statistical relationships between the electrical
responses of the slope and the rainfall event characteristics. The exper-
imental dataset consists of one year of electrical resistivity measure-
ments acquired on a longitudinal profile at the clayey Super-Sauze
landslide (Southeast France).
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Fig. 4. Representation of data on pseudo-section of apparent resistivity: a) location of the measurement points and b) example of an interpolated pseudo-section of apparent resistivity

measured on the 31 May 2011.



J. Gance et al. / Journal of Applied Geophysics 126 (2016) 98-115 101

Quadrupole number

15
10
NO DATA
5
0
e :

| June | July | Aug | Sept | Oct | Nov | Dec | Jan | Feb |
2011 | 2012

® -

Resistance [2]

=3
=)

@

500F -
1000
1500
2000+

NO DATA = o

2500+ =

3000F

reverse measurement [%]

IS

&

35001

Percentage difference between forward and

&

4000F

=3

June | July | Aug | Sept | Oct | Nov | Dec | Jan | Feb
2011 I 2012

Fig. 5. Raw data example: a) Mean between forward and reverse resistances for each quadrupole with time; b) relative difference between forward and reverse resistances with time.

2. Study site and monitoring instruments
2.1. Study site

The experiment has been carried out at the Super-Sauze landslide
(Barcelonnette Basin, Southeast French Alps). The landslide, which has
developed in weathered Callovo-Ofxordian black marls, is active since
the beginning of the 1960s. In 2014, the landslide extents over a
horizontal distance of 880 m and occurs between elevations of
2105 m at the crown and 1760 m at the toe with an average 25 slope
gradient. The total volume is estimated at 750,000 m 3. The landslide
is bordered by two lateral streams draining the groundwater table. Its

dynamics is controlled by bedrock geometry (Travelletti and Malet,
2012; Gance et al., 2014), rock mass fabric and hydrology (Malet et al.,
2005a). Morphological features induced by the sliding and flowing
mode of the landslide are easily recognizable at the surface with the
presence of lobes, boulders and fissures at different locations (Stumpf
et al, 2013). The landslide is continuously active with average
displacement rates in the range of 0.05 to 0.20 m day~ ! (Malet et al,,
2005b). Landslide surges (acceleration and/or fluidization) consecutive
to large rainfall events or to a sudden melting of the snowcover
have been observed in the past with average displacement rates of
several meters per day (Travelletti et al., 2012a). These surges are
difficult to forecast but are controlled by the water circulation and the
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development of excess pore water pressures (Malet et al., 2005b).
The hydrological response of the slope to rain or snowmelt events
is non-linear and depends of the volume of infiltrating water, the
position of the groundwater table, the amount of water stored in
the vadose zone and the properties of the soil surface with the
presence of fissures or structural/sedimentary crusts (Malet et al.,
2003; Montety et al., 2007; Krzeminska et al., 2013; Malet and
Maquaire, 2004).

The geotechnical model of the landslide consists of two layers lying
on a impermeable bedrock (S) made of in-situ black marls. The upper
C1 layer is composed of weathered black marls in movement. This
unit is divided in two sub-units C1a and C1b with different geotechnical
parameters. The C2 layer describes of a compacted layer of reworked
black marls called ‘dead-body’. It is considered as impermeable (perme-
ability of 10 ® m s ') and (with displacement rates of less than
<0.1 mm year™ !, Maquaire et al., 2001). The resistivity measurements
previously carried out on the landslide (Grandjean et al., 2006, 2007;
Travelletti and Malet, 2012) show that a significant contrast of resistiv-
ity is observed between C2 (<50 Q- m) and the bedrock (250 Q- m)
while the resistivity in the landslide material (C1 and C2) increases
linearly with depth, so that the limits between C1a, C1b and C2 are
not detectable.

The reworked black marls layers (C1 and C2) have a low resistivity
explained by a clay fraction greater than 20% and by highly mineralized
ground waters (2650 S - cm™! in average, Debieche et al,, 2012). Added,
to the nearly saturated conditions for most landslide parts over the year,
the expected percentage of variation of resistivity resulting from an in-
crease of water content is therefore small (e.g. only a few percent).
Moreover, the accurate measurement and processing of electrical resis-
tivity on this type of soil is difficult because of the heterogeneity of the
soil material (presence of blocks, of surface fissures, spatial variation
of grain size and of clay content) and because of complex monitoring
conditions due to high surface displacement rates. In this context, the
detection of weak changes in resistivity in space and time is challenging.

2.2. Characteristics of the GEOMON “P measurement device

We installed the GEOMON “P measurement instrument on a longitu-
dinal profile located in the upper part of the landslide in an area character-
ized by contrasting soil units (in terms of density of surface fissures and
surface grain sizes, Fig. 2) and by the presence of a shallow groundwater
table (located on average at — 1.5 m from the surface). The objective was
to investigate the contributions of these soil units to localized spatial
variations in infiltration rates in the topsoil (0-1 m).
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considering electrode movement and b) when correcting for the electrode movement.

The GEOMON “P resistivimeter has been developed by the Geologi-
cal Survey of Austria (GSA, Supper et al., 2002; Supper and Roemer,
2003, 2004). The system is able to measure soil electrical resistivity
and self-potential and is characterized by a flexible architecture
allowing the installation of any number of current and potential elec-
trodes. The main characteristics of the system are a high speed of acqui-
sition (which approximatively equals 3000 measurements per hour in
single channel mode) and the recording of the full electrical signal.
During an acquisition, the voltage is continuously measured with a sam-
pling rate of 500 values per second (during 0.2 s) allowing to precisely
control the data quality. For each quadrupole, forward and reverse
measurements (for which only the injection electrodes are swapped;
the measurement electrodes are unchanged) are performed. This
procedure allows for quantifying the error repeatability.

The device used at Super-Sauze is constituted of 93 steel electrodes
separated in 24 current injection and 69 potential measurement
electrodes, with a total length of 113 m. In this experiment, the
electrode spacing is variable and customized according to the soil
surface properties. An electrode spacing of respectively 0.5 m, 1.0 m
and 2.0 m has been used for soil units affected by respectively a low
fissure density (average of 2.2 m m “2), a high fissure density (average
of 3.8 m m “2) and the absence of fissures. We choose these different
electrode spacings to be able to track the expected surficial preferential
flows in the fissured areas.

Table 1
RMS errors for the 2D inverted profiles.

Profile P1 P2 P3 P4 P5 P6 P7 P8
RMS error [%] 4.01 3.97 5.95 574 570 477 6.08 440

The monitoring system has been installed in May 2011. The
GEOMON “P is powered by a 235 W solar panel and a methanol fuel
cell (SFC efoy Pro600) combined with appropriate batteries for energy
storage. The data are transferred daily by GSM to the research institutes.
Two measurements of resistance are performed daily (at 0:00 and 12:00
GMT) with a sequence of 4300 quadrupoles according to a multiple
gradient array. The entire measurement takes approximately 1 h. This
resistivity array has been chosen because it allows exploiting the multi-
channel capability of the GEOMON “P and provides better resolutions
than other usual resistivity arrays while maintaining a good signal to
noise ratio (Dahlin and Zhou, 2004, 2006). This resistivity array is also
adapted to measurements in complex media (fissures, blocks) and is
able to image structures of different orientations. The Depth of Investi-
gation Characteristic (DIC) functions, computed for each quadrupole
with the Bhattacharya and Dutta method (Bhattacharya and Dutta,
1982) for a homogeneous medium, ranges between 0.5 and 11.5 m for
a mean DIC of 4.7 m.

Several point-based hydrological sensors were installed to comple-
ment the GEOMON “P system at two plots located upslope and down-
slope of the profile (Fig. 3a). The sensors are a groundwater level
sensor (Campbell CS450), a water temperature and conductivity sensor
(Campbell CS547A), and soil temperature sensors (Campbell PT105E)
installed at depths of — 0.1, —0.2 and — 0.3 m. Meteorological parame-
ters (rainfall, air temperature, wind velocity and direction, relative air
humidity, net radiation) are monitored at a distance of 500 m from
the profile on a stable slope. The displacements of the electrodes are
monitored by campaigns of double difference differential GPS and by
terrestrial optical cameras (Gance et al,, 2014).

The apparent resistivity can be plotted as a pseudo-section, with a
pseudo-depth computed from the formula of Dahlin and Zhou (2006).
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The point measurement locations are presented in Fig. 4a and an exam-
ple of interpolated apparent resistivity pseudo-section is presented in
Fig. 4b. Due to the different electrode spacings, the coverage with
pseudo-depths is not identical for all abscissa.

3. Data processing methodology
3.1. Electrical resistivity dataset: data quality

The raw data are the injected current i, the total voltage V" and the
self-potential for forward and reverse measurements. A mean
resistance is calculated with Eq. (1) where Vrand V; are respectively
the forward and reverse voltages subtracted from the self-potential.
The resistance and the relative difference between forward and reverse
resistances measured during approximately one year are presented in

Fig. 5.
1 (Vp Vs
R—i'(Tf)

From the 1st August 2011, 2 months after its setup, the GEOMON*?
is out of order for 3 months because of lightning. The 26th of October
2011, the GEOMON®P as been repaired. During the winter period, soil
freezing creates large differences between forward and reverse resis-
tances indicating weak repeatability of the measurements possibly
due to poorer soil/electrode contacts (Fig. 7). Thereby, for this study,
we chose to interpret only the first period between the 27th of May
and the 27th of July 2011 when the resistance measured for each
quadrupole with time is relatively stable with a low percentage differ-
ence between forward and reverse resistances (<1%) and where the
complementary non-geophysical data are available (Fig. 3b). Other

(1

periods characterized by small relative difference exist during the
winter period when the landslide is covered of snow but when we do
not expect significant hydrological processes.

3.2. Contribution of terms to the resistivity signal

A rapid processing of the time-lapse resistivity data would assume
that the soil electrical resistivity variations are only created by variation
of the soil water content. However, the soil electrical resistivity is con-
trolled by many other non-hydrological factors whose effect can be
non-neglible for landslide study, such as:

the existence of instrumental noise and measurements errors (Peter-
Borie, 2011);

the presence of 3D effects on 2D monitoring surveys (Panissod et al.,
2001; Dahlin, 1996);

the movement of the electrodes (Uhlemann et al., 2015);

the compression/dilatation of the media with the soil dynamic;

the variation of the topsoil temperature (from the surface to the
vadose zone);

the variation of the groundwater temperature and conductivity
(Chambers et al., 2014);

the existence of surface heterogeneities such as surface fissures and
blocks (Tabbagh et al., 2007).

The processing strategy used in this work to correct the effects of
some of these factors on soil electrical resistivity, either on the raw
data (resistance or apparent resistivity) or on the inverted resistivity,
is presented in Fig. 6.
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3.3. Correction on the raw dataset

3.3.1. Correction of measurement errors

In this study, the position of the electrodes has changed over
time, and consequently the contact between the soil and the elec-
trode is also changing during the period. Consequently, a part of
the data present an erratic behavior characterized by localized very
large resistivity variation with time and/or high frequency variations
between two acquisitions. The classical filtering of measurement
errors, based on a threshold on the standard deviation of the
measurements (Peter-Borie, 2011; Travelletti et al., 2012b) is there-
fore not efficient, and we proposed to filter the data according to
three criteria.

The first criterion is based on physical parameters measured during
the acquisition, such as:

the measured voltages (V, and Vy) must be greater than 0.5 mV to
ensure that the measurement is not part of the ambient noise;

the percentage difference between forward and reverse measured
resistances must be lower than 5%, in order to keep only measure-
ment characterized by a good repeatability;

the resistance must be positive and not equal to 0 Q.

The second criterion selects the remaining outliers on the basis of
the Probability Density Function (PDF) computed for each quadrupole

on the apparent resistivity. We removed resistivity values with a
probability lower than 1/50 of the maximal PDF value.

The third criterion corresponds to a high data misfit after a first
independent inversion of each dataset. The data characterized by a
misfit higher than 10% were removed.

The percentage of removed measurements per electrode is plotted
in Fig. 7. Three electrodes (# 16, 29 and 75) are characterized by a
percentage of removed measurements greater than 80% during the
monitoring period. These electrodes globally show a decrease of the
measurement quality in time, possibly indicating problems of contact
with the soil. They are all located on landslide fissured areas. Except
for these electrodes, most of the removed measurements are only for
specific dates, particularly during the month of December 2011 when
the soil is frozen.

3.3.2. Correction of changes in quadrupole geometry induced by electrode
movement

In most ERT monitoring studies, the electrode position is fixed and
the geometrical factor k computed from the electrode position is
invariant in time (Kuras et al., 2009; Arora and Ahmed, 2011; Robert
et al., 2012). However, for the case of landslide monitoring, the
electrode movement affects the geometrical factor, especially when
the landslide movement is not only a translation. As a consequence,
the computation of the apparent resistivity requires the exact position
of the electrodes at each measurement time. Wilkinson et al. (2010)
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handle this problem on a very slow-moving landslide by recovering a correction factor Cyon the raw resistance such as the apparent resistiv-
electrode displacements from the ratio of apparent resistivity between ity papp is computed according Eq. (2).
two different dates.
To measure the electrode displacement, all the 24 injection elec-
trodes were equipped of white Styrofoam spheres and their position
was monitored by stereo-photogrammetry (Gance et al., 2014). The Papp = kieg x Cp xR

technique allows for estimating electrode positions with a minimal ac- o= L (2)
curacy of 0.05 m. We correct for the electrode displacement by applying Kres

19557 e '
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Fig. 13. Sensitivity of the inverted tomograms: logarithm of the coverage of the first inverted tomogram.
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krer and kr are respectively the reference and the true geometrical A time-lapse inversion is carried out on the dataset t; measured the

factors computed for the reference (first) and the current dates (t). 29th of May 2011 just after the installation of the GEOMON*?, using the
This correction factor allows for removing the effect of the electrode dataset to (27th of May 2011) as reference model. This time-lapse inver-
movement from the resistance datasets. sion is performed for the apparent resistivity computed with the raw
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Fig. 15. Electrical response of the slope to the rainfall event R2 expressed as the percentage change of resistivity.

resistances and with the corrected resistances. The correction factor Cris
represented in Fig. 8.

The time-lapse inversion is performed using the L, norms on the
model and the data. The RMS errors associated are respectively 1.8%
and 3.3%. The percentage differences between t; and t,, inverted with
and without the correction, are plotted in Fig. 9. The results show
large unexpected variations of resistivity for the corrected dataset (up
to 15%), compared to the uncorrected dataset. These results may be ex-
plained by two reasons:

the required accuracy on the electrode position is much lower than a
few centimeters, particularly for the 0.5 and 1 m electrode spacing;
the modeling of the topography is oversimplified in between each
electrode, so that we were not able to model precisely the complex
surface topography composed of several bumps and flat areas by
only measuring 24 electrode positions.

As a consequence, we decided not to correct for the electrode
displacement and only to interpret the variation of resistivity for
short time periods (<5 days) with very low relative displacement
rates.

3.3.3. Correction of 3D effects on 2D monitoring surveys

A strong hypothesis made in this study is the 2D assumption, inher-
ent to 2D ERT acquisition along linear profiles. This classical practice in
ERT considers that the medium is invariant in the direction perpendicu-
lar to the profile. In other words, it considers the measured apparent re-
sistivity linked to the presence of objects located in the vertical plane
passing through the profile. However, lateral conductive anomalies
can deflect the current lines outside of the vertical plane and possibly
result in deep (non-existent) conductive anomalies and high data misfit
in the inverted tomography (Panissod et al., 2001; Dahlin, 1996). In this

case, when the 3D soil electrical resistivity distribution is unknown, 3D
effects are assessed by numerical modeling from a 3D resistivity model
(Panissod et al., 2001). The first step of the correction therefore consists
in the construction of a 3D model of resistivity covering the investigated
slope. Eight 2D ERT measurements, gridding the area around the
GEOMON*P profile, have been acquired. The longitudinal profiles have
been measured with 96 electrodes regularly spaced of 1.5 m. The 5
transversal profiles have been measured with 48 electrodes regularly
spaced of 1 m. The resistivity arrays used are both dipole-dipole and
Wenner-Schlumberger for each profile. Measurements characterized
by voltages lower than 0.5 mV, negative resistances and standard
deviations greater than 5% have been removed from the datasets.

The strategy adopted to construct the 3D model of soil resistivity
consists in inverting each 2D profile and in interpolating the soil resis-
tivity. We inverted each profile with RES2DINV (Loke and Barker,
1996) using the L, norm and a smoothness-constrain inversion method.
The RMS errors are indicated in Table 1 and vary around 5%.

From the eight tomographies presented in Fig. 10a, we interpolated
the resistivity in a pseudo 3D model characterized by voxels of 1 m*
using an inverse distance algorithm. The exponent of the inverse dis-
tance weighting function is 1.7 and the interpolation smoothing factor
is 2.35. The 3D model presents resistivity values ranging between 20
and 117 Q - m. The model is in agreement with previous knowledge of
the landslide geometry with the presence of a crest in the lower part
of the profile (Gance et al., 2012; Travelletti and Malet, 2012). The
shape of the bedrock is globally recovered for a threshold value equal
to 50 Q- m in agreement with the one used by Travelletti and Malet
(2012).

To assess the 3D effects on the 2D monitoring profile, we compared
the apparent resistivities calculated on a 3D model of resistivity with the
ones of the 2D model extracted from the 3D model (Fig. 10b. A 3D mesh
is created with the DC forward Finite-Element code BERT (Riicker et al.,
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Fig. 16. Conceptual model of rainwater percolation.

2006). The electrical resistivity values were interpolated from the 3D
model on a 120 x 50 x 60 m mesh. A resistivity of 100 Q - m is assigned
to the cells outside of the 3D model corresponding to resistivity values
close to the ones of the substratum. By using the GEOMON?P electrode
positions, we compute the apparent resistivity on the 3D model of resis-
tivity, and on the 2D profile of resistivity extracted from the 3D model.
The apparent resistivity pseudo-sections and their relative differences
are presented in Fig. 10c, d and e.

As expected, the largest differences between 2D and 3D models are
observed for large pseudo-depths (e.g. large quadrupoles) where
apparent resistivity differences rise up to 12%. Therefore, to constrain
the 3D effects, we remove all the data with pseudo-depths greater
than 9 m.

3.3.4. Quality of the inversion

We compared the inversion results of the raw dataset and of the
corrected dataset for a randomly selected date (2nd of July 2011 at
13:00 h). The corrected dataset contains 70% of the initial 4300 mea-
surements. The RMS errors of the, respectively, corrected and raw
datasets, are 2.05% and 43.7% while the y? value are respectively 0.9
and 32.4.The 2 value is the function minimized by the BERTZ inversion
code. Its is calculated according to Eq. (3), where n is the number of data
d, flm) the data calculated according the model m and e the measure-
ment error. The results of the inversion are presented in Fig. 11 and
show a smoother inverted model after correction of the raw resistances.

1N (d—i—f;(m))?
2 1yn(@=izfm)*

= S

€)

Table 2
Rainfall event characteristics.

Event  Cumulated Cumulated antecedent Mean intensity ~ Duration
rainfall [ mm]  rainfall (10 days) [mm] [mmh ] [h]
1 35 0.0 1.2 3
2 40.1 35 0.8 53
3 36.4 43.6 0.8 44
4 6.0 12.5 0.2 28
5 14.2 4.0 0.8 17
6 2.1 0.8 0.7 3
7 4.1 29 03 14
8 14.0 1.1 1.1 10
9 1273 443 1.8 78

3.4. Inversion strategy and correction of the inverse resistivity data

3.4.1. Resistivity inversion

We used the time-lapse inversion strategy implemented in the BERT
code (Giinther et al., 2006). To ensure the convergence towards a real-
istic model, we first create a specific reference model from the highest
quality subset of the corrected dataset, from the 4 to the 29 April
2012. This subset is characterized by a low percentage of data removal
over the whole measurement period (<0.5%) and by a low variability
of apparent resistivity over the whole measurement period (90% of
the data shows a variation lower than 2% over a three day period).
During this period, the soil is covered by snow. The daily temperature
variations are therefore not detectable in the soil and do not affect the
apparent resistivity. Finally, the total displacement observed along the
sliding direction (to the North) by the GNSS antenna located on the
profile is limited to 3 cm; this displacement is relatively low compared
to the typical displacement rates of the landslide ranging between
0.01 and 0.03 m day ! (Travelletti et al., 2012a).

We first invert independently each dataset for this subset and
compute the reference model as the median of the 43 inverted
tomograms (acquired from 4 to 29 April, Fig. 12a). The relatively low
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Fig. 17. Effect of air temperature (measured before a rainfall event) on the surface of the
tomogram that is affected by a decrease of resistivity lower than —5%.
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Fig. 18. Soil cooling effect by rain water. The percentage change of soil electrical resistivity after a small rainfall event could be linked to the difference between rain and initial soil
temperature. Percentage change of resistivity after a cumulated rainfall amount of a) 3.5 mm in May 2011 and b) 4.1 mm in July 2011.

variation of resistivity during the period is plotted in Fig. 12b
representing the maximal relative amplitude of variation MRAV, calcu-
lated with Eq. (4). A Maximum Relative Amplitude of Variation
(MRAV) of 15% is observed at very shallow depths under the sub-area
characterized by an electrode spacing of 0.5 m. Everywhere else in the
tomogram, the MRAV is lower than 5%.

o [max(p) — min(p)]

Then, a time-lapse inversion of the entire dataset is carried out with
the same reference model m™. The L, norm is used on the data and to
constrain the time-lapse inversion. The L, norm is used on the model
parameters. The time-lapse inversion is performed using the difference
inversion of LaBrecque and Yang (2001). With this option, the data d* of
k " frame is corrected by the misfit of the first frame (d ") such that
(|d*-f(mk) -d™ + f(m"®)|| is minimized next to the regularization of the
model difference m*-m'?.

Following Giinther et al. (2006), we assume that the measurement
errors are composed of a fixed percentage of errors (3%) and of an
error on the voltage measurement taken as the difference between for-
ward and reverse measurements.

3.4.2. Sensitivity of the inverted tomograms

To identify the areas of the tomogram which are constrained during
the inversion, we present the sensitivity of the inversion. The sensitivity
J=0U/0p defines the contribution of each calculation cell to the result
of the forward problem (voltage modeling). The log 1, of the sensitivity
(Fig. 13) is in the range between — 1.1 and + 3.7 indicating, from our

experience, a relatively good coverage of the tomogram due to the
large number of measurements performed at each acquisition.

We consider arbitrarily that areas characterized by a sensitivity
lower than 1 (or a log 1o of sensitivity lower than 0) are not enough cov-
ered to be considered for the interpretation. The limit associated with
this threshold is located just above the interface between the bedrock
and the landslide material.

3.4.3. Correction of the inverted resistivity from the effects of ground water
temperature and conductivity

We correct the inverted resistivity for ground water conductivity
changes assuming a linear dependence between soil resistivity and
water resistivity (Archie type law, Archie, 1942) and where the effect
of clay surface conductivity is accounted by applying a fixed coefficient
B. The resistivity is corrected for a reference conductivity Cr.r of
2.0 mS cm . The resistivity corrected from the conductivity variations
pe1 is therefore computed according to Eq. (5) where 3 is a coefficient
accounting for the effect of surface conductivity of clay particle equal
to 0.2 and computed from the difference of resistivity between two
measurements with different ground water conductivity and identical
temperaturep(t) is the raw inverted resistivity and C(t) the ground
water conductivity measured at 1 m of depth.

e = Polt) ¢ 5)

The effect of soil temperature is corrected by using the Campbell
model (Campbell et al., 1948) with a temperature slope gradient o
equal to 0.023 C ! also used by Travelletti et al. (2012b) for black
marls soils. The corrected resistivity is computed for a reference
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temperature T,.s equal to 25 °C. The resistivity corrected from the con-
ductivity variations p., is therefore computed according to Eq. (6)
where p(t) is the raw inverted resistivity and T the groundwater tem-
perature measured at 1 m of depth.

1
pCZ = p(t)l +a(T7 Tref)
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4. Interpretation of the electrical responses of the slope to rainfall
events

We assume that, with the corrections applied, the effects of the non-
hydrological factors on the resistivity variations is limited as much as
possible. We select two significant rainfall events (R1, R2) to interpret
the electrical responses of the slope. The rainfall event R1 is a relatively
large rainfall event starting on 31 May 2011 when the groundwater
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Fig. 20. Analysis of the effect of sensitivity change of the device due to the cooling of the infiltrating water in the vadose zone.
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Fig. 21. Example of typical inversion artifact caused by surface fissures, observed in the low
fissure density unit with an inter-electrode spacing of 0.5 m the 2nd of June 2011.

table ends rising (0.5 m of depth). The total rain amount was 40.1 mm,
the duration was 53 h, and the mean intensity was 0.8 mm h . The
initial degree of saturation of the soil was low (3.5 mm of cumulated
rainfall over the past 10 days). The air temperature and the soil
temperature at the surface were around 12 °C. The electrical response
associated with R1 lasts for 4.5 days and is relatively smoothed in
time. The electrical response for the 2 m inter-electrode spacing unit
(non-fissured unit, less affected by inversion artifacts and by electrode
differential movement) is presented in Fig. 14 in terms of relative per-
centage change of resistivity compared to the date t (before the start
of the rainfall event). The electrical response is globally weak (~5%)
and can be divided into two periods. First, a decrease of resistivity at
shallow depth (at t 4+ 12 h) is observed. At t + 24 h, this anomaly is
not visible anymore and the variation of electrical resistivity is more
visible in depth where a conductive anomaly is developing and is
moving downslope at a velocity of approximately 5 m in 2.5 days,
with an approximate speed of 2.10 > m s "' in agreement with the soil
permeability values measured for this unit and ranging between 10
and 10 ® m s *' (Malet and Maquaire, 2004).

Qualitatively, we can interpret this decrease of resistivity to an in-
crease of the soil water content. However, the major part of the electri-
cal response after t 4+ 24 h is located below the groundwater table
where no electrical resistivity variation is expected. Because the rainwa-
ter conductivity is very low compared to the ground water, we do not
expect that the rain water infiltration induces a decrease of resistivity.
We thus interpret these variations as the result of heat exchanges be-
tween the rainwater, the vadose zone water and the groundwater.

The decrease of resistivity at shallow depths at t + 12 h is interpreted
as areal increase of soil water content in the vadose zone, also measured
by the soil water probes. At t + 24 h, the stable measured soil water
content and the increase of resistivity at shallow depths is explained
by the progressive warming of the infiltrated rain water by the soil.
From t 4+ 24 h to t 4+ 108 h, the conductive anomaly located below
the groundwater table and moving progressively downslope is
interpreted as the percolation of a mass of warm (>2 °C) water perma-
nently supplied by a fissure network located upslope. This interpreta-
tion is in agreement with the low temperature of the groundwater
table observed for this period (=2 °C) that is certainly lower than the
rainwater temperature. Although a large number of hydrological obser-
vations are available, there are no measurements that support our
hypothesis for explaining the electrical response of the slope. No signif-
icant temperature variations of the groundwater are observed at that
period. The electrical response patterns for the different rainfall events
strengthen nevertheless our hypothesis. For example, we show the elec-
trical response of the rainfall event R2 occurring one month later when
the groundwater temperature is higher (=12 °C).

The rainfall event R2 is starting on 29 June 2011 at a period when the
groundwater table level is lower (0.68 m of depth). The total amount of
rain of the event is 14.2 mm, the duration is 17 h, for a mean intensity of
0.8 mm h "' The initial degree of saturation of the soil is low (4.0 mm of
cumulated rainfall over the past 10 days). The air and soil temperature
are around 20 °C. The electrical response consecutive to this rainfall
event is short (1.5 days). The electrical response for the 2 m inter-
electrode spacing unit (non-fissured unit, less affected by inversion ar-
tifacts and electrode differential movement) is presented in Fig. 15.

The infiltration of a cold rainwater in the vadose zone induces a 5%
increase of resistivity at t + 12 h. At t + 24 h, the shallow resistive
anomaly disappears indicating that the water temperature equilibrates
with the soil temperature. The fluxes of warm water in the saturated
zone create conductive anomalies. The presence of residual resistive
anomalies located upslope in the surface is interpreted as the presence
of cold water fluxes under the groundwater table continuously supplied
by the fissure network located upslope. At t + 36 h, the amplitude of re-
sistivity variations is very low. The amount of infiltrated rainwater is not
sufficient to sustainably cool the groundwater temperature.

On the basis of these observations, a simple conceptual model of
rainwater percolation is proposed in Fig. 16. First, rainwater percolates
vertically by matrix flow. The topsoil can be cooled or warmed during
the percolation and the temperature of the infiltrated water tends pro-
gressively to reach the soil temperature. Second, the fissure network
that is draining the surface waters by runoff acts as a direct preferential
flowpath to the groundwater.
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Fig. 22. Definition of the different spatial units used to analyze separately the inverted resistivity electrical responses of the slope.
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5. Effect of heat exchanges between rainwater, vadose zone water
and groundwater

The analysis of the electrical responses to rainfall events demon-
strates the main contribution of thermal effects over hydrological effects
on the resistivity variations. The thermal signal is the result of a complex
combination of heat exchanges between the rainwater, the soil water,
the groundwater and the solid particles. The effect of air temperature
is statistically visible on the electrical response. During the monitoring
period, we identified nine rainfall events which characteristics are indi-
cated in Table 2. Fig. 17 presents the percentage of the surface of the to-
mogram with a decrease of resistivity lower than — 5%. This surface is
larger when the air temperature is higher. Assuming that the rainwater
temperature is correlated to the air temperature, this result shows that
the more the rainwater infiltrated is warm, the more the conductive
anomaly in the tomogram is large, possibly due to a stronger warming
of a part of the ground water table.

Fig. 18 presents two very different electrical responses to a slight hu-
midification of the soil not corrected from temperature variations. It also
illustrates the impact of air and soil temperatures. Fig. 18a and b respec-
tively show the relative variation of soil resistivity after two equivalent
rainfall events characterized by a total amount of water equal to 3.5 mm

and 4.1 mm (events 1 and 7 of Table 2), respectively occurring in May
and July 2011.

In this context, the correction of the surface temperatures could
allow for the study of the real hydrological signal. Fig. 19 shows a rela-
tively good correlation of the corrected resistivity (using soil tempera-
ture measured at —0.1 m in depth and the Campbell model) with the
soil water content recorded at —0.1 m in depth, thus indicating a
good accuracy of the topsoil temperature correction. It remains howev-
er difficult to correct for the effect of temperature the entire tomogram.
This difficulty lies in the soil heterogeneity that result in a highly
heterogeneous spatial distribution of the hydrological parameters (e.g.
ground water table depth, soil moisture) and soil temperature. A total
correction of the temperature effect on the electrical resistivity would
therefore require spatially distributed measurements of the soil temper-
ature and hydrology.

6. Discussion

The resistivity changes observed in this study are weak due to the
large clay fraction of the soil. The effects of some non-hydrological fac-
tors could not be corrected neither on the raw data, nor on the inverted
resistivity. We further describe and discuss their possible effects.

6.1. Sensitivity of the device

In ERT monitoring studies, the distribution of sensitivity changes
with the temporal change of the distribution of soil resistivity. In this
context, we can observe resistivity variations in depth that only result
from a change of sensitivity due to true resistivity variation at shallower
depths. Depending on the electrode spacing and on the soil resistivity
distribution, a variation of actual resistivity in shallow layers can lead
to an opposite variation of apparent resistivity at intermediate electrode
spacing (Descloitres et al., 2008; Kunetz, 1966). The distribution and
amplitude of this effect can be assessed numerically (Clément et al.,
2009).

In this context, we model the effect of the warming of the infiltrating
rainwater in the vadose zone on a synthetic model. The initial model is a
flat homogeneous resistivity model (30 Q - m, Fig. 20a). In the final
model, we model the vadose zone as a layer of 1 m of thickness. To re-
produce the cooling of the infiltrating water in the vadose zone, we
slightly increase the resistivity of this layer from 30 to 32 Q - m (increase
of 7%, Fig. 20b). For both models, synthetic dataset are first generated
with BERT for each model and the datasets are inverted using the
same options than for the real dataset inversions using a time-lapse
approach.

The time-lapse inversion of the calculated dataset allows for repro-
ducing the + 7% increase of resistivity at the surface (particularly in
the 0.5 and 1.0 m electrode spacing units). This increase of resistivity
at shallow depths results in a 1-2% increase of resistivity between 5
and 10 m of depth. These inversionartifacts are small in amplitudes
but are relatively high in comparison to the resistivity variations
observed at Super-Sauze. They constitute a supplementary difficulty
for the study of water infiltration in the vadose zone in clayey soils.

6.2. Spatial heterogeneity of the soil surface

Another phenomenon able to produce inversion artifacts in the
inverted tomograms is related to the high sensitivity of ERT to the spa-
tial heterogeneity of the soil surface and more particularly to the surface
fissures. The current inversion algorithms cannot reproduce the sharp
variation of resistivity produced by the presence of a surface fissure. It
finally results in large inversion artifacts in the vicinity of the heteroge-
neity which sizes vary with the presence/absence of water inside the fis-
sures, the closing/opening of the fissures with the landslide movement
and possible decrease of the coupling between the soil and the
electrodes. This complex problem, described in Gance et al. (2015), is
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responsible of inversion artifacts like the one presented in Fig. 21 in the
0.5 m inter-electrode spacing unit, certainly created by the filling of the
fissure by water. Gance et al. (2015) propose a methodology to attenu-
ate these artifacts but it requires a good knowledge of the fissure geom-
etry and is therefore not applicable for long-term experiments, for
which the fissure geometry constantly evolves in space and time.

6.3. Statistical relationships between electrical responses of the slope and
slope hydrology

The strong effect of heat exchanges between rainwater, soil water in
the vadose zone and groundwater and the effects of sensitivity changes
and surface heterogeneities prevent us from extracting reliable statisti-
cal relationships between the electrical response of the slope and the
hydrological observations. To minimize the inversion artifacts, we com-
puted several electrical responses consecutive to the rainfall events
(area of the response, median, mean and quantiles) for five different
units defined according to the inter-electrode spacing, the fissure size
and the fissure density (Fig. 22). The relationships with meteorological
parameters globally show larger electrical responses (expressed in
terms of relative surface of the calculation cells with a decrease of resis-
tivity lower than — 5%) for larger rainfall events (Fig. 23). The small
number of rainfall events and our difficulty to obtain hydrological and
temperature measurements on the long-term for this complex monitor-
ing site were obstacles for a quantitative interpretation of the datasets.

7. Conclusion

With the idea to improve our understanding of the hydrological be-
havior of the Super-Sauze clayey landslide, we installed for one year the
GEOMON?P device for monitoring the soil electrical resistivity two
times per day along a longitudinal profile. A processing methodology
is proposed to interpret long-term resistivity datasets by correcting
the effects of non-hydrological factors on the observations. We limited
the 3D effects by numerical simulations on a 3D resistivity model of
the area. We reduced the effect of the differential electrode movement
on the resistivity variation by measuring the electrode displacement
with stereo-photogrammetry. We proposed a methodology to filter
the erroneous measurements from the dataset and a methodology of
time-lapse inversion based on the use of a fixed reference model com-
puted on a period with stable resistivity values. The inverted resistivity
are corrected for groundwater conductivity and temperature variations.

Then, by interpreting the electrical responses of the slope to two
rainfall events, we showed the strong effect of heat exchanges between
the groundwater, the soil water in the vadose zone and the rainwater
that hide the variations of resistivity due to a variation of the soil
water content. We demonstrate that despite the absence of information
on the soil water content and the soil temperature in the vadose zone,
the sensitivity of ERT to temperature variation allows for imaging
water fluxes in the saturated zone and to highlight the existence of
both matrix and preferential flows that do not occur at the same time
and for the same duration. From the electrical response of the slope,
we propose a conceptual model of infiltration of the rainwater in the
subsoil through matrix and preferential flows. Despite this enhance-
ment in data quality before and after inversion, we were not able to
define any statistical relationships between the electrical response of
the slope and the landslide hydrology.

The conclusion of this study is that more attention should be paid to
the possible thermal exchanges between the rainwater, the soil water
and, the groundwater for the interpretation of long-term electrical
resistivity, observations, specifically for quantitative analyses of water
fluxes in the vadose zone. This study demonstrates the primary effect
of thermal exchanges on the hydrological effect, which is particularly
for clay-rich slope material. Similar effects could also be observed for
slopes where the hydrological effect is dominant preventing from an
accurate quantification of soil water content variations.

In these conditions, the advanced processing of time-lapse ERT
datasets does not allow for being sensitive to water exchanges in the
vadose zone without a distributed measurement of soil temperature,
in-situ measurements of resistivity and laboratory measurements of
the clay surface conductivity. Perspectives of improvement are the
simultaneous measurements of resistivity and temperature (at the sur-
face and in depth) and their interpretation through coupled hydro-
thermo-electrical models. Such study would allow not only imaging
the water exchanges in the vadose zone but also in the saturated zone.
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