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ABSTRACT

Geophysical methods are widely used for landslide investigation to delineate depth and geometry of the sliding plane. In particular, electrical resistivity tomography
(ERT) is often used because both porosity and water saturation control the electrical resistivity of the subsurface materials and are critical for slope stability.
Moreover, ERT can be employed to monitor changes in pore-fluid pressure which is an important factor triggering landslides. However, the interpretation of ERT
results in clay-rich landslides can be challenging considering that high electrical conductivity values may not only be related to an increase in saturation but also to
the surface conduction mechanism, which becomes dominant in the presence of clays. Recently, environmental investigations have demonstrated an improved
subsurface characterization through induced polarization (IP) imaging, an extension of the ERT method, which permits to gain information about electrical con-
ductive and capacitive (i.e., polarization effect) properties of the subsurface. As the polarization effect is mainly controlled by surface charge, which is large in clays,
IP images are expected to improve the lithological interpretation and overcome the limitations of the ERT method. Additionally, measurements collected over a broad
frequency bandwidth, the so-called spectral IP (SIP), have been successfully used in laboratory experiments to quantify textural and hydrogeological parameters.
However, the application of SIP field measurements for the delineation of hydrogeological structures in landslides has not been addressed to date. To fill this gap, in
this study we present SIP imaging results for data collected at the La Valette landslide (South East French Alps), where an existing geotechnical model of the landslide
is available for evaluation. Moreover, our study provides a detailed revision on the collection and processing of SIP datasets, as well as a description of the diverse
sources of error in IP surveys, to stress the importance of data-error quantification for a quantitative application of the SIP method. Our results demonstrate that
adequate data processing allows obtaining consistent results at different frequencies and independently of the measuring protocol. Furthermore, the frequency
dependence of the complex conductivity obtained in the field-scale SIP survey is consistent with earlier laboratory experiments. In conclusion, our study shows the
potential of the SIP method to improve our understanding of subsurface properties, and an improved delineation of the contact between the mobilized material and
the bedrock as well as variations in the clay content within the landslide and the bedrock.

1. Introduction

Landslides pose a high geological hazard on human settlements,
infrastructure, and agricultural areas. One of the most important pro-
cesses triggering landslides refers to the increase in pore-fluid pressure,
for instances following intense rainfall events (Samyn et al., 2012;
Briickl et al., 2013). Hence, a characterization of the internal structure
and geometry of landslides with high spatial resolution is critical to
identify preferential groundwater flow paths as well as clay-rich areas,
where water could accumulate. Such information is critical in the
management and control of landslides, taking into account that climate
change models predict an increase of rainfall during the winter and
rainy seasons in humid regions, such as Europe (Maraun et al., 2010),
and a possible increase of landsliding rates (Malet et al., 2007).

Subsurface landslide characterization is commonly performed
through geological and geotechnical methods, which require drilling or
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trenching. Although such techniques provide direct information about
deformation, lithology, water content, and geotechnical properties,
their spatial resolution is often limited to the immediate vicinity of the
sampling point. Furthermore, direct investigations commonly require
interpolation of the data, which may lead to inaccuracies or a bias in
the interpretation of the resulting investigations. Due to the increase in
costs and time required for a repeated sampling and analysis, direct
methods may also not be suited for monitoring purposes. The applica-
tion of geophysical methods can help to overcome some of these lim-
itations, as they permit to gain quasi-continuous spatial and temporal
information about subsurface materials without disturbing the study
area.

In the case of landslide investigations, seismic refraction and re-
flection (SRR) techniques have been used for decades to characterize
the landslide internal structure, in particular the geometry of the sliding
planes (e.g., Gance et al., 2012; Briickl et al., 2013). Geophysical
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electrical methods, such as electrical resistivity tomography (ERT),
have also been applied to delineate the geometry of the sliding plane
and assess lithological changes (Friedel et al., 2006; Supper et al.,
2014), to estimate landslide hydrological properties (Travelletti et al.,
2012; Gance et al., 2016) or to complement seismic surveys (Hibert
et al., 2012; Travelletti et al., 2009). Making use of the dependency of
the electrical conductivity on the water content, ERT applications have
also been used to monitor water content and pore-fluid pressure, which
allowed forecasting local failures leading to landslides or debris flow
(Friedel et al., 2006; Travelletti et al., 2012; Supper et al., 2014).
However, the interpretation of ERT results in terms of water content
may be challenging. High electrical conductivity (o) values are not al-
ways related to an increase in water saturation, through electrolytic
conduction (Archie, 1942), but can also be due to a high contribution of
surface conduction. Particularly in clay-rich materials, surface con-
duction along the microscopic solid-liquid interfaces, which are covered
by an electrical double layer (EDL), might be dominant and mask the
saturation dependence of the electrical conductivity (Waxman and
Smits, 1968; Revil and Glover, 1998; Slater, 2006). The reader is re-
ferred to Ward (1988) for a detailed revision.

Recent hydro-geophysical investigations (Kemna et al., 2012; Binley
et al., 2015; Flores Orozco et al., 2015) have demonstrated an improved
understanding of lithological structures by means of the Induced Po-
larization (IP) imaging method, an extension of the ERT, which pro-
vides information about the conductive and capacitive (i.e., polariza-
tion) properties of the subsurface. Because the polarization effect is
mainly controlled by surface charges in the EDL, IP images can help
discriminating between saturated sediments and clay-rich materials
and, thus, improve the estimation of hydrogeological parameters (Slater
and Lesmes, 2002; Slater, 2006). From laboratory studies and theore-
tical modeling, it is also evident that the frequency dependence of the IP
effect, which can be assessed by spectral IP (SIP) measurements, is
strongly correlated with the geometrical properties of the pore space
(Binley et al., 2005; Biicker and Hordt, 2013). Consequently, SIP ima-
ging has the potential to contribute to the quantification of textural and
hydrogeological parameters (Revil and Florsch, 2010) and, thus, im-
prove the geophysical characterization of units with different hydro-
geological properties in landslides.

Despite this expected potential, to date only rare studies have ad-
dressed the application of IP methods for landslide characterization
(Marescot et al., 2008; Sastry and Mondal, 2012). In addition, these
studies did not discuss the frequency dependence of the polarization
effect nor the number of systematic error affecting IP measurements,
which can be neglected in ERT surveys. Hence, in this work, we in-
vestigate the possible contributions of single-frequency IP and SIP
imaging methods to the non-invasive geophysical investigation of
landslides. We present imaging results for data collected at the La
Valette landslide located in the French Alps, where numerous studies
have been conducted and detailed information on the subsurface con-
ditions of the landslide is available.

In order to set the basis for future IP and SIP surveys on landslides,
we test different parameters for data collection, especially the electrode
configuration, and discuss the particular sources of systematic errors in
SIP measurements. With the same objective, we provide sufficient de-
tails on the data processing and the quantification of data error.

2. Material and methods
2.1. The time- and frequency-domain IP methods

The IP method is based on four-electrode measurements, where two
electrodes are used to inject a current (I) into the ground and the two
other electrodes measure the resulting voltages (V). IP measurements
can be performed in either time domain (TDIP) or frequency domain
(FDIP). TDIP data are commonly expressed in terms of the measured
resistance (R), which is the voltage-to-current ratio (V/I), and the
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integral chargeability, which measures the magnitude of the secondary
voltage observed after switching the current off. The measured re-
sistance R largely depends on the geometric arrangement of the four-
electrode measurement (i.e. the distances between the four electrodes).
Knowing the geometric arrangement, each measured R can be con-
verted to the so-called apparent resistivity (pqp,), which is the electrical
resistivity of an equivalent homogeneous half space.

In FDIP, current injections are performed with alternating current,
and the measurements are usually given in terms of the measured re-
sistance (R) and an apparent phase shift (¢4,,) between current and
voltage. FDIP measurements repeated at different frequencies of the
injected current (typically < 1 kHz) are commonly referred to as spec-
tral induced polarization (SIP) and provide information about the fre-
quency dependence of the electrical properties.

Inversion results of FDIP and SIP data are commonly given in terms
of the complex conductivity (0*). Detailed reviews of IP methods can be
found in Sumner (1976), Ward (1988), and Kemna et al. (2012),
amongst others.

2.2. The complex conductivity (0*)

The electrical properties of the subsurface materials in the low-
frequency range (below ~100kHz) can be represented by the complex
conductivity, CC (0*), or its inverse, the complex resistivity (p*). The CC
consists of a real (0’) and an imaginary (0”) component, which re-
present the conductive (loss) and capacitive (storage) electrical prop-
erties of subsurface materials, respectively. Alternatively, the 0* can be
expressed in terms of its magnitude (|o]) and phase (¢):

@

1/p* =0* =0’ + ic’ = lol ei¢

where i = «/—1. In most practical applications, measured phase shifts
are sufficiently small (< 100 mrad) to assume that ¢ = |o| and to ap-
proximate the phase ¢ with the ratio between real and imaginary
component, i.e. ¢ = 0 /0.

The low-frequency CC of subsurface materials is controlled by three
main mechanisms (Ward, 1988): (a) matrix conduction through the
solid phase, which is important only if a high metal content allows
electronic conduction; (b) ionic or electrolytic conduction through the
fluid-filled pore space; and (c) surface conduction through the EDL
covering the fluid-grain interface.

Due to its high surface area and cation exchange capacity, clay
minerals are related to a high contribution of surface conduction, which
usually dominates the electric response of clay-rich materials (Waxman
and Smits, 1968; Slater and Lesmes, 2002; Revil and Glover, 1998).
Hence, the interpretation of electrical images of clay-rich landslides
needs to take into account the contribution of surface conductivity, as
the electrical response is not only controlled by the conduction through
the pore water. Moreover, typical materials involved in landslide pro-
cesses do not contain significant concentrations of metallic minerals,
such that the contribution of matrix conduction may be neglected.
Thus, the measured CC can be understood in terms of two mechanisms:
electrolytic (0, and surface conduction (0. Taking into account the
frequency dependence of the surface conduction, the CC can be written
as:

G*(a)) =0u + Us*urf (CO)

(2

where w is the angular frequency. As noted in Eq. (2), in the low-fre-
quency range, in which the SIP measurements are conducted, o,; shows
a negligible frequency dependence, which is not the case of 0y,". Re-
writing 0,; using Archie's model (Archie, 1942) and 0y," in terms of its
real and imaginary components, the CC can be expressed as (Lesmes
and Frye, 2001):

0 (@) = [0Sy, + Gl (@)] + iGhr (@) 3)

where O represents the porosity, S the saturation, m and n are empirical
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Fig. 1. The La Valette landslide, with its location depicted by the red marker (left) and a picture of the landslide (right) indicating the height (above sea level) of its
highest and lowest topographic features. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

coefficients, and o,, the conductivity of the pore fluid. Eq. (3) shows that
the conductivity magnitude |o|, as for instance obtained from ERT, is
affected by all three components; whereas the imaginary conductivity
o assessed by IP measurements only depends on the imaginary part of
the surface conductivity. This explains the huge potential of the IP
method for an improved lithological characterization of clay-rich
landslides.

2.3. The La Valette landslide (South East French Alps)

The La Valette landslide is located in the South East French Alps
(Fig. 1), where the presence of a thrust fault separating highly sus-
ceptible clay-shale sediments (Jurassic black marls) at the bottom and
sandstone and limestone competent rocks at the top is responsible for
many landslides in the region (Samyn et al., 2012; Travelletti et al.,
2013). The landslide has been triggered in March 1982 at the contact
between these two main geological units. The deformation is attributed
to the steep slopes and the increase in pore-fluid pressure resulting from
the different hydraulic conductivities of the two geological units
(Samyn et al., 2012).

The landslide has been subject to numerous investigations using a
variety of direct and indirect methods, such as remote sensing (terres-
trial and airborne LiDAR), geotechnical analysis of samples recovered
from boreholes, and geodetic measurements (e.g., extensometers, in-
clinometers, GPS), for the spatio-temporal assessment of surface de-
formation (Raucoules et al., 2013; Malet et al., 2013; Travelletti et al.,
2013). Moreover, the internal structure of the La Valette landslide has
been characterized through a series of ERT and seismic surveys
(Travelletti et al., 2009; Samyn et al., 2012; Hibert et al., 2012). Low
electrical resistivity (p) values and P-wave seismic velocities (v,) were
generally found to be associated with both the sliding mass consisting of
mobilized flysch sediments and the underlying black marls. The lowest
values (p < 50 Qm and v, < 1200 m-s~ ') were observed in the flysch
unit, which extends to a maximum depth of 30 m (see Fig. 2), whereas
only slightly higher values (p between 60 and 150 Qm and
v, > 2000m's~') are representative of the underlying black marls
(Travelletti et al., 2009, 2013; Samyn et al., 2012; Hibert et al., 2012).
Furthermore, the combination of direct and geophysical methods
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permitted to reconstruct the depth and geometry of the bedrock (Samyn
et al., 2012) as presented in Fig. 2.

Nevertheless, the relatively weak electrical contrast between the
clay-rich sediments of the sliding mass and the stable black marls limits
the applicability of ERT results for an improved hydrogeological un-
derstanding, i.e. the delineation of clay-rich zones or preferential
groundwater flow paths. Moreover, the subsurface high electrical con-
ductivity is controlled by high clay contents in both the flysch and the
black marl units (Ghorbani et al., 2009), which limits the potential of
ERT for the monitoring of water saturation (Gance et al., 2016).

2.4. IP measuring protocols and inversion algorithms

SIP measurements were conducted in the central part of the land-
slide, in the vicinity of the existing borehole B3, where lithological
information is available (see Fig. 2) for the validation of the imaging
results. SIP data were collected along three long profiles (96 electrodes
each) oriented parallel to the flanks (along the main direction of the
landslide), and three shorter profiles (64 electrodes each) perpendicular
to them, as depicted in Fig. 2. The separation between electrodes in all
profiles was 5m to warrant a depth of investigation of at least 50 m.
The measuring device was always placed at the center of the profile
(i.e., between electrodes 48 and 49 or 32 and 33, respectively) to re-
duce the maximum cable length.

SIP data were acquired using an eight-channel impedance tomo-
grapher DAS-1 (Multi-Phase Technologies) at 12 frequencies: 0.5, 1,
1.5, 2.5, 5, 7.5, 12, 25, 37.5, 75, 112, and 225 Hz. We tested multiple-
gradient (MG) and dipole-dipole (DD) protocols to evaluate their per-
formances in terms of acquisition time, spatial resolution, depth of in-
vestigation, and Signal-to-Noise ratio (S/N). These two configurations
were selected as they permit the collection of multi-channel sequences
(i.e., multiple voltage readings for a given current injection), which is
not the case with often-used Wenner or Schlumberger configurations.
Furthermore, DD protocols help avoiding potential readings with
electrodes previously used for current injection. This is an important
consideration because the persistent polarization of electrodes, which
have been used for current injections, can result in systematic errors in
subsequent voltage readings.
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Stable substratum:
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Fig. 2. Location of the SIP profiles at the La Valette landslide (red lines). Left: Terrain relief from an airborne LIDAR-derived digital surface model represented by a
hillshade map and elevation contour lines (black lines). The position of the borehole B3 is indicated by the solid circle. Right: Depth to the contact between flysch and
black marls (modified from Samyn et al., 2012), with the lithological column of borehole B3 indicated in the inset.

DD data were collected using a constant dipole length, which we
define by the number of electrodes “skipped” within a current/potential
dipole. For instance, a DD skip-0 denotes measurements with adjacent
electrodes. In this study, DD protocols consider measurements to a
maximum separation possible between current and potential dipoles.
MG protocols were constructed after Dahlin and Zhou (2006), with
eight potential dipoles arranged within the current dipole, the length of
which increases with the length of the nested potential dipoles (here,
skip-0, skip-1, skip-2, and skip-3).

In total, four different measuring protocols were tested: MG, DD
skip-0 (DDO), DD skip-3 (DD3) and a combination of skipO to skip5
(DDmix). Several studies have addressed the comparison of different
configurations for the collection of ERT data, while for IP surveys this
topic has only been discussed in rare studies (Dahlin and Zhou, 2006).
Moreover, previous studies have not addressed the evaluation of the
different sources of random and systematic error affecting SIP data.
Therefore, our tests consider configurations related to high signal
strength (favored by large dipole lengths, such as MG, DD3) and con-
figurations with high spatial resolution (favored by smaller dipole
lengths, e.g., DDO).

Inversion algorithms solve for the distribution of electrical proper-
ties in the subsurface that explain the measured data. In this study, all
datasets were inverted with CRTomo, a smoothness-constraint algo-
rithm by Kemna (2000), which permits the inversion of the data to the
confidence level determined by an error model. From a given data set in
terms of transfer resistances (R) and apparent phase shifts (¢,), the
algorithm solves for the distribution of complex resistivity on a 2D grid
of lumped finite-element cells. Inversions with CRTomo were per-
formed independently for each frequency. For further details on the
inversion procedure, the readers are referred to Kemna (2000).

3. Results and discussion
3.1. Pre-processing of IP datasets

In order to assess the effect on the S/N of the four different mea-
surement configurations, i.e. DDO, DD3, DDmix, and MG, the histo-
grams in Fig. 3 illustrate the distribution of apparent resistivity (papp),
measured resistance (R), and apparent phase shift (¢4p,) data collected
at 1 Hz along Profile 4. In the distributions of pgyp, no significant de-
pendence on the measurement configuration can be observed. This
behavior meets the expectations, because for all four configurations, the
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values of p,p,, represent the mean resistivities of comparable volumes of
the subsurface, and geometric parameters, such as dipole lengths and
the separation between current and potential dipoles, only have a
second-order effect. Furthermore, the S/N of the measurement of R
(from which pgp,, is computed) is high, which prevents the distributions
from “smearing out” at the lower and upper limits. The latter effect,
however, can be observed in the distribution of ¢, in the third line of
Fig. 3. Especially the DD configurations reveal a large amount of
anomalously high and low ¢, values, which clearly indicates a lower
S/N than the one of the MG configuration.

The dependence of the signal strength itself on the measurement
configuration can be seen from the distributions of R illustrated in the
second line of Fig. 3. The histograms of R reveal variations over three to
four orders of magnitude depending on the selected configuration.
Moreover, the range of recorded R for the different configurations also
changes significantly, with the broadest range related to DD config-
urations (between 10~ * and 1 Q), evidencing the large dynamic range
of recorded voltages (remember that R « V). Consistently, Fig. 3 ex-
hibits larger variability in ¢4y, values for DD measurements, whereas
values populate a smaller range for MG measurements.

Although, some authors have proposed to directly analyze voltage
readings to assess signal strength, we use the transfer resistances R,
which are also sensitive to variations in the injected current I. Besides
the measured voltage, I is an important parameter controlling the S/N,
which can vary considerably throughout an imaging dataset (e.g.,
Flores Orozco et al., 2018) depending e.g. on the galvanic contact be-
tween electrodes and the ground.

As FDIP measurements are expected to record the response of a
chargeable subsurface, the measured resistivity phase shifts should be
negative or zero (fqp, < 0). Thus, positive ¢qp, values indicate the
presence of random and systematic error in the data. In Fig. 3, parti-
cularly DD measurements seem to be affected, whereas the higher S/N
reduces the effect of noise on the ¢, values in MG readings.

However, it is not always indicated to remove all positive ¢qp, va-
lues: The so-called “negative IP effect” (resulting in positive ¢, values)
has been observed in layered media, where the deepest layer is more
conductive than the layer immediately above and the shallowest layer
is polarizable (Sumner, 1976). Moreover, negative IP effects have also
been reported recently for TDIP (Dahlin and Loke, 2015) under certain
geometrical conditions. Although it might be justifiable in some cases,
the negative IP effect needs to be treated with caution, as it is the result
of systematic errors in most other cases (Flores Orozco et al., 2018). The
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Fig. 3. Histograms of the apparent resistivity pqy, (first line), measured resistance R (second line), and apparent phase shift ¢y, (third line) at 1 Hz along Profile 4 at
the La Valette landslide using four different measuring protocols (DDO, DD3, DDmix, and MG). To better assess the variability in the measured values, plots also

present the standard deviation (s) computed for each dataset.

latter might be caused by electromagnetic coupling effects, cross talking
between wires, poor S/N, or anthropogenic noise (e.g., buried metallic
structures) (Dahlin and Leroux, 2012; Flores Orozco et al., 2011, 2012a,
2013; Schmutz et al., 2014; Dahlin and Loke, 2015).

To define the actual range of valid ¢, readings for the subsequent
inversion, it is important to identify outliers in the data. The analysis of
the normal and reciprocal misfit (NRM) is a common practice for the
characterization of data error in electrical imaging, where reciprocal
refer to the re-collection of the normal quadrupole after interchanging
the current and potential dipoles. As noted in earlier studies (Labrecque
et al., 1996; Slater et al., 2000), the NRM has an important advantage
over other methods (e.g., stacking), as it is based on the comparison of
two independent measurements and not the repetition of the same
reading including the same systematic error. Hence, measurements
related to large NRM may indicate those affected by systematic errors,
in particular related to poor galvanic contact or problems with the
cables (Labrecque et al., 1996). Fig. 4 shows the comparison between
normal and reciprocal readings for DDO measurements along Profile 4.
Such plots reveal practically a perfect agreement in transfer resistance
for normal (R,) and reciprocal (R,) readings. The good agreement of the
measurements suggests a negligible level of systematic errors and a
minimal distortion due to random errors even for readings with large
separations between current and potential dipoles (typically associated
with low R values). The apparent robustness of the R measurements
also explains the consistency in the pg,, values for measurements with
different configurations observed in Fig. 3. Despite of this, Fig. 4 shows
large NRM for ¢y, clearly indicating distortions due to systematic and
random error.

The NRM of measured resistance (AR) and apparent phase shift
(Agqyp) are analyzed to identify measurements associated with sys-
tematic errors or largely dominated by random errors, which need to be
removed as outliers prior to the inversion. Here, outliers are defined as
those readings related to a NRM exceeding (i) 25% of the value of the
corresponding normal or reciprocal; and (ii) two times the standard
deviation computed for the entire NRM dataset (~2 mQ for AR and ~5

mrad for A¢p,). Before the analysis of NRM, first outliers were defined
as those potential readings collected with current injections below
0.001 A, and negative apparent resistivity values, as those readings are
clearly related to poor contact between the electrodes and the ground.
As observed in the comparison between ¢, and ¢, (Fig. 4d), following
the removal of outliers after the analysis of NRM, it is possible to define
maximum and minimum threshold values (here, between ~ 20 and 0
mrad), which can then be used for the identification of outliers in MG
measuring schemes lacking reciprocal readings. Pseudo-sections for the
data collected along Profile 4 after removal of outliers based on the
aforementioned approach are presented in Fig. 5. It is notable that most
of the outliers are mainly associated to deep levels with a low S/N.

After the removal of outliers, the remaining measurements are as-
sumed to be affected only by random errors, the magnitude of which
can be incorporated into the inversion, by means of error models as
proposed by Labrecque et al. (1996), and Slater et al. (2000). These
studies recognized a linear increase of the data error of the measured
resistance (AR) with R (Figure 4c), whereas a negative power-law
model (Figure 4f) has recently been adopted to describe A¢ggq,, as a
function of R (Flores Orozco et al., 2012a;). As we can see from Fig. 4,
these error models also describe the data uncertainty for the measure-
ments collected at La Valette landslide. Hence, error parameters were
computed using the bin analysis described in Flores Orozco et al.
(2012a).

The advantage of deploying error models, instead of individual er-
rors, is that the same error parameters can be used for the inversion of
datasets lacking reciprocal readings, such as MG configurations (e.g.,
Flores Orozco et al., 2018). Inversions were conducted independently
for each dataset collected with different electrode configurations, using
the error models defined as AR = 0.001Q2 + 1.3R, and A¢ = 1.19 mrad
(R/Q)~ %%, The resulting imaging results are presented in Fig. 6, in
terms of the real (¢0’) and imaginary (0”) components of the complex
conductivity. Blanked regions in the electrical images are related to low
cumulative sensitivity values (< —3 in the logarithmic normalized
value), a parameter that can be used as a proxy for the depth of



A. Flores Orozco et al.

Engineering Geology 243 (2018) 241-252

2) % 300 | )
10° o
=) £ 200
~” §
102 100
.‘/
g O
1072 10° -10 -5 0 5
R [Q] AR [mQ]
n
50 120
9 , 100 1
4'::‘-"::... 80
i & g
E 0 { = 60 b
o 3
" ¥ 40 }
.';-. : 20 .
-50 0 20
-50 0 50 20 -10 0 10 20 102 10°
¢_[mrad] Ad,,, [mrad] R Q]

Fig. 4. (a) Comparison between normal and reciprocal readings for transfer resistances R and (d) the apparent phase shifts ¢p,. (b) Histograms of the data error for
resistance (AR) and (e) apparent phase shift (A¢g,p,,) measurements reveal a normal distribution. The values of two standard deviations, which we used as limiting
values for the identification of outliers, are indicated by red lines. The dependencies of AR (c) and A¢g,, (f) on the signal strength R are consistent with previous
observations, permitting to define error models (solid black lines). The plots show all readings (blue symbols) and those accepted after removal of outliers (red
symbols). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

investigation of IP inversion results (see Weigand et al., 2017, for fur-
ther details).

3.2. SIP imaging results

Fig. 6 shows SIP imaging results obtained for data collected with
DDmix configurations at 0.5, 2.5 and 15 Hz along profiles parallel to
the main landslide direction (Profiles 1, 2, and 3). The 0’ model is only
visualized for the lowest frequency of 0.5 Hz, as the results revealed no
changes for data collected at higher frequencies. In general, all sections

reveal high electrical conductivities in all subsurface materials, with o’
varying over a narrow range (between 10 and 30 mS/m). These results
are consistent with previous investigations at the La Valette landslide
(Travelletti et al., 2009; Hibert et al., 2012) and the nearby Super-Sauze
landslide (Schmutz et al., 2000) developed in the same lithology. At the
same time, the 0” images, i.e. the polarization effect, reveal a much
larger variability with 0” values ranging between 1 and 800 pS.m™".
In the case of the real component of the electrical conductivity (¢”),
high values correspond to the landslide body, i.e., the mix of weathered
blocks of black marls and flysch, indicated by the dashed line in Fig. 6;
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Fig. 5. Raw data measurements presented in pseudo-sections in terms of the apparent resistivity (pp), - top row) and apparent phase shift (¢, — bottom row) for data

collected along Profile 4 using DDO, DD3, DDmix, and MG protocols.
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Fig. 6. SIP imaging results obtained from DDmix data collected along Profile 1, 2 and 3 expressed in terms of the real (first column - for data collected at 0.5 Hz) and
imaginary components (columns 2 to 4 for data collected at 0.5, 2.5, and 15 Hz) of the CC. Dashed lines parallel to the surface indicate the position of the sliding
plane as obtained from wellbore and seismic data (Samyn et al., 2012). The position of the intersection with the perpendicular Profile 4 is indicated by the dashed
vertical line. The position of the pixel values extracted for the discussion of the spectral response is indicated by the white symbols (x) along Profile 1.
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Fig. 7. SIP response for selected pixels retrieved from imaging results obtained for data collected along Profile 1 using the DDmix configuration. The data plotted
represent the median of model parameters within a pixel of 4 m radius centered at 100 m (circles), 140 m (squares) and 270 m (triangles), and at depths of 5m (in
blue) and 30 m (in red) associated to the sliding mix of weathered black marls and flysch unit and the underlying black-marl bedrock, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

lower values (¢ < 10 mS'm™!) are generally observed within the un-
derlying stable unit, corresponding to the black marls. However, lo-
cally, high conductivities also appear well below this lithological con-
tact between the loose materials and the black-marl bedrock
(particularly between 200 and 300 m along Profiles 1 and 2) reducing
the usefulness of the real component of the CC for the delineation of this
geometrical boundary. Similar ambiguities, which make the determi-
nation of the landslide body from ERT profiles alone difficult, have been

reported before (Travelletti et al., 2009, 2012, 2013; Gance et al.,
2016).

As the visualization of the imaginary component of the electrical
conductivity (0”) in Fig. 6 illustrates, this additional property can lar-
gely reduce the ambiguity of electrical imaging. Here, the landslide
body stands out clearly by a weak polarization response (¢” < 100
uS.m~ 1), whereas the underlying black marls are generally more po-
larizable. Particularly, the conductive anomalies below the sliding
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plane (dashed lines), which make the o’ (or equally ERT) images in-
conclusive, are associated with the highest polarization responses (0”
up to 800 uS.m~!) and help to distinguish the conductive landslide
body from conductive anomalies within the bedrock unit.

While the amplitude of the polarization effect (¢”) turns out to be
particularly helpful to reduce the uncertainty of electrical imaging on
the La Valette landslide and aid the delineation of the landslide body,
the large variability of ¢0” values below the sliding plane raise new
questions regarding the electrical response of the underlying unit.
Based on information available near the SIP lines (lithological de-
scription in sediments recovered at B3), we must assume that the black
marls underlie the entire landslide body at an average depth of ~25m
(Travelletti et al., 2009; Samyn et al., 2012). Consequently, we do not
expect any lithological changes in the bedrock along the SIP Profiles 1
to 3. Thus, the observed lateral changes in 0” must be attributed to local
variations in the composition, fracturing, and/or weathering of the
black marls.

In the absence of sufficiently dense borehole data, a more detailed
analysis of the frequency dependence of the CC can further aid the
interpretation of the electrical imaging results. Fig. 7 shows the spectral
variation (i.e., frequency dependence) of 0’ and o” at three different
positions along Profile 1 and two different depths: (i) the flysch unit at
5m depth and (ii) the black marls at 30 m depth. The ¢’ spectra in the
left panel reconfirm the aforementioned observation that the real part
of the conductivity is not indicative for the two principal lithological
units, as the conductivity of the black marl unit varies over a wide
range. In addition, they reveal practically no frequency dependence for
o’. Meanwhile, the polarization effect, presented in terms of ¢”, reveals
different magnitudes and spectral behaviors for the two units. The mix
of weathered blocks of black marls and flysch materials exhibit low and
practically constant ¢” values at frequencies below 30 Hz, whereas
within the more polarizable black-marl unit, the ¢” values are ap-
proximately one order of magnitude higher and small peaks can be
observed around 1.5-2.5Hz (at 100m and 280m) and at 5-15Hz
(100 m and 140 m). In particular the spectra for pixel values recovered
at 140 m (along profile direction) in the black marls reveal a linear
increase in ¢” with increasing the frequency, consistent to the ob-
servations from Ghorbani et al. (2009), for measurements in the la-
boratory in black marls samples recovered in the Super-Sauze landslide,
which is located in the same lithology as the La Valette landslide.

Imaging results presented in Figure 6 and 7 show the potential of
the SIP method for the investigation of landslide architecture. However,
the SIP measurements are related to lower S/N than ERT, as well as
additional sources of systematic errors. Hence, an adequate processing
of SIP data is critical for the inversion of quantitative meaningful
electrical models. Hence, in Fig. 8, we present a workflow illustrating
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the iterative steps for an adequate processing of single-frequency and
spectral IP datasets: (1) identification of clear outliers; (2) normal-re-
ciprocal analysis; (3) detailed identification of outliers; (4) quantifica-
tion of data error; (5) inversion of the dataset; (6) verification of the
imaging results through complementary information; and (7) inter-
pretation of subsurface electrical properties.

3.3. Electrical properties of geological units

The amplitude and frequency dependence of both components of
the CC (0’ and 0”) in pixels retrieved from the black-marl bedrock are in
good agreement with existing laboratory SIP measurements on clay-
rock samples. In our field measurements, o’ roughly varies between 10
and 20 mS/m in the intact black marls and exhibits a constant value at
the different frequencies here investigated (< 100 Hz). In their analysis
of seven clay-rock samples from three different formations, including
black marls, Ghorbani et al. (2009) found a slightly larger variability in
the o’ values (~5 to 80 mSm™?) but the same negligible frequency
dependence. As written in Eq. (2), the surface conduction contributes to
both the real and imaginary components of the CC. Hence, the com-
parably high electrical conductivities are largely due to the contribution
of surface conduction (osu,f' in Eq. (3)) associated to clay minerals.
Accordingly, in the study by Ghorbani et al. (2009) the o’ values
roughly correlate with the clay content of the investigated samples. For
the present data set, this implies that observed changes in o’ below the
sliding plane (for instance in spectra presented in Fig. 7) are indicative
of variations in the clay fraction in the stratified black marls.

The mobilized flysch of the landslide body tends to be associated
with slightly higher electrical conductivity (0”) values. Also in this clay-
rich unit, surface conduction is expected to contribute a significant part
to the overall conduction. Thus, besides a higher contribution of elec-
trolytic conduction through the porous sediments (compared to the
tight black marls), the higher o’ values might be due to a higher clay
content of the loose material.

Furthermore, the imaginary part of the conductivity ¢” inferred
from our SIP field measurements are in good agreement with the la-
boratory studies by Ghorbani et al. (2009). While our field measure-
ments resulted in 0” values between 80 and 600 uS'm ™! in the black
marls, the laboratory study reports values between 1 and 600 pS/m
over a comparable frequency range. The frequency dependencies of
field and laboratory data also show a similar behavior. Both the near-
linear increase (on a log-log scale) of 0” observed in the less polarizable
zone at 140 m (see Fig. 7) as well as the near-constant behavior with
slight peaks observed in the more polarizable zones around 100 m and
280 m can also be found in the laboratory data set. In both data sets, 0”
peaks tend to be associated with higher polarization magnitudes.
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Fig. 8. Workflow chart presenting the iterative processes for the processing of IP and SIP datasets.
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Fig. 9. Representative apparent phase-shift (¢p,) spectra collected with current and potential dipoles in the same cable bundle (open circles) and using separate
cable bundles for current and potential electrodes (crosses). For the measurements in the same cables, current injections were performed between electrodes 1 and 2
and the potential readings where collected by adjacent electrode pairs between electrodes 3 to 11, representing the longest separations from the measuring device.
Whereas measurements with separate cables used current injections between electrodes 31 and 32 and potential readings performed with electrodes between 33 and
41 using adjacent electrode pairs, which represent the shorter cable lengths to the measuring device. Measurements refer to the eight potential differences collected

with adjacent electrodes (DDO protocol) for a given current injection.

Changes in the shape of the 0” spectra are, consistently to Ghorbani
et al. (2009), based on variations in the clay content and the chemical
composition of the clay minerals.

The spectral position of the polarization (0”) maximum is generally
attributed to a characteristic grain size (e.g., Revil and Florsch, 2010) or
a characteristic pore size (e.g., Binley et al., 2005). The low-frequency
(i.e. 1.5-2.5Hz) polarization maximum observed in the black marls
points to a slow polarization processes dominated by large grains (or
pores). As Ghorbani et al. (2009) argue, relatively large non-clayey (i.e.
quartz and calcite) grains surrounded by much smaller clay minerals
are the most probable reason for the slow polarization process.

The lack of a clear polarization maximum and the smaller polar-
ization magnitude in the mix of weathered black marls and flysch unit
indicates a homogeneous distribution of large non-clay grains, with the
increase in o” at high frequencies (> 10 Hz) likely indicating a fast
polarization resulting from disperse (i.e. not attached to the larger
grains) fine grains in flysch materials. Moreover, plots in Fig. 7 reveal
an erratic behavior at higher frequencies (> 30 Hz) in the black marls
and a steep increase of 0” in the flysch sediments. This high-frequency
response in SIP measurements is generally related to the occurrence of
electromagnetic coupling in the data.

3.4. Electromagnetic coupling in SIP imaging data

The critical frequency (f.) refers to the frequency at which the po-
larization response has a maximum (i.e., peak), and, as mentioned be-
fore, is attributed to a length scale (grain or pore size), which is also
controlling groundwater flow (Binley et al., 2005; Slater, 2006). Hence,
petrophysical relationships linking hydrogeological and electrical
parameters are based on the relaxation time (Revil and Florsch, 2010),
which is inversely proportional to f, However, SIP field measurements
performed at relatively high frequencies (> 25 Hz) are often affected by
distortions due to electromagnetic (EM) coupling, impeding a quanti-
tative determination of relaxation times at high frequencies.

In SIP data, EM coupling is known to be an important source of
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systematic error, in particular at high frequencies. However, some
studies have shown that even at relatively low frequencies (around
4 Hz), EM distortions can affect ¢y, readings (Flores Orozco et al.,
2011). EM coupling may occur due to (i) inductive effects taking place
in conductive subsurface materials due to current flowing during cur-
rent injections (Schmutz et al., 2014); (ii) mutual impedances between
the wires connecting the potential and the current dipoles
(Zimmermann et al., 2008, and references therein); and (iii) capacitive
effects due to parasitic EM fields resulting from differences in the
contact impedances between the electrodes and the subsurface or be-
tween the conductive shield of the cable and the surface (Zhao et al.,
2013).

EM (inductive) coupling is proportional to the conductivity of the
ground, the frequency and the squared cable length connecting the
electrodes (Hallof, 1974). Consequently, it can be expected to affect
high-frequency IP measurements (> 1Hz), in particular in clay-rich
materials related to high o’, as observed at the La Valette landslide.
Over the last decades, several studies have proposed to use numerical
modeling of the high-frequency EM response of homogeneous and
layered conductive media to remove the effect of EM coupling from
different dipole configurations (Hallof, 1974; Routh and Oldenburg,
2001). However, rough topographies, such as the one of the La Valette
landslide, significantly influence the geometry of the cables and put a
limit to such EM decoupling approaches. Moreover, such corrections do
not address capacitive coupling.

A different approach fits a Cole-Cole relaxation model to the high-
frequency response and subtracts this response from the measured va-
lues (Pelton et al., 1978). Kemna (2000) demonstrated the applicability
of such approach in tomographic applications and extended the method
to account for positive and negative EM effects, which reflect dom-
inating inductive or capacitive coupling. Meanwhile, other authors
have investigated field methodologies to avoid, or minimize, EM cou-
pling, such as the deployment of separate cables for current injections
and potential measurements (Dahlin et al., 2002; Dahlin and Leroux,
2012).
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To assess EM coupling in our SIP measurements and illustrate some
practical limitations of the aforementioned decoupling approaches,
Fig. 9 shows representative DDO apparent phase spectra for eight po-
tential dipoles. SIP measurements were collected using two different
setups: (a) current injection between electrodes 1 and 2 and potential
readings between adjacent electrode pairs between electrodes 3 to 10,
to illustrate the effect of EM coupling due to one long multi-core cable
(160 m length); and (b) current injection between electrodes 31 and 32
and potential readings between adjacent electrode pairs between elec-
trodes 33 to 41 using two short (10 m) and separate cables, one for
current injection and the other for potential dipoles. Although the
geometries of the measurements vary significantly, all apparent phase
spectra in Fig. 9 reveal similar trends at high frequencies: a linear in-
crease (or decrease) of ¢4, with frequency, which sets on at about
25 Hz and is clearly indicative of EM coupling.

The spectra in Fig. 9 demonstrate that even separating current from
potential cables does not yield a significant improvement of high-fre-
quency measurements. Most likely, either capacitive coupling or in-
duction in the conductive subsurface dominates over cable effects.
Furthermore, EM coupling may result in sign reversals, which can be
attributed to dominating inductive (commonly negative ¢, values) or
capacitive (commonly positive ¢, values) effects. Although not dis-
cussed here, the recollection of measurements after splitting dipoles for
current injection and potential readings in separate cables (Dahlin and
Leroux, 2012) may help to distinguish which IP readings are still within
the range of negligible EM coupling.

Application of the decoupling method proposed by Pelton et al.
(1978) resulted in corrected ¢y, values below 1 mrad (data not shown).
This clearly indicated that the readings were dominated by EM coupling
and no information about the subsurface polarization response could be
recovered from high-frequency (above 25 Hz) readings.

The deployment of instruments using fiber optic instead of ERT
multicore cables has also been proposed to improve the collection of IP
data at high frequencies (Schmutz et al., 2014). However, previous
studies deploying such instruments also revealed EM coupling in the
data starting at ~30 Hz (Flores Orozco et al., 2012b). Alternatively, the
use of coaxial cables demonstrated the possibility to collect SIP data
without apparent EM coupling over the frequency range between 0.06
and 100 Hz (Flores Orozco et al., 2013), maybe offering a possibility for
further research in the investigation of clay-rich landslides.

The collection of data with potential electrodes placed within the
current dipole (MG, Wenner or Schlumberger arrays) is also related to
strong EM coupling in SIP datasets (Flores Orozco et al., 2013). Fur-
thermore, such configurations bear the risk of contamination of the
apparent phase readings due to polarization of the electrodes placed
within the current pathways. Hence, DD configurations are commonly
recommended for the collection of both single frequency IP and SIP
measurements.

3.5. IP imaging results for different electrode configurations

To evaluate possible effects of the electrode configuration on the SIP
imaging results, Fig. 10 shows CC images obtained from data at 1 Hz
collected along Profile 4 using different electrode configurations, DDO,
DD3, DDmix, and MG. All datasets were pre-processed following the
procedure presented in the section Pre-processing of IP data sets de-
scribed above.

In general, the images of the real component of CC (¢’, first column
in Fig. 10) show consistent results for measurements collected with
different measuring protocols. Yet, it is noticeable that the DDO pro-
tocol has the lowest depth of investigation (<50 m, as indicated by the
blanked-out areas), whereas DD3, DDmix and MG configurations yield
similar depths of investigation of about 70 m and deeper. The low depth
of investigation of the DDO configuration is expected and can be ex-
plained by the reduced maximum separation between current and po-
tential dipoles. Nevertheless, all configurations are sensitive down to
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depths well below the sliding plane located between 5 and 30 m below
ground surface (see dashed line in Fig. 10). Regarding the main units
resolved in the o’ images presented in Fig. 10, results are consistent
with those along Profile 2 (see Fig. 6), where the flysch unit stands out
with high electrical conductivity values and the stable black marls ex-
hibit slightly lower o”.

Images of the polarization effect (0, second column in Fig. 10) also
show structures, which are consistent with those observed along Profile
2 (see Fig. 6). Maximum o” values along Profile 4 do not exceed
~200 puS/m, which are in agreement with maximum o¢” values in the
upper part of Profile 2, where the two profiles intersect. Again, the
flysch unit above the sliding plane is found to have a low polarization
response (0” < 100uSm™'), whereas higher polarization responses
(o” ~200 pS-m’l) can be found right below the contact between the
mix of weathered black marls and flysch unit and the intact black-marl
bedrock.

Regarding the spatial resolution of the different 0” anomalies,
Fig. 10 reveals differences between the four measurement configura-
tions. Sharp contacts of the polarizable anomalies, especially those lo-
cated between ~100 and ~200 m, indicate a higher spatial resolution
of the three DD configurations as compared to the MG configuration.
Furthermore, the four different measurement configurations resolve
different polarizable anomalies. The DDO results reveal polarizable
anomalies only in the vicinity of the sliding plane; whereas DD3, DDmix
and MG configurations resolve deeper anomalies, which are located
below the sliding plane and extend beyond the limits of the sliding mass
deep into the black marls forming the left and right flank (anomaly
between ~200 and ~300m). These deep anomalies are most pro-
nounced in the images obtained from the MG data, which might be
related to the high S/N of this configuration (c.f., Fig. 3). Performing
the inversion with error parameters determined from the normal-re-
ciprocal misfit of the DD configurations (associated to lower S/N) may
over-estimate data error in MG measurements, which are associated to
much larger transfer resistance values than those in DD measurements
as observed in Fig. 3; thus resulting in a slight over-fitting in MG
images, leading to the creation of the high polarizable anomaly values
observed in Fig. 10.

Conclusively, the DDmix measuring protocol presents a good trade-
off between spatial resolution and S/N. Furthermore, as mentioned
before, DD measuring protocols can be designed to avoid the collection
of voltage readings with electrodes previously used for current injec-
tion. An adequate processing of the raw data (see section Pre-processing
of IP data sets) permits the computation of consistent imaging results
independently of the selected measuring protocol. Furthermore, nested
potential dipoles within the current dipole may enhance electro-
magnetic coupling in the data.

4. Conclusions

We present the application of single-frequency IP and SIP imaging
results for the understanding of hydrogeological units at the La Valette
landslide. We demonstrate that a careful processing of the IP data re-
garding (1) the detection and removal of outliers and (2) the quantifi-
cation of random error permits to solve for consistent imaging results
obtained along different profiles, and independently of the deployed
electrode configuration. We also demonstrate the distortion in the SIP
measurements due to EM coupling, a topic rarely addressed in field IP
application but that may largely affect the interpretation of the elec-
trical images. Our data reveal EM coupling even at the low frequencies,
starting at ~25Hz, even for data collected using separate cables for
current injections and potential measurements.

Our results demonstrate the possibility to improve the interpreta-
tion of electrical conductivity images in clay-rich landslides by adding
the information gained by means of the images of the polarization ef-
fect. Results presented here revealed two main units: a conductive and
low polarizable unit corresponding to the sliding mix of black marls and
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Fig. 10. CC imaging results for data collected along Profile 4 using different electrode configurations, expressed in terms of the real (left row) and imaginary (right
row) component of the CC. Dashed horizontal lines indicate the position of the sliding plane as obtained from wellbore and seismic data (Samyn et al., 2012). Vertical

lines indicate the intersections with Profiles 1, 2, and 3 (from left to right).

flysch materials on top of slightly less conductive black-marl bedrock,
which is correlated to an enhanced polarization response. Imaging re-
sults of the polarization effect help to better delineate the contact be-
tween the two units, as well as lateral variations in the black marls,
which may be indicative of variable hydraulic properties. The contact
between materials with different hydraulic properties is commonly
associated to zones vulnerable to landslides due to the undesired in-
crease in pore-fluid pressure following rainfall events. Hence, the lat-
eral changes observed in the black marls through the SIP images are
likely indicative of changes in the clay fractions and the corresponding
variations in hydraulic conductivity. It is also worth noting here that
seismic surveys would also fail to identify the anomaly revealed in the
SIP images, considering that the mechanical properties of flysch and
alluvial sediments are similar. Furthermore, the interpretation of solely
resistivity properties gained by means of ERT is limited, as observed in
o’ plots in Fig. 6.

Our results suggest that SIP imaging is a suitable method to improve
the understanding of landslides, in particular, to improve the inter-
pretation of electrical conductive materials such as clay-rich geological
media. Nevertheless, further investigations at La Valette landslide are
required to fully validate the interpretation of the SIP imaging results

presented here. We believe that SIP imaging results could be used to
help designing the collection of soil and water sampling campaigns to
fully understand the electrical, hydraulic and geotechnical properties of
the subsurface.
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