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A B S T R A C T

Although commonly triggered by heavy or long-lasting precipitation events, landslides in clay-rich formations
are hardly predictable as their triggering mechanisms are still not fully understood. Hence, detailed information
about the internal structure of landslides with high spatial resolution is fundamental for an improved under-
standing of triggering mechanisms and management. In this context, electrical resistivity tomography (ERT) is a
well-established method used for the delineation of lithological interfaces in landslides and changes in water
content. However, the quantitative interpretation of the ERT images can be challenging, particularly for clay-
rich landslides, considering that the electrical signatures are dominated by the variations in the clay fraction
rather than saturation. Moreover, large scale investigations also demand the development of faster surveying
techniques. Hence, in this study we discuss the combined investigation of a landslide with low induction number
electromagnetic (EMI) mapping and induced polarization (IP) imaging. We investigate the application of such
methods to assess subsurface variability across different scales: near surface EMI mapping and their correlation
with geomorphological data, whereas IP images are used to investigate the extension at depth from the shallow
structures. Measurements are performed at a shallow clay-rich landslide in Lower Austria (Austria), character-
ized by lithological structures of the Flysch and Gresten Klippen Zone, with both formations known to be highly
susceptible to landsliding. The interpretation of the imaging results for data collected along 15 profiles is per-
formed using separately acquired hydrogeological and geotechnical data. We observe a relationship between the
electrical properties and geotechnical parameters which permits to delineate areas associated to different
weathering stages controlling the groundwater flow. Moreover, spectral induced polarization (SIP) data col-
lected along one transect shows sensitivity to changes in textural composition, such as the fraction of clay
minerals. The study shows the suitability of an integrated investigation with EMI mapping and IP imaging in
combination with extensive geotechnical data for an improved characterization of subsurface variability and
thus, understanding of clay-rich landslides.

1. Introduction

Landslides in urban settlements are global socio-economic geoha-
zards, particularly those developed in clay-rich formations due to their
hardly predictable acceleration and liquefaction phases as well as high
sediment volumes (Malet et al., 2005). Landslide mobilization typically
occurs as a result of intense and long-lasting precipitation which can
lead to a build-up of positive pore-pressure and an associated reduction
of shear strength, particularly for clayey and silty textures (Campbell,

1975; Rogers and Selby, 1980). Hence, knowledge of the internal
structure and textural composition of landslides is an important pre-
requisite for hydrogeologic and hydraulic modelling (e.g. the deduction
of water-circulation within the landslide body), which is further needed
for the understanding of internal processes associated with triggering
mechanisms (Merritt et al., 2014). Traditionally, direct ground-based
hydrogeological and geotechnical measurements, using piezometers,
inclinometers, dynamic probing and laboratory textural analysis from
soil samples have been used to provide information on the subsurface
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properties of landslides (Glade et al., 2001, 2005; Petley et al., 2005;
Perrone et al., 2014). However, such investigation techniques are spa-
tially constrained to specific point locations and require spatial up-
scaling, which, particularly for heterogeneous areas, is associated with
an undesirable increase in data uncertainty (Binley et al., 2015;
Wainwright et al., 2016). This lack of spatial resolution may be miti-
gated by the use of geophysical techniques (e.g., Jongmans and
Garambois, 2007), which permit to gain quasi-continuous information
about subsurface physical properties, which in turn are linked to hy-
drogeological (e.g., Binley et al., 2005; Weller et al., 2015), lithological
(e.g., Hack, 2000; Bell et al., 2006) and geotechnical parameters (e.g.,
Cosenza et al., 2006; Sass et al., 2008; Fressard et al., 2016). Of such
geophysical methods, electromagnetic induction (EMI) and induced
polarization (IP) imaging appear as promising techniques for the in-
vestigation of clay-rich landslides, considering their ability to solve for
the subsurface distribution of the electrical properties, which are
strongly linked to clay and water content and can be used to derive
hydrogeological information (e.g., Grandjean et al., 2011; Sirles et al.,
2012; Merritt et al., 2014; Altdorff and Dietrich, 2014).

The EMI method has relatively low application costs and, more
importantly, is a contactless technique well-suited to map large areas in
relatively short acquisition times (e.g. Everett, 2012; Doolittle and
Brevik, 2014; Binley et al., 2015). EMI measurements provide depth-
integrated values of the in-phase and quadrature components of the
secondary EM field, which in turn can be transformed into apparent
electrical conductivity σa (ECa) given a low-induction number as-
sumption. The resulting bulk ECa can then be interpreted in terms of
clay content, porosity, temperature changes, electrolyte salinity and
water saturation given a calibrated petrophysical relationship (Brevik
et al., 2006). EMI methods are widely used in soil studies (Doolittle and
Brevik, 2014), and monitoring measurements can be applied for the
quantification of soil moisture changes (Robinson et al., 2012;
Shanahan et al., 2015). It has been suggested that in the scope of slope
instability studies, maps of σa permit the identification of zones with
different soil properties relevant for the characterization of infiltration
and surface run-off regimes (e.g., Kušnirák et al., 2016). Hence, a few
studies have referred to the application of EMI techniques for the
characterization of landslides (e.g., Mauritsch et al., 2000; Grandjean
et al., 2011; Altdorff and Dietrich, 2014; Kušnirák et al., 2016).
Moreover, the application of airborne electromagnetics (AEM) has
drawn attention as a suited technique to investigate areas at the large
scale (Nakazato and Konishi, 2005; Lysdahl et al., 2017).

However, typical geophysical investigations of landslides target the
delineation of both the vertical and lateral distribution of physical
properties, as needed, e.g., for the delineation of the sliding plane or the
estimation of mobilized volumes. On that account, electrical resistivity
tomography (ERT) is a method which permits to solve for the subsur-
face distribution of electrical resistivity (or its inverse electrical con-
ductivity) in 2D and 3D models and it has been extensively applied in
the last 20 years for the characterization of landslides (see Perrone
et al., 2014 for an overview). Resistivity images can be explored for
resistivity contrasts, which can be indicative for lithological changes
and thus, the sliding materials and the stable unit and the geometry of
the sliding plane (Lapenna et al., 2003; Bell et al., 2006), as well as the
areas in the landslide characterized by higher water content (e.g.,
Lebourg et al., 2005; Sass et al., 2008; Lehmann et al., 2013). However,
clay-rich sediments are also related to low electrical resistivity values
due to conduction mechanisms taking place at the negatively-charged
surface of clay minerals (e.g., Revil and Glover, 1998). Hence, the
quantitative interpretation of the ERT results may be challenging,
taking into account the impossibility to discriminate whether the
electrical conductivity models are controlled by variability in water or
clay content. Hence, some authors have referred to the application of
the Induced Polarization (IP) method for the structural characterization
of landslides (Marescot et al., 2008; Perrone et al., 2014). The IP
method is an extension of the ERT technique, which provides

information about the electrical conduction and capacitive (polariza-
tion) properties of the subsurface (e.g., Kemna et al., 2012 and refer-
ences therein). Initially, the IP method was developed for mining ap-
plications due to the strong polarization response observed in the
presence of iron sulphides (e.g., Pelton et al., 1978). However, in recent
years it has emerged as a promising technique for hydrogeological and
environmental applications (e.g., Kemna et al., 2012). Studies demon-
strate the successful application of the IP method for an improved li-
thological discrimination (Kemna et al., 2004), the assessment of per-
mafrost degradation (Doetsch et al., 2015), the monitoring of
bioremediation processes (Flores Orozco et al., 2011, 2013), the map-
ping and characterization of contaminant plumes (Flores Orozco et al.,
2012a; Ntarlagiannis et al., 2016), and the monitoring of microscale
particle injections (Flores Orozco et al., 2015). Furthermore, IP la-
boratory measurements performed at different frequencies, in the so-
called spectral IP (SIP), have shown a characteristic frequency depen-
dence of the IP effect linked to textural parameters of soil (e.g., Binley
et al., 2005; Weller et al., 2010; Revil et al., 2012). Based on such
findings, there is an extensive research into the application of the SIP
method to characterize the hydraulic conductivity (Slater, 2007; Weller
et al., 2015). Nevertheless, the mechanisms underlying the IP response
are still not fully understood (e.g., Kemna et al., 2012); thus correlation
with ground-truth information is required for an adequate interpreta-
tion of the IP imaging results.

To date, only a limited number of studies report the application of
the IP method for the characterization of landslides (Marescot et al.,
2008; Taboga, 2011; Sastry et al., 2012; Dahlin et al., 2013; Sirles et al.,
2013). However, in such studies the evaluation of the IP images is
mostly based on cross-validation with other geophysical data or limited
lithological information provided by core drillings. Geotechnical testing
such as penetration tests or textural analysis of recovered sediments
have not been considered for a quantitative interpretation of the IP
imaging results. Furthermore, and to the best of our knowledge, no
studies have yet reported the application of SIP imaging for the char-
acterization of landslides. Hence, we believe that a case study pre-
senting extensive (S)IP imaging results and their evaluation through
geomorphological and geotechnical data is required to better assess the
applicability of this technique for an improved investigation of land-
slides.

To fill this gap, we present here a case study for the characterization
of a landslide in Lower Austria through a combined investigation of EMI
and IP mapping and geotechnical data. The landslide is characterized
by high fractions of clay-rich sediments of the Flysch and Klippen Zone
(Wessely et al., 2006), which imposes some limitations on the in-
vestigations based solely on ERT results. Through extensive geo-
technical information available at the study area, we evaluate the
geophysical results and their applicability to determine relevant land-
slide characteristics such as the accumulation and infiltration zones, the
sliding plane, and ground water flow paths. Available information
about textural soil parameters allow us to discuss the value of the ad-
ditional information gained from the capacitive properties of the sub-
surface provided by the IP method. Furthermore, we present SIP ima-
ging results to investigate the frequency dependence of the subsurface
electrical properties and their correlation with geotechnical and tex-
tural parameters. In the next section, we provide a description of the
study area as well as the geophysical and non-geophysical data, fol-
lowed by the presentation and discussion of EMI maps. Then we present
and discuss the IP imaging results and the SIP data, as well as their
correlation with ground-truth data, followed by the final interpretation
of the geophysical investigation and the conclusions.

2. Site description

The study area is located in the southwestern part of Lower Austria,
Austria (Fig. 1). Several investigations have been carried out at the
study area by the local authorities, thereby gathering extensive
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information about the surface deformation by means of geomorpholo-
gical mapping, geodetic monitoring techniques and terrestrial laser
scanning. Further subsurface investigations have been conducted
through direct methods, namely dynamic probing heavy, percussion
drilling and inclinometer measurements. Variations in the groundwater

level and soil moisture have been measured using a piezometric net-
work and time-domain reflectometry (TDR) respectively. Previous
geotechnical investigations at the study area have suggested the ex-
istence of a shallow sliding plane in approximately 2–3m depth (for
further details refer to Canli et al. (under revision)).

Fig. 1. Location of the study area in the geological unit of the (Rhenodanubian) Flysch Zone in the western part of Lower Austria, Austria (1a). Geological setting of
the study area (1b). Geological maps modified after Weber (1997) and Schnabel et al. (2002).

J. Gallistl et al. Engineering Geology 245 (2018) 292–308

294



Based on geomorphological mapping the extension of the active
landslide area has been estimated to cover approx. 4000m2. The in-
clination of the slope ranges between 5° and 15°, with steeper parts up
to 20° in the bulged areas, which are related to the recently most active
sections. The geological setting of the study area is characterized by
three different tectonic units: (i) the Penninic (Rhenodanubian) Flysch
Zone (FZ) in the north, (ii) the (Upper) Austroalpine Northern
Calcareous Alps (NCA) in the south, (iii) and the Helvetic unit of the
Gresten Klippen Zone (GKZ) in between. Such compound settings result
in diverse lithological contacts, which promote landslide occurrence in
the region (e.g., Ruttner and Schnabel, 1988; Schnabel et al., 2002).
From 1100 landslides reported in Lower Austria between 1965 and
2006, 62% of them occurred in the Flysch and Klippen Zones (42%
Flysch Zone and 20% Klippen Zone) (e.g., Gottschling, 2006; Petschko
et al., 2014). The GKZ and FZ units are intricate regarding their stra-
tigraphy, lithology and facies, with both units mainly characterized by
marine sandstones, clays, clayey shales, marly shales and marly lime-
stones, yet conglomerates and breccia have been reported in the GKZ
(for more details see, e.g., Ruttner and Schnabel, 1988; Wessely et al.,
2006).

The first slope movement in the area was reported in 1975, and it
has been suggested its triggering was related to heavy precipitation
events occurring between June 29th and July 3th. The landslide was
reactivated in 1978 after heavy precipitation on Mai 31th, with further
displacements reported in 2006. Between 2007 and 2012, displace-
ments were monitored via tachymetric surveys, which have been
stopped after 2012 due to only minimal displacements observed (e.g.,
max. 20 cm in 2009). Since the first displacements occurred in 1975,
remediation techniques at the site have included the removal of dis-
placed material, filling of tension cracks and depletion zones (1975 and
1978), leveling of the upper area and the installation of a drainage
system in the eastern part of the study area in 2009.

3. Material and methods

3.1. Low induction number electromagnetic imaging

Electromagnetic induction (EMI) imaging results presented in this
study were performed with the so-called terrain conductivity meters, or
more precisely, low induction number electromagnetic methods (e.g.,
McNeill, 1980b; Everett, 2005). EMI exploits the principle of electro-
magnetic induction by making use of a sensor system that generates a
primary magnetic field by applying an alternating current at a fixed
frequency which passes through a transmitter coil. Due to the time-
varying character of the magnetic field, eddy currents are induced in a
conductive subsurface, which subsequently generate a secondary
magnetic field sensed by the receiver coil. The induction number (b) for
a given system is a function of the angular frequency of the primary
field (ω), the separation between the transmitter and receiver coils (l),
the magnetic permeability (μ) and the bulk electrical conductivity (σ) of
the earth, and can be written (e.g., McNeill, 1980a) as:

=b μσωl2 (1)

Terrain conductivity meters are instruments where l and ω are de-
signed to work at low induction number (b < 1), at which the response
is dominated by the ratio between secondary and primary magnetic
field. Assuming that μ in subsurface materials is close to one as in va-
cuum, the measured response is then only controlled by the electrical
properties, thus permitting to obtain the apparent electrical con-
ductivity σa in the subsurface quasi in real time (Keller and
Frischknecht, 1966; Ward and Hohmann, 1988). As a contactless
technique EMI permits to map large areas in reasonably low acquisition
times (up to 5000m2/h depending on the study site).

Values of σa represent a nonlinear average of the electrical con-
ductivity values of the examined (sensitive) volume across a depth
range that depends on the coil separation and orientation (McNeill,

1980b). The transmitter and receiver coils can be orientated horizon-
tally (horizontal coplanar, HCP) or vertically (vertical coplanar, VCP)
with respect to the ground surface. Increasing l in combination with
VCP loops increases the depth range for the σa measurement (e.g.,
McNeill, 1980b; Callegary et al., 2007). Modern commercial instru-
ments typically provide more than one transmitter/receiver pair and
therefore can provide σa for different depth ranges. Vertical profiles of
the electrical conductivity (σ) of the examined volumes can be obtained
from inverse modelling (e.g., Mester et al., 2011; von Hebel et al., 2014)
of σa data sets measured for different depths of investigation (i.e.,
varying coil separation, coil orientation).

3.2. EMI mapping

In this study we applied EMI measurements to map lateral changes
in subsurface electrical properties using the CMD-Explorer (by GF
Instruments), which uses three receiver coils with separations of
1.48m, 2.82m, and 4.49m to the transmitter coil simultaneously, at an
operating frequency of 10 kHz. All measurements on the landslide were
performed in VCP mode for effective depth ranges of 2.2 m, 4.2 m and
6.7 m. The sampling frequency was 1 Hz, hence at an average walking
speed σa values were collected approximately every 0.7 m along the
walking tracks presented in Fig. 2a. The measured conductivity values
were geo-referenced by means of differential GPS measurements. In
total, the data set consists of approximately 30,000 σa values with the
survey performed within 3 h. EMI measurements were planned to map
the entire extension of the recently active landslide area and delineate
lateral variations in the electrical conductivity. In this study, we do not
discuss the inversion of EMI data and associated uncertainties, which is
required to solve for vertical variations in σa. Instead, we present maps
of the σa directly recovered from measurements recorded with different
coil separations. The maps were obtained by spatially interpolating all
positive measured σa values (negative values were removed) using the
kriging method. For the interpolation we used a linear variogram and
an elliptical search space stretching into the direction of the landslide
movement (axis ratio 1:2).

3.3. Complex conductivity imaging

Similar to ERT, the induced polarization (IP) method is based on
four-electrode configurations, where two of them are used for current
injection and the other two are used to record the resulting voltage. In
case of frequency-domain, current injection is performed using a sinu-
soidal waveform and data collection includes the measurement of the
ratio between the measured voltage and current, as well as the time
delay between both, resulting in a complex-valued electrical transfer
impedance. Measurements can be repeated at different frequencies to
gain information about the frequency dependence of the electrical
properties, in the so-called spectral IP (SIP). SIP measurements are
commonly conducted at the low frequencies (between 10 mHz and
1 kHz), with low frequencies (< 1Hz) associated to long acquisition
times; whereas high frequencies (> 10Hz) bear the risk of con-
tamination of the data due to electromagnetic effects (Flores Orozco
et al., 2013). In case of time-domain surveys, IP measurements record
the remnant voltage after the current injection is switched off (e.g.,
Binley and Kemna, 2005). Both frequency and time-domain measure-
ments are theoretically equivalent, coupled by a Laplace transforma-
tion, and can both be used to investigate the distribution of complex
electrical conductivity in subsurface materials. (Flores Orozco et al.,
2012a). A detailed review of the IP method can be found in Ward
(1990); Binley and Kemna (2005), Kemna et al. (2012).

The low frequency electrical properties of the subsurface are com-
monly expressed in terms of the complex electrical conductivity σ*(ω)
(with ω denoting the angular excitation frequency), which can be
parameterized by means of its real, σ'(ω), and imaginary, σ''(ω) com-
ponents, or by its magnitude |σ*(ω)| and phase-shift φ(ω), such that:
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The real part of the complex conductivity accounts for energy loss
(ohmic conduction) and, for sediments without metallic minerals, is
mainly controlled by the porosity, connectivity of the pore space, sa-
turation, and the fluid electrical conductivity of the pore-filling elec-
trolyte (e.g., Revil and Glover, 1998; Lesmes and Morgan, 2001). The
imaginary component is related to energy storage (polarization), which,
in absence of metallic minerals, is given by: (1) the occurrence of clay
minerals that can act as ion selective membranes, in the so-called
membrane polarization (e.g., Titov et al., 2010; Bücker and Hördt,
2013; Hördt et al., 2017), and (2) electro-chemical polarization taking
place at the electrical double layer (EDL), which is formed at the grain-
fluid contact (e.g., Leroy et al., 2008; Leroy and Revil, 2009). In case of
the membrane polarization the magnitude of the polarization effect is
mainly a function of pore-space geometry (i.e., the sequence of wide
and narrow pores and their pore lengths and radii), and for further
details we refer to the studies of Bücker and Hördt (2013), Hördt et al.
(2016), Chuprinko and Titov (2017), Hördt et al. (2017).

3.4. Inversion of IP imaging data sets

Inversion techniques are used to reconstruct the spatial distribution
of complex conductivity from measured data. In this study, inversion of
the IP data was performed using CRTomo, a complex resistivity inver-
sion algorithm by Kemna (2000), using the sensitivity-controlled fo-
cusing (SCF) regularization scheme presented in Blaschek et al. (2008).
This regularization scheme is based on the minimum gradient support
(MGS) described by Portniaguine and Zhadanov (1999) and permits to
solve for images with sharp contrast between structures characterized
by different electrical properties, yet allowing smooth parameter
changes within them (Blaschek et al., 2008). This is particularly im-
portant, as landslides are typically complex systems which cannot be
explained by simple two layer cases without variations in the electrical
properties within the layers. We opted for this regularization scheme,
over the commonly used smooth-regularization, to properly solve for
the interface between the sliding material and the bedrock, which is
expected to form a sharp contrast between materials with contrasting
electrical properties (e.g., Lapenna et al., 2003). Although CRTomo
permits the definition of error models to fit the data to a confidence
interval within the inversion (Kemna, 2000; Flores Orozco et al.,
2012b), in case of data sets presented here we used robust inversion
schemes based on an iterative re-weighting of poorly fitted data points
(referred to as IRLS, e.g., Labrecque and Ward, 1990; Kemna, 2000),
which are less sensitive to incorrect estimates of the random data error,
as discussed in Morelli and Labrecque (1996). Model appraisal was

Fig. 2. Experimental set-up at the study area showing the transects for the collection of the EMI mapping data (indicated by the black dots in Fig. 2a), the orientation
of the IP profiles (position of the electrodes indicated by the black, blue, and red symbols in Fig. 2b), and the location of the measuring points of direct methods, as
well as field installations (2c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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performed based on the analysis of cumulated sensitivity (e.g., the sum
of absolute, data-error weighted sensitivities of all considered mea-
surements), as performed in previous studies (Kemna et al., 2002;
Weigand et al., 2017). Accordingly, we masked pixels in the imaging
results associated to poor sensitivity, i.e., those pixels associated to
log10 cumulated sensitivities 2 orders of magnitude smaller than the
highest cumulated sensitivity.

3.5. Single frequency IP mapping and SIP imaging

In this study, single frequency (1 Hz) IP imaging measurements
were collected along 15 profiles distributed over the active landslide
area: ten profiles orientated parallel to the landslide axis (west-east,
WE), and five profiles perpendicular to it (north-south, NS), as depicted
in Fig. 2b. Profiles collected in WE direction had an average distance of
10m between them, using 64 electrodes in each profile with 2m se-
paration between electrodes. The profiles at the boundaries of the
landslide (gr1, gr9, gr10) were collected with 1.5 m spacing between
electrodes to avoid placing electrodes close to anthropogenic structures,
commonly related to the contamination of IP data by cultural noise
(e.g., Flores Orozco et al., 2012a). The separation between the NS
profiles ranges between 20 and 40m (Fig. 2b), with measurements
collected with 64 electrodes and a separation of 1m between electrodes
in each profile. Aiming for a depth of investigation of 15m, IP mea-
surements were conducted with a dipole-dipole configuration com-
bining skip-0, skip-1 and skip-2 protocols. The skip refers to the dipole
length, defined by the number of electrodes skipped between the two
current electrodes, as well as between the two potential electrodes
(Slater et al., 2000). Such configuration permitted an acquisition time
of 45min (at 1 Hz), aiming for the collection of the 15 mapping IP
profiles within 2.5 days from May 10th to 12th to warrant similar
meteorological and subsurface conditions. Particular care was taken to
avoid potential readings with electrodes previously used for current
injection and the contamination of the data due to polarization of the
electrodes (e.g., LaBrecque and Daily, 2008; Flores Orozco et al.,
2012b).

To investigate the spectral behavior of the subsurface materials in
the landslide, SIP data were collected along one profile in WE direction
(gr16 in Fig. 2b) with 64 electrodes and 2m separation between elec-
trodes. Here, 12 frequencies in the range between 0.5 and 225 Hz were
used with the same dipole-dipole configuration previously applied in
the single-frequency surveys. All measurements were collected using a
DAS-1 instrument (from MultiPhase Technologies), with the instrument
placed at the center of the profile (between electrode 32 and 33). A
control of the contact resistances between adjacent electrodes was
performed before data collection, with the re-installation of electrodes
performed in case of high values (> 1 kΩ), to ensure a good contact
between electrodes and the ground, aiming for current injections in the
range between 100 and 400mA.

To illustrate the quality of the measured data, in Fig. 3a we present
the pseudosection of the IP measurements in terms of the apparent
resistivity (ρa) and apparent phase-shift (φa), for data collected along
profile gr5, as well as their corresponding histograms. This particular
profile was selected as it is expected to be representative for the study
area and it is close to most of the geotechnical measurements, permit-
ting a direct comparison with ground-truth information (c.f., Fig. 2b, c).
Due to the nature of IP imaging measurements, pseudosections are
expected to reveal smooth variations of ρa and φa, and abrupt changes
may be indicative of a data set containing systematic errors, i.e., out-
liers, which need to be removed before the inversion. Plots in Fig. 4a
reveal smooth variations in the pseudosection of ρa, with values ranging
between 10 and ~ 80 Ωm, without any observable outlier. In case of the
φa readings, the pseudosection reveals mainly values between 0
and− 10 mrads for short dipole lengths (located at the shallow levels
of the pseudosection). Measurements located at larger pseudodepth
reveal poor spatial consistency with larger variations between adjacent

readings, suggesting readings with a poor signal-to-noise ratio (S/N). In
order to remove outliers, we adapted the filtering approach proposed
by Flores Orozco et al. (2018). The automatized data processing con-
sists of a four step procedure: 1) the data set is partitioned into subsets
defined by potential readings collected by the same current dipole, 2)
the median φa for each subset is computed, as well as 3) the deviations
to such median value (Δφ) from each reading in the subset, 4) removal
of all readings associated with an absolute deviation |Δφ| exceeding
two times the standard deviation of Δφ of the entire data set. Fur-
thermore, we analyse the distribution of the measurements. To this end,
the remaining measurements are binned using the rule proposed by
Sturges (1926) and Larson (1975), and further outliers are defined as
those measurements located in bins separated from the main distribu-
tion. As discussed in Flores Orozco et al. (2018), the presence of gaps in
the histogram indicates measurements without spatial correlation
within the data set. Fig. 3b presents the pseudosections for ρa and φa, as
well as the corresponding histograms, after following the steps defined
above. Such plots show pseudosections less affected by outliers, with φa

values ranging between −10 and 0 mrads, with consistent results ob-
served for the rest of the IP profiles (data not shown).

3.6. Complementary geotechnical and hydrogeological methods

At the landslide, dynamic probing heavy (DPH) was performed with
a pneumatic heavy dynamic penetrometer (SRS-15), using a drop
weight of 50 kg, a cone diameter of 43.7 cm and a drop height of 0.5 m,
with the results presenting the blow counts needed to insert the probe
for a 10 cm increment. In this study we present data collected along
thirteen DPH soundings performed along the landslide axis, as depicted
in Fig. 2c. Additional six core drillings (only four presented in this
study) were retrieved from perforations with a maximum depth of ~
9m in the vicinity of the DPH locations, as presented in Fig. 2c. Soil
samples taken from the core drillings were analysed in the laboratory to
gain the particle size distribution using sieving (based on ÖNORM L
1061–1/ DIN-ISO 3310/1) and sedimentation analysis (with reference
to ÖNORM L 1061–2).

For the monitoring of subsurface displacement and the delineation
of possible shear zones, one automatic chain inclinometer with an in-
stallation depth of 13m, and two manual inclinometers with installa-
tion depths of 6.5 m, are operated at the study site, as presented in
Fig. 2c. Measurements were taken for the sequential segments of 1m for
the 13m inclinometer, whereas segments of 0.5m were used for the
6.5 m inclinometers. Furthermore, variations in the groundwater levels
are monitored by means of a piezometric network, with sensors in-
stalled to a depth of 7 and 8m respectively (Fig. 2c). For more details
on the geotechnical investigations at the study site we refer to Canli
et al. (under revision).

4. Results and discussion

4.1. EMI mapping

Fig. 4 presents the interpolated maps of the apparent conductivity
values for the three collected depth ranges (i.e., 2.2, 4.2, 6.7 m), in the
following referred to as σ2.2, σ4.2, and σ6.7. We note here, that anom-
alously high σa values (> 40 mS/m) are associated with the response of
metal from anthropogenic structures and other measuring instruments
(e.g., fences, inclinometers, and the weather station; c.f. Fig. 2c) and
will not be further addressed.

In general maps for σ2.2 and σ4.2 reveal consistent patterns and σa
values, permitting the identification of two main regions: (i) an area of
elevated σa (> 25 mS/m) in the central region of the landslide, as well
as (ii) areas characterized by low σa values (< 20 mS/m), located at the
western and north-eastern regions of the site, corresponding to the
highest (> 455m above sea level, asl) and lowest topography levels
(< 440m asl) respectively, as observed in Fig. 4f. To evaluate the
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similitudes for the different depth ranges, in Fig. 4d and 4e we present
difference images for consecutive depth ranges. Considering the minor
differences between the maps of σ2.2 and σ4.2 (Fig. 4d), characterized by
an only modest variation in σa (~ 2 mS/m), we can interpret only
minimal vertical variations in shallow subsurface materials (between
0.5 and 4m depth). Nevertheless, the map for σ6.7 reveals visible var-
iations, in comparison with shallower maps, with a broader range in the
measured σa, values, as also evidenced in Fig. 4e.

Comparison of the shallow maps (σ2.2, σ4.2) and the σ6.7 map reveal
two major differences: (i) a significant increase in the σa values for the
central area of the landslide, suggesting an increase in saturation or clay
content at depth in that area; as well as (ii) an increase in the variability
of σa in the western part of the landslide, where higher σa values can be
observed. Given the higher variability in σa observed in the deeper EMI
measurements (Fig. 4c), we classify the σ6.7 maps into four main regions
arranged in west-east direction: (1) a low conductivity region (< 20
mS/m) related to topographical highest areas (> 455m asl), (2) a re-
gion of intermediate conductivity values (~ 26 mS/m), (3) a region of
elevated conductivity values (30–38 mS/m) associated to topography
values between 444 and 455m asl, and (4) low to intermediate con-
ductivity values (18–26 mS/m) located at the foot of the landslide (~
440m asl). A color-coded map using such classification is presented in
Fig. 4g, which reveals consistent features to surface topographical dis-
continuities, as observed in the hillshade model of the DEM (Fig. 4f).

4.2. Interpretation of the EMI mapping in combination with
geomorphological data

The correlation between the changes in topography and the σa
features suggests a link between the EMI maps and geomorphological
patterns. To better investigate this, we overlapped the EMI maps with
geomorphological features, namely, the limits of the landslide scarps,
waterlogged areas and the accumulation zone as obtained from geo-
morphological mapping (Fig. 4a, b, c). Plots in Fig. 4 show in general
that the three σa depth ranges solve consistently for high σa values in
waterlogged areas, with an observed increase in σa with increasing the
depth range (e.g., an increase from 30 to 40 mS/m for the waterlogged
area in the center of the study site for the σ6.7 map). For waterlogged
areas, which can be expected to be fully saturated, such increase in the
electrical conductivity suggests an increase in clay content and thus, the

possible contact between units with different hydrogeological proper-
ties, a common factor associated to the accumulation of pore-water
pressure and the triggering of landslides (e.g., Samyn et al., 2012). In
particular, the observed change between the shallow-to-intermediate
and the deep maps might be related to the contact to the shallow sliding
plane delineated in a previous study located in approximately 2–3m
depth (Canli et al., under revision).

Yet, to interpret EMI maps at different depths, it is necessary to take
into account the sensitivity at depth associated with the geometry of the
instrument. The normalized sensitivity function Φ for EMI measure-
ments in the VCP mode can be computed using the well-known equa-
tion (McNeill, 1980b):

=
⎡
⎣

+ ⎤
⎦( )

Φ
4

4 1

D
l

D
l

2
3
2

(5)

in which D represents the depth as continuous variable. Plots for the
instrument used in our study (Fig. 4h) reveal the highest sensitivity for
σ2.2 and σ4.2 maps between ~0.25 and 3m depth, clearly demonstrating
the influence of sliding materials, and shallow waterlogged areas, on
the σa values. Whereas, deepest EMI measurements (σ6.7) are sensitive
to depths between 0.5 and 4m (Fig. 4h). Hence, the increase in σa
values at depth for the central area of the landslide (c.f. Fig. 4e) seems
to be related to the contribution of both the sliding materials and the
stable unit.

The different landslide scarps show a spatial correlation with lateral
variations in the σa values in all EMI maps. Furthermore, σa patterns
observed also in all EMI maps are consistent with the location of the
accumulation zone, which in the case of σ6.7 is characterized by a
transition from high (~ 36 mS/m) to intermediate (~ 28 mS/m) con-
ductivity values. The slightly lower conductivity values of the materials
in the accumulation zone could be explained by the higher degree of
compaction as a result of the accumulating pressure from sliding
downhill.

4.3. Interpretation of IP imaging in combination with soil-physical and
geotechnical data

4.3.1. Single frequency IP
For completeness, the evaluation of the resolved complex

Fig. 3. Raw data analysis: Plots present the measured values in terms of the apparent resistivity (first row), and the apparent phase-shift (second row) for data
collected along profile gr5 (Fig. 2b). Plots show the pseudosections and histograms for the raw data (Fig. 3a) and after the removal of outliers (Fig. 3b).
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Fig. 4. EMI maps of the apparent electrical conductivity corresponding to the depth ranges of 2.2, 4.2, 6.7 m (Fig. 4a, b, c respectively), with the geomorphological
features superimposed over the σa maps. Difference images for the σa maps for the depth ranges 2.2 and 4.2m (4d) and 4.2 and 6.7 m (4e) are also presented to
evaluate changes at different depth. The DEM (4f) of the landslide and the main regions interpreted from σa maps (4g) are presented for comparison. Plots of the
normalized sensitivity function for the three depth ranges (4h).
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conductivity variations at depth for a given point and its correlation
with ground-truth data is assessed prior to the presentation of the IP
imaging results. Fig. 5 presents relevant textural and geotechnical
parameters, namely, the soil type (Fig. 5a, e) and particle size dis-
tribution (Fig. 5b, f) as obtained from the analysis of core drillings, as
well as the blow counts from co-located DPH surveys (Fig. 5c, g) for the
wells B3 (Fig. 5a-5c) and B4 (Fig. 5e-5g), as well as the electrical model
parameters expressed in terms of σ' and σ'' (Fig. 5d, h) extracted from IP

imaging results (at 1 Hz) in the vicinity of wells B3 and B4.
The comparison of particle size distribution and the electrical

properties shows the sensitivity of σ'' to variations in the textural
composition. In particular for B3, Fig. 5 shows that an increase in clay
content (> 40%) is related to a significant decrease in the polarization
effect (from 50 to 25 μS/m), as observed at depths between 2 and 4m.
For lower clay fractions (< 20%) and increasing the content of gravel
and coarse sands (e.g., between 4 and 9m depth), σ'' increases, whereas

Fig. 5. Comparison of ground-truth and geophysical data: soil type (5a, 5e) and particle size distribution (5b, 5f) as obtained from the analysis of core drilling in B3
(5a, 5b) and B4 (5e, 5f); blow counts obtained from dynamic probing heavy (DPH) in the vicinity of B3 and B4 given in 10 cm increments (5c, 5g) and electrical
parameters (σ' and σ'') representing the median value from model parameters extracted from inverted profiles next to the wells (5d, 5h).
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the increase appears to be correlated with the silt fractions that reveal
an increase over the same depth range. Below 9m depth, where no
textural information is available, σ'' continues to increase and reaches
its maximum value (~ 500 μS/m) at 12m depth. Such maximum cor-
relates with high blow counts (> 79 blows) and likely indicates the
transition to un-weathered bedrock.

The σ' profile reveals only minor changes down to 9m. There is a
decrease in conductivity values from ~ 25 mS/m between 1 and 3m
depth to ~ 10 mS/m between 3 and 10m, clearly indicating a poor
sensitivity to textural variations. Nevertheless, the profile shows an
increase in σ' values to the maximum value of 60 mS/m (Fig. 5d) at
12 m depth, which is in agreement with the increase in blow counts as
previously discussed. Furthermore, Fig. 5 clearly reveals no correlation
between the blow counts and the changes in the textural parameters in
this core. For instance, the shallow soil samples (between 1 and 4m
depth) associated with the highest clay content (> 40%), and the
deeper recovered materials (between 4 and 9m depth) associated with
coarser materials (gravels> 20% and ~ 12.5% clays), do not reveal
any significant changes in the number of blow counts in DPH. This
might be related to an unevenly distributed soil moisture in depth and
needs further investigations.

The variations in σ'' and textural parameters observed in well B4
(Fig. 5f, h) are consistent to those described above for B3: a decrease in
the polarization effect for soils dominated by clay (e.g. from 60 to 15
μS/m between 3 and ~ 4m depth) and an increase in σ'' with increasing
the gravel, sand and silt content. The observed increase in the polar-
ization effect with increasing the content of coarse sediment is con-
sistent with the recent developments in the understanding of the
membrane polarization mechanism (e.g., Bücker and Hördt, 2013;
Hördt et al., 2017). Such studies have demonstrated that an important
parameter controlling the membrane polarization for a homogenous
mineral composition is the contact between micro- and macropores, as
well as the ratio between the pore-radii and pore-lengths. Furthermore,
Chuprinko and Titov (2017) recently demonstrated that variations in
the mineral composition of the different pores can also result in a po-
larization effect superimposing the polarization effect due to the pore-
space geometry. Thus, we hypothesize that the observed increase in σ''
is consistent with the contact of macropores in the coarse materials, and
the micropores due to the fine grains. Accordingly, the σ'' decreases in
horizons dominated by fine silts and clays, where micropores dominate,
and most of the energy is conducted along the mineral surface, thus,
also explaining the relative high σ' values in the landslide.

The observed correlation between the textural, geotechnical and
electrical parameters demonstrates that variations in σ' and σ'' (at 1 Hz)
can be used to delineate areas rich in fine-grained minerals (associated
to low σ'' at 1 Hz), which may also act as low hydraulic permeable layer
hindering the infiltration of surface water. Consequently, high σ'' values
may indicate soils with variations of fine and coarse grains which may
facilitate groundwater flow and act as drainage systems in the land-
slide.

4.3.2. SIP imaging
We present in Fig. 6a the SIP imaging results for data collected along

gr16 at three representative frequencies to investigate the frequency
dependence of the electrical properties and its correlation with ground-
truth data. As observed in Fig. 6a, the electrical conductivity (σ') reveals
a negligible frequency dependence (in the frequency bandwidth ana-
lysed in this study) and will not be further addressed here. Textural
analyses of sediments recovered after the drilling in B1 (Fig. 6b) and B2
(Fig. 6e) are shown to better investigate the control of the spectral re-
sponse (i.e., the frequency dependence) of σ''. Moreover, Fig. 6 shows
the DPH soundings conducted in the vicinity of the wells B1 (Fig. 6c)
and B2 (Fig. 6f). Fig. 6d and g presents the spectral amplitude, i.e. σ'', as
a function of depth and frequency. The σ'' values were extracted from
the electrical images after independent inversion of data collected at
each frequency. In general the analysis of soil samples revealed high

fractions of fine-grained minerals: clay (20–50%) and silt (10–25%) and
low contents of coarser grains (sand and gravel roughly< 10%). The
abundance of fine grains is consistent with the relatively modest σ''
response in the low frequencies (< 15Hz); yet a linear increase in the σ''
values can be observed with increasing the frequency. Such increase in
the polarization effect with increasing the frequency is related to the
fastest polarization processes in fine grains, where the ions move along
shorter trajectories, as observed previously in laboratory studies con-
ducted in clay-rich samples (e.g., Slater and Lesmes, 2002; Slater et al.,
2006; Jougnot et al., 2010). The increase at high frequencies is
nevertheless only visible in the saturated materials (below 2m depth),
as pore water is necessary for the development of the electrical double
layer where the polarization takes place. The increased σ'' response for
B2 between 0 and 1.5m might be a result of a separated fully saturated
patch, as for instance expected for the waterlogged areas. The un-
saturated zone is also interpreted as weak materials following the DPH
(<5 blows), with an increase in the DPH counts also observed below
2m depth.

We observe a noticeable change of σ'' below 6m depth for B1 and
below 9m depth for B2, at depths where no textural information is
available. In particular, plots in Fig. 6d reveal (i) an overall increase in
σ'' for frequencies>~ 1.66 Hz and (ii) a noticeable peak for σ'' with
values well above 700 μS/m. Such peak is situated in the frequency
range of 7.5–15 Hz and appears to shift towards lower frequencies with
increasing depth, indicating a change in the dominating length scale
towards coarser grains (medium to coarse silts), i.e., and slower po-
larization processes. The DPH also reveals an increase in the material
strength below 6m depth for B1 and below 9m depth for B2 (> 40
blows). Furthermore, the shift of the σ'' peak to even lower frequencies
at 9m depth for B1 and 11m depth for B2 is also accompanied by a
transition to blow counts above 79 and likely indicates the contact to
un-weathered bedrock and larger length-scales dominating the polar-
ization response. Hence, it appears that analysis of the frequency de-
pendence of the polarization effect could be used to distinguish contacts
between materials with different mechanical properties.

Nevertheless, analysis of high frequency IP data for field measure-
ments needs to be performed with caution, considering that increasing
the frequency (> 10Hz) also leads to the induction of parasitic elec-
tromagnetic fields that contaminate the SIP data (Flores Orozco et al.,
2013). Commonly referred to as electromagnetic coupling (EM-cou-
pling), it arises due to current flow along the cables connecting the
instrument and the electrodes, due to differences in the contact between
electrodes and the ground, and due to self-induction effects between the
cables (e.g., Zimmermann et al., 2008; Flores Orozco et al., 2013). It is
proportional to the σ' and the square of the excitation frequency (Dey
and Morrison, 1973). In case of clay-rich minerals, EM-coupling might
superimpose the actual response from the subsurface; thus, in Fig. 6f we
do not present data collected at higher frequencies (> 100 Hz), as such
data revealed EM-coupling.

4.4. IP mapping

Fig. 7 presents the IP imaging results for the profile gr5 expressed in
terms of σ' and σ'', with the related geomorphological features,
groundwater levels and blow counts measured by DPH superimposed
over the electrical images. The imaging results reveal two main units:
(i) a top layer characterized by low σ' (< 30 mS/m) and σ'' (< 150 μS/
m) values, with a varying thickness along the profile, and (ii) a deeper
unit associated to high spatial variability and a broader range in the σ'
and σ'' values. We observe a significant decrease in thickness of the σ'
top layer from 12m to ~ 4m at the location of the top-scarp. From the
position of the top-scarp (~ 48m), the vertical contact observed in the
σ' image from low to intermediate (> 30 mS/m) σ' values is consistent
to the vertical contact interpreted from DPH (Canli et al., under revi-
sion), interpreted as the location of the sliding plane, as depicted in
Fig. 7. Moreover, the σ' contact observed at larger depth (> 12m below
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ground surface), associated to a transition to the highest σ' values (> 70
mS/m), is in agreement with highest blow counts (> 79 blows) in the
DPH and likely suggest the contact to bedrock consisting of sedimentary
rocks (mottled marls or Flysch materials, e.g., sandstone). Furthermore,
only a poor correlation of variations in σ' with the groundwater levels
can be observed, which indicates that surface conduction mechanisms
(due to overall high clay content) dominate over ionic conduction
(through water-filled pores).

Imaging results for the polarization effect (σ'') reveal higher spatial

variability than those for σ', in particular for the unit below the sliding
plane (as interpreted from the σ' image). In the stable material, lateral
variations in σ'' values range between 150 and 550 μS/m suggesting
differences in soil properties. In particular, in Fig. 7, we observe an
anomaly in the highly polarizable layer (> 500 μS/m) at ~ 12m depth,
between 45 and 65m along the profile, which roughly corresponds with
the position of the top and central-scarp. We interpret this discontinuity
as a transition from marlstone or sandstones (σ' < 60 mS/m, σ'' > 400
μS/m) to fractured marlstone (σ' > 60 mS/m, σ'' ~ 300 μS/m).

Fig. 6. Comparison of ground-truth and geophysical data. SIP imaging results (σ', σ'') for the frequencies of 0.5, 2.5, and 7.5 Hz to investigate the frequency
dependence of the polarization effect (6a). Particle size distribution as obtained from the analysis of core drilling at B1 (6b) and B2 (6e) and blow counts from
dynamic probing heavy (DPH) in the vicinity of B1 (6c) and B2 (6f) given in 10 cm increments. Spectral amplitudes (σ'') as a function of depth and frequency as
extracted from the imaging results of gr16 (6d, 6g).
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However, the lack of deep core-drillings impedes a quantitative inter-
pretation of the electrical properties at depth. Subsurface materials
between the sliding plane and the layer at depth can be interpreted as
variably weathered marlstones or Flysch materials. Considering the
high variability in σ' and σ'' values, areas associated to different stages of
weathering can be outlined.

As discussed earlier, variations in σ'' values are associated with
changes in clay content and not compaction, therefore variations in σ''
values do not necessarily need to trace the increase in blow counts
observed in the DPH data. The assessment of clay-rich zones in land-
slides is of high relevance, as those may represent important variations
in the subsurface hydraulic properties, with such clays commonly re-
lated to zones of low hydraulic permeability (e.g., Slater and Lesmes,
2002). Thus, spatial characterization of clay-rich zones is critical for the
delineation of interflow or groundwater flow paths and, thus, a better
understanding of possible triggering mechanisms. Based on the inter-
pretation of single-frequency and SIP signatures discussed above, ima-
ging results presented in Fig. 7 reveal a zone of low hydraulic con-
ductivity, characterized by low σ'' (< 200 μS/m) and intermediate σ' (~
40 mS/m) values, between 45 and 55m along profile direction. Con-
sistently, this particular area corresponds with the location of the top-
scarp and the start of the shallow sliding plane, defined by geomor-
phological surveying and geotechnical data. Hence, it is possible to
suggest that such area may act as a hydraulic barrier retaining
groundwater and promoting the built-up of positive pore-water pres-
sure, thus, facilitating the mobilization of the materials due to the re-
duction of shear strength. In a similar way, the shallow σ'' anomaly
observed between 75 and 85m (along profile direction) may also in-
dicate an area of low hydraulic conductivity, hindering the percolation
of surface water; thus, resulting in the waterlogged zone defined during
the geomorphological mapping. Hence, variability in σ'' solved in the
imaging results seems to be well correlated with changes in the hy-
draulic properties of the subsurface, as evidenced by the geomorpho-
logical features of the landslide.

Furthermore, Fig. 8 presents the imaging results for three WE pro-
files which are representative for the northern (gr3), the central (gr5)
and the southern (gr9) regions of the landslide. Consistently to gr5, IP
imaging results reveal the existence of two main units: a top layer
characterized by low σ' (< 30 mS/m) and σ'' (< 150 μS/m) values, on
top of a more conductive unit (> 45 mS/m) associated to high spatial
variability in σ''. The observed decrease in the σ' top layer at the location

of the top-scarp for gr5 is consistently resolved for all profiles and again
indicates the transition to the active landslide body. Consistently, the
deep σ'' anomaly, located between the top and central-scarp, can also be
observed in plots for gr3 and gr6, and to certain extent also gr9. Such
anomaly, as discussed before, is most probably related to different
stages of weathering and therefore zones of contrasting hydraulic
properties; thus, of high relevance for the understanding of water flow
within the landslide.

4.5. Interpretation of the landslide

Maps of the σa obtained from EMI mapping reveal clear units con-
sistent with geomorphological characteristics of the landslide, namely,
the top and central-scarp, as well as with the accumulation zone and the
waterlogged areas. However, due to the nature of the EMI measure-
ments representing a non-linear average over a specific depth range, no
information on the depths of the delineated structures can be provided.
Yet, the discussion of the IP imaging results presented earlier has de-
monstrated that the changes in the electrical properties are well cor-
related with the different ground-truth data (e.g., grain size analysis,
DPH). Therefore, we present in Fig. 9 interpolated maps of the σ' and σ''
for different depths (1–1.5m, 2.5–3m, 5–5.5 m, 8.5–9m, 10.5–11m) as
obtained from the inversion of the entire data sets (gr1 to gr16) at 1 Hz,
superimposing the geomorphological information (landslide scarps and
accumulation zone). High σ' and σ'' (> 60 mS/m,>500 μS /m) values
observed at the northern part of the landslide are the effect of anthro-
pogenic structures (e.g., power line cables) and will not be further
discussed here.

Plots presented in Fig. 9a reveal that for shallow depths the highest
σ' values are located mainly at the foot of the landslide (i.e., to the east
of the accumulation zone). With depth, an increase in σ' (from ~ 20 to
70 mS/m) values can be observed for the eastern region of the land-
slide, which is accompanied by a transition of the conductive anomaly
towards the center of the study site (Fig. 9b-9i). Images of the polar-
ization effect (Fig. 9b-9j) show similitudes to those obtained for σ', yet
maps of the polarization effect are characterized by a higher spatial
variability (e.g., Fig. 9j). The top-scarp (located at the topographical
highest area of the landslide) shows a stronger correlation with the
contacts in the electrical properties for deep maps (Fig. 9g-9j). In the
case of the central-scarp, its geomorphological features appear to be
better resolved for σ' maps constructed at intermediate depths (Fig. 9c-

Fig. 7. Imaging results expressed in terms of the real (top) and imaginary (bottom) components of the complex electrical conductivity. The blow counts measured by
DPH, the groundwater levels, as well as geomorphological features, namely the landslide scarps, the accumulation zone and active transportation zone are super-
imposed over the electrical images.
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9f) and for σ'' maps for intermediate and large depths (Fig. 9f, h, j),
demonstrating that σ'' patterns do not necessarily mirror the patterns
observed for σ'.

Maps of the electrical properties further reveal that areas located
above the top-scarp are characterized by the lowest σ' and σ'' (< 10 mS/
m,<100 μS/m) values, and therefore can be associated to clay-rich
zones. Such low permeable zones reduce the infiltration of surface
water and foster surface run-off towards the active transportation zone
(below the top-scarp). The excess of surface water in the respective area
will lead to more water in the lower reaches, where it can infiltrate in
the soil and further increase the soil moisture of the already weakened
sliding material. The increase in soil moisture is a well-known trig-
gering mechanism for shallow landslides and has been often in-
vestigated (e.g. van Asch et al., 1999). Furthermore, the topographical
bulge at the accumulation zone leads to the development of a surface
pan, additionally accumulating the surface water and enhancing its
infiltration into the ground. In a similar way, interflow and ground-
water flowing down-gradient from the hilltop will reach a poorly
permeable subsurface zone between the top and central scarp char-
acterized by low σ'' (< 100 μS/m) values as discussed in a previous
section (e.g. Fig. 9b, d, f). In this respective area, groundwater and soil
water retention will occur, which in turn can promote a built-up of
positive pore-water pressure and the reduction in shear-strength.
Hence, possible remediation actions might include the removal of the
flat surface pan and the installation of a drainage system.

Plots presented in Fig. 9 also demonstrate that there seems to be no
significant change in the conductivity and polarization patterns ex-
plaining the accumulation zone. This might be a result of the spatial
dimension of such zone, with a west-east extension in the order of
magnitude of the electrode spacing (2m). Hence, the accumulation
zone might not be resolved with the conducted IP surveys; yet it is
properly delineated through the EMI mapping. When comparing the
σ6.7 maps (c.f. Fig. 3c) with the shallow interpolated σ'maps (Fig. 9a, c),
we observe a close similarity in the patterns of σa and σ'. Moreover, such
depth between 1 and 3m represents the expected location of the sliding
plane as obtained from geotechnical investigations (Canli et al., under
revision). Thus, the changes observed in the conductivity patterns in
Fig. 9a and c, i.e. an increase in σ' (from 25 to 50 mS/m) values par-
ticularly for the area below the central scarp, validates the interpreta-
tion made earlier for the EMI maps regarding the contact to the sliding
plane.

Fig. 10 shows the conceptual model of the landslide as derived from
a joint interpretation of geophysical, hydrogeological, geomorpholo-
gical and geotechnical data. The plot presents the different interpreted
soil types and hydrogeological units and their geophysical indicators
(σ', σ''), the location of the sliding plane, as well as the corresponding

groundwater flow paths. In particular, four types of run-off were in-
terpreted: 1) groundwater flow through strongly weathered sedimen-
tary materials above the top-scarp (black arrows in Fig. 10), 2) seepage
and retarded groundwater flow through variably weathered marlstone
as delineated by spatial variations in σ' and σ'' below the sliding plane
(red arrows in Fig. 10), 3) interflow within the mobilized material and
along the sliding plane, and 4) surface run-off due to high clay content.
Fig. 10 clearly demonstrates the benefit of using multiple geophysical,
hydrogeological, geomorphological and geotechnical methods for
landslide characterization.

5. Conclusion

In this study, we have presented the joint application of the EMI and
IP methods, and the corresponding interpretation of the mapping data
for the characterization of a shallow, clay-rich landslide. Extensive
geotechnical, geomorphological and hydrogeological data available at
the study area allowed to evaluate the geophysical response and for-
mulate a conclusive interpretation of the imaging results. Based on the
EMI maps lateral changes in the electrical conductivity could be iden-
tified. The main patterns correlate well with geomorphological features,
namely, with the main scarps, the accumulation zone and waterlogged
areas, as well as preferential areas for the infiltration of surface water.
The latter represents relevant information for the potential design of
drainage systems. Moreover, IP imaging results were used to delineate
the geometry of the sliding plane and the different soil types and hy-
drogeological units, which, in combination with the available in-
formation from a piezometric network, dynamic probing and grain size
analyses in recovered drilling cores, permitted to delineate ground-
water flow patterns. Additionally, information about the subsurface
capacitive properties provided by the images of the polarization effect
allowed to discriminate between materials of different textural com-
position. Furthermore, our SIP imaging results clearly revealed changes
in the frequency dependence of the polarization effect associated to
changes in the grain size. Such findings again correlate with geo-
technical and soil textural data. The validation of our results using
extensive ground-truth data clearly shows the suitability of combined
EMI mapping and IP imaging methods for a better characterization and
understanding of clay-rich landslides.
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