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Abstract: Landslides, as one of the main problems in mountainous areas, are a challenging issue
for modern geophysics. The triggers that cause these phenomena are diverse (including geological,
geomorphological, and hydrological conditions, climatic factors, and earthquakes) and can occur
in conjunction with each other. Human activity is also relevant, undoubtedly contributing to the
intensification of landslide phenomena. One of these is the production of artificial snow on ski
slopes. This paper presents a multimethod approach for imaging the landslide structure in Cisiec,
in southwestern Poland, where such a situation occurs. In the presented work, the integration
of remote sensing with multi-method geophysical imaging was used to visualize landslide zones,
and to estimate ground motion. To verify the uncertainty of the obtained data, the combination
of electrical resistivity tomography (ERT), multi-channel analysis of surface waves (MASW), and
seismic refraction method (SRT) was supported by synthetic modeling. Using geophysical data with
accurate GPS-based topography and a terrestrial laser scanning-based digital terrain model (DTM),
it was possible to model the spatial variability and surface area of the landslide more precisely, as
well as to estimate the velocity field in the nearest surface more accurately. The final result shows
displacement up to 1 m on the ground surface visible on the DTM models, while the geophysical
methods confirm the change in internal structure. The proposed methodology is fast, cost-effective,
and can be used to image the structure of landslides, where the shallowest parts are usually complex
and thus difficult to observe seismically.

Keywords: landslide; electrical resistivity tomography (ERT); seismic tomography; multichannel
analysis of surface wave (MASW); digital terrain model (DTM); forward modeling

1. Introduction

Landslides are one of the main geohazards influenced by rapidly changing environ-
mental factors [1,2]. Their development depends on the geological structure, topography,
groundwater migration, and surface water activity [3]. Climatic changes and anthropogenic
factors (e.g., land-use change, deforestation, expansion of human settlements) also cause
ground movements [4]. Landslides occur mainly in regions with strongly undulating land
surfaces, such as mountainous and upland areas, and may strongly endanger infrastructure
and human life [5-7].

Compared to the rest of Europe, Poland is classified as not very prone to landslide
processes—about 20% of the country’s area may be considered relevant from this point of
view, including mountainous regions, larger river valleys, the cliff coastline of the Baltic
Sea, as well as areas covered by thick loess cover and with young glacial relief [8]. In
particular, these are the mountain ranges, i.e., the Carpathians and the Sudetes, where
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landslide susceptibility is described as medium and in some places as high [9]. Almost
62,000 landslides were identified in 2018, including 60,000 in the Carpathians, representing
9-10% of their area [10]. It is estimated that there may be as many as 100,000 landslides in
Poland [9]. Globally, every year, landslides cause thousands of casualties and billions in
monetary losses. In Poland, where more than 90% of the landslides occur in the Carpathian
region [10,11], studies of that leading problem are necessary to assuring both the safety of
the infrastructure and that of human existence.

Due to its nature, the study of landslides is difficult and requires precise imaging and
modeling over time [12]. The characteristics of landslide areas can be very diverse, which
makes it highly problematic to develop general rules for their identification [13,14]. Partic-
ularly challenging is the complex geological structure of the mountainous area, making it
difficult to visualize structures using standard single-method geophysical approaches. Ac-
quiring data of appropriate quality is an additional problem due to the complicated terrain,
which often prevents sufficiently dense data acquisition [15]. Land cover (especially vege-
tation) or surface features of a landslide, among others, conditioned by geomorphological
factors, can also strongly influence the results of remote sensing (RS) methods [13], which
by their nature are suitable for monitoring the surface effects of subsurface changes. To
accurately identify and interpret the landslide zone, a more integrated concept of data inter-
pretation and state-of-the-art geophysical and RS methods are highly recommended [16,17].
Using this particular case study in Cisiec, we would like to evaluate the usefulness of
integrated geophysical and remote sensing methods.

Many studies on landslides in mountainous areas show a broad approach to the topic.
Ground-based, aerial, and spaceborne remote sensing systems are widely used to assess
and monitor mass movements [18,19]. Systems enabling the use of free, high-resolution
satellite imagery have been under development for several decades [19]. Satellite RS meth-
ods are particularly useful in monitoring sites in hard-to-reach mountainous terrain [20].
Earth observation imagery is applied to determine landslide susceptibility, detect mass
movements, or identify phases of increasing landslide activity [20-23], as well as landslide
inventory [24,25]. Grima et al. (2020) [26] used a geographic database of landslide events
and land cover maps to describe the difference in frequency of these processes in forested
and non-forested areas. They also determined the costs and benefits of forest protection or
afforestation of landslide-prone regions compared to restoration in the Colombian Andes.
Strozzi et al. (2018) [27], who described landslides from the Cordilleras of Peru, conducted
studies using satellite synthetic aperture radar (SAR). SAR interferometry can also be
used to monitor and evaluate landslide dynamics from a temporal and spatial perspec-
tive [28-30]. With the increasing popularity of unmanned aerial vehicles, optical and radar
imaging of landslide areas is developing rapidly [18,31]. The digital aerial photogrammetry
is widely used in studies of mass movements in the Carpathians [32-36]. The great potential
of airborne laser scanning (ALS) in surveying inventoried landslides is also indicated [37].

Concurrently, terrestrial techniques are being developed intensively, which can be
independent methods of data acquisition or complementary to other techniques, e.g., in
case of difficulties related to landslide slope orientation and resolution of space-based
data, or higher costs and/or difficult flight conditions for airborne data acquisition [19,38].
Among the key categories are terrestrial laser scanning (TLS), terrestrial optical photogram-
metry, and ground-based SAR interferometry [39—41]. In recent years, the increase in the
application of TLS, which enables rapid and dense sampling, is noticeable in the study
of small landslides [42,43]. Wang et al. 2013 [42] determined the boundaries of an active
landslide in a mountainous area of Puerto Rico’s rainforest using a combination of airborne
and ground-based LIDAR data, while indicating greater density as well as accuracy of
the data by integrating ALS and TLS methods. Regardless of the proposed integration of
RS methods, the effective application of TLS in landslide terrain depends on the surface’s
ability to reflect the laser beam, appropriate weather conditions, and the availability of
reference points [44].
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Geophysical methods support the interpretation and correlation of subsurface data
with surface images [31]. Seismic [15,45-48], electrical and electromagnetical geophysical
methods [32,49-54], or a combination of these techniques [55-58] have been applied in
the study of sliding geological structures. Bruno and Marillier (2000) [45] conducted a
differentiated geophysical survey on the Boup landslide in the western Swiss Alps and
found that the techniques used can effectively investigate other landslides, but their appli-
cation depends on the location. In many cases, geophysical methods have been used to
identify landslide zones, landslide’s lateral limit, and to describe the physical properties
of mass movements [7,32,55,59-66]. Landslide movement is also a concern for ongoing
monitoring using geophysical methods [67]. The combination of geophysical methods
such as electrical resistivity tomography (ERT), multichannel analysis of the surface waves
(MASW), and seismic tomography (SRT) can provide detailed information on the geological
structure, landslide geometry, and hydrological characteristics. The compilation of different
geophysical methods enables validation and verification of the reliability of the results [68].
The non-invasive methods are relatively effective and inexpensive [1]; however, they need
the data to be mathematically inverted, which may be difficult and prone to subjective
overinterpretation. Additionally, each geophysical method has specific limitations. ERT
method is prone to water saturation, salinity, and porosity of rock matrices [69,70]. More-
over, high resistivity of the nearest surface layers can isolate the deeper parts from electrical
current. Seismic refraction methods have a poor resolution in terms of reconstruction of
vertical shapes of geological structures as well as detecting of low-velocity layers [71]. On
the other hand, the MASW technique has poor result uncertainty which quickly increases
with depth [72]. As a solution to each technique limitation, a multimethod approach was
proposed in which data from each technique are supported by other method results.

Simultaneously, RS techniques are playing an increasingly prominent role in landslide
detection and monitoring, as well as landslide susceptibility modeling [73] as methods
delivering direct proof of subsurface changes visible on the surface. To monitor land-
slide processes, subsurface data obtained by geophysical methods are becoming more
frequently supported by results obtained from multiple RS techniques, including the
digital terrain model (DTM), providing precise data on the terrain’s morphology [39,74].
Bichler et al. (2004) [56], investigating a landslide in Quesnel Forks in British Columbia
(Canada), relied on geomorphological observations, including DTMs, to aid in interpreting
geophysical data from ground penetrating radar (GPR), direct current (DC) resistivity,
and seismic reflection and refraction surveys. Kaminski et al. (2021) [32] used multi-
temporal DTM to estimate landslide kinematics and electrical resistivity tomography (ERT)
to derive data on landslide structure and the tectonics of the flysch bedrock. Lapenna
et al. (2009) [75] applied high-resolution DTM support by ERT for a detailed reconstruc-
tion of the Bosco Piccolo landslide in Basilicata region (southern Italy). Travelletti et al.
(2010) [15] proposed a new approach for interpreting seismic refraction and reflection data
on landslides by incorporating basic geomorphic information based on the sloping local
base level concept, using data provided by the digital elevation model (DEM). Travelletti
and Malet (2012) [76] also presented the integration of data from multiple measurement
techniques (kinematic, geological, geotechnical, and especially geomorphologic—field
observation, aerial orthophotography, DEM and petro-physical —ERT) in the form of a 3D
geometric model of the Super-Sauze mudslide (Alpes-de-Haute-Provence, France) using
geostatistical tools.

Given the complexity of mass movements, providing an integrated methodology
for their characterization is a challenge. For this reason, a more comprehensive view of
the landslide phenomena was presented in this paper. The main aim of the article was
to propose an approach integrating the results of ERT, MASW, and SRT using synthetic
modeling and uncertainty analyses. This allowed the spatial variability and slip area of the
actively developing Cisiec landslide to be described and compared with previous studies.
Apart from seismic and ERT methods, a terrestrial laser scanning-based DTM was created
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by providing a detailed view of the landslide surface to interpret and correlate surface data
with subsurface images.

The study area is located in southern Poland, in the Beskid Mountains within the
Outer Western Carpathians. Area monitoring on the Cisiec landslide has been carried out
since 2018. Detailed information about the landslide structure was needed to ensure the
stability of the current structures because the study site is used as a ski slope. It is crucial for
the safety of residents and skiers [65]. Due to the steep slopes and often lack of afforestation,
these areas are very often modified to meet the demands of modern ski infrastructure [77].
At the same time, due to climate change, current winters are warmer and shorter compared
to the same seasons occurring in the 20th century [78,79]. In order to extend the winter
season and even ensure the operation of ski slopes, heavier artificial snow is produced and
spread on the pistes. Because of the construction works disturbing the stability of slopes,
added stress on the slopes, and after the winter—spring thaw, terrain once described as
stable begins to move. This effect is so problematic that it has been briefly discussed [80].

The impact of anthropogenic factors [4,81,82] and relation between landslides and
climate changes [2,83-85] were also noticed and described in multiple articles. Such com-
plicated human-—climate relation, as well as the impact of multiple additional triggering
factors, is not fully studied and comprehended. However, by measuring changes in multi-
ple subsurface physical parameters (seismic waves velocity, ground resistivity, magnetic
parameters), it is possible to study and compare those uniquely triggered landslides.

The authors combined geophysical methods using synthetic forward modeling, limit-
ing the possible interpretation errors and processed the data, cross-correlating results as
proposed by Marciniak et al. (2019) [86]. By integrating the results of these methods in their
uncertainty range through synthetic modeling, interpretation problems were resolved more
quickly and a more accurate and complete image of the landslide structure was obtained.

The proposed methodology can effectively solve complicated seismic wave propaga-
tion problems and thus potentially allow for recognition of the nearest surface by using
the most modern methods of full waveform inversion (FWI) and high-resolution reflection
imaging (HRI). Because of the more precise initial model, it is possible to speed up data
computation or even apply this method under challenging scenarios. The proposed ap-
proach was used in a landslide, where previous studies were conducted for a time-lapse
comparison of soil movement evolution. In the present study, the relatively small surface
changes recorded by TLS and information on subsurface structures resulting from geophys-
ical surveys allowed a more complete estimation of the landslide development. The key
novelty presented in this work is the concept of estimating the uncertainty of the results,
which is essential for comparing the latest data, with information from previous studies. In
addition, due to the correlation of different geophysical methods with each other and RS
data, a synthetic verification of the presented approach and its effectiveness is vital. With
additional terrestrial data, the present result is a unique example of a synthetically verified
geophysical result, with precise surface time-lapse models. Such a concept can be beneficial
for the utilization of the data in further studies, where time-lapse reflection imaging or
geomechanically modeling of the landslide will benefit from precise and verified data.
Moreover, the presented case study is one of the infrequent examples of recent geophysical
studies in this landslide-prone region, where anthropogenic impacts are an additionality
trigger for landslide movements. Even though each case study is different, and it is hard to
propose a general solution for all landslide studies, the proposed approach with necessary
modifications can be applied in the detailed study of the landslides.

2. Materials and Methods
2.1. Study Area
Cisiec is located in southern Poland, Silesian voivodeship, in the Beskidy Mountains,

Carpathians. The landslide is located on the northeast slope below Czerwieriska Grapa
mountain (Figure 1a,b).
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Figure 1. Overview of the study area: (a) Aerial photography of the Cisiec landslide from an OSM
database with profiles of three geophysical methods [87]; (b) 3D model of the surface; view of the
study area upward (c) and downward (d). (e) The elevation profile across the acquisition line.

The active landslide is located on the clearing surrounded by a forest and covers the
meadow’s central part (Figure 1c,d). The direction of movement is east-northeast and the
height difference in the study area is about 100 m (Figure le). A watercourse along the slope
from N and S sides and subsurface flows are present. The study area is located in the Outer
West Carpathians, Silesian Nappe unit (Figure 2), with two tectonic elements: bottom—
Cieszyn unit and upper—Godul unit [88]. The study area is situated on the hieroglyphic
beds and variegated shales. The hieroglyphic beds are an example of Carpathian flysch and
consist of thin-bedded or medium-bedded fine-grained sandstones with numerous organic
hieroglyphs and gray, black, and dark green shales (Figure 3). Their age is the middle and
late Eocene when sedimentation was calm [89,90]. The age of variegated shales is the same.
These lithostratigraphic units overlap with each other and appear above and below each
other [91]. The hieroglyphic beds lie on the Ciezkowice sandstones or variegated shales and
under menilite beds. Variegated shales lie on the Istebna beds and under hieroglyphic beds
or menilite beds. The thickness of the whole unit may reach up to 200 m [91]. The geological
structure shown contributes to the increased susceptibility to mass movements [63].
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Figure 3. Geological map of the study area (after PGI-NRI [93]; modified).

2.2. Fieldworks

According to the result of previous studies, of similar landslides in the region [63,66,94-96]
and the Cisiec landslide [65], the multimethod approach integrating ERT, seismic refraction,
and TLS was chosen to be optimal to measure relative evolution of the sliding structure.
Because the geological construction of the study site has multiple almost vertically oriented
structures, as well as a strongly contrasting geological composition of shales and sandstones,
the proposed approach seemed to be optimal in solving expected imaging limitations.

ERT and seismic measurements were conducted across a common profile line. The
data were gathered in October 2019. The profile line was in the middle of the ski slope
(Figure 1a) and was designated using the Leica Viva GPS Real Time Kinematics (RTK)
system [97]. The ERT profile was 400 m. The distance between the electrodes was 5 m.
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Measurements were made with the gradient array. This arrangement of electrodes and
this layout allowed surveys to be carried out to a depth of 80 m. The 81 electrodes were
connected to the resistivity meter ABEM Terrameter LS [98]. The SRT was performed using
an ABEM Terraloc recorder [99] with 48 10 Hz geophones spaced every 5 m. The 10 Hz
geophones were chosen to be optimal for common data gathering for both refraction and
surface waves surveys, as they do not limit MASW recognition range without adding
additional strong low-frequency noise to the refraction data. The total profile length was
235 m. The excitation of the seismic signal was carried out with an 8 kg sledgehammer
and a metal plate every 5 m. Three signal excitations were vertically stacked at every shoot
point to obtain better data quality. The MASW profile begins at 70 m of the seismic profile
and has a total length of 165 m.

TLS was performed in 2019 in May and October. Such periods were chosen to visualize
the slope surface in the different soil moisture states. The May investigation showed the
maximum soil moisture after winter for later comparison of changes due to dominant
snow-load. The October measurements visualized the state after summer, where the rock
structures were less water saturated. The RIEGL VZ 6000 [100] relocated across four points
to cover the whole sliding zone was used for precise measurements. Each scan was done
using the effective measurement rate equal to 222,000 meas/s with an accuracy of 15 mm
and precision of 10 mm. The position of each TLS measurement point was measured using
the Leica Viva GPS RTK system connected to the GNSS reference ASG-EUPOS station [101]
located in Zywiec (Poland). This allowed positioning errors to be reduced to less than 10 cm
for each direction. The used configuration allowed for the creation of dense DTM models,
with a resolution not worse than 0.1 m and a good correlation between the two datasets.

2.3. Data Processing

The data processing was divided into three key steps to recognize the sliding structure
(Table 1)

Table 1. Data interpretation steps.

Step Step Name Target Outcome
Simultaneous geophysical Recognition of the subsurface
1 EOPhY structures with information Geophysical images of the subsurface
data processing .
cross-correlation between methods
.. . tructi f th ial f - ..
Digital terrain Construction of the aerial surface Recognition of the changes visible on
2 . model from two TLS
model construction the surface
datasets
The final subsurface model with
. e . information about changes occurring
' ‘ Synthetic V('erlflcatlon of geoph}{smal during May and October 2019.
Data integration and data to estimate result uncertainty, : . .
3 . o . . . Information about the uniformity of
uncertainty estimation integration of aerial and subsurface

the sliding structure by comparison
of data from previous studies with
the latest data

data to final model creation

2.3.1. Electrical Resistivity Tomography

The Res2DInv program was used to process and interpret resistivity data [102]. Before
data processing, a topography was added from the prepared GPS data. The robust L1 norm
standard with parameters set by default by the program was chosen (no extended model,
normal model cells with the same widths of one unit interval (5 m) and the finite-element
method with trapezoidal elements). The robust inversion method was used with a cut-off
factor constraint of 0.05. Calculations were made using robust constraints and the Gauss—
Newton method for calculating the Jacobian matrix. The number of measured data was
1072 points, and the number of inverted data was 1066 points. The number of iterations
was 5. The root means error RMS was 2%.
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2.3.2. Multi-Channel Analysis of Surface Waves

The MASW method allows Vs velocities to be estimated in the shallowest part of the
landslide (Figure 4). Because surface waves respond most effectively to changes in velocity
in the nearest surface [103], they contributed to better interpreting the structure of the
colluvium [104].

phase velocity (m/s)

velocity spectrum and dispersion curve Vs profile
0

®  picking
best model
= == mean model
o

20 25 30 35 40
frequency (Hz)

misfit evolution

misfit

/

A
/ P F ik
/\f \y \v \/\ -

\

" 4 - fittest model
fittest model | "\ JI \ 7 X s == == mean model
— — average value considered models |
] [ ' J L I I -
15 20 25 30 35 40 0 500 1000 1500 2000 2500 3000
generation Vg (m/s)

Figure 4. An example of the dispersion analysis (shot number 1037): (a) The velocity spectrum and
dispersion curve with clearly visible main mode; (b) the misfit evaluation shows rapid inversion
convergence; (c) considered models of S-waves profiles with the best and mean models show clear
four layers structure.

The WIinMASW program was used for data processing. To provide an optimal number
of at least 12 geophones in each seismogram, as well as to maintain a shoot receiver offset
of 5 m, 36 seismic recordings were selected. For each shot, gather dispersion curves were
determined (Figure 4a), and depth profiles of changes in the S wave velocity were made,
from which a 2D model of the profile was developed. The data processing started with 1D
filtering, which eliminated signals lower than 5 and 50 Hz. Additionally, the first breaks of
the refraction were cut from the recordings to eliminate additional bias during dispersion
curve modeling. All procedures were done using industrial scale software Globe Claritas.
After processing, the dispersion curve was visualized and picked. Only the fundamental
mode was picked, due to the complicated behavior of surface waves across the profile.
Such an approach was chosen as the most reliable in terms of uncertainty in cases, where
higher modes cannot be certainly picked (Figure 4b). For the inversion, four layers with
half-space at the bottom were determined. The velocities for each interval are presented
in Figure 4c. For dispersion curve inversion, a genetic algorithm was used [105]. From a
single seismogram, the 1D model was obtained. The 2D model was created from 36 1D
models. The obtained results have relatively low uncertainty, not exceeding the 30 m/s
average and 10 m/s for the best-fitted model.

2.3.3. Seismic Tomography

The seismic tomography was done using the Globe Claritas processing package. As a
starting model, four layers were assumed based on the results of LVL (low-velocity layer)
analysis of first breaks (Figures 5 and 6a). The first two layers have dense 5 m bin spacing
in the horizontal direction. The deeper layers, where refraction analysis is less precise, have
a 20 m bin size (Figure 6b). The initial model was based on approximations from initial
LVL analysis, MASW data, and results of previous studies [65]. The picked first breaks
from the dataset were QC (quality control) analyzed to eliminate cycle-skipped picks. The
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obtain a 2D model (Figure 5). The layer stripping approach, where the uppermost layer is

fitted and later fixed, during the fitting of the next, deeper layer was used. The inversion
process took 50 iterations to obtain a good effect. As a result, the model with a low RMS of

thickness of each layer was determined for all shots, and a velocity model was created to
1.27 ms was obtained.
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Figure 6. Seismic data processing: (a) The setting of four geological layers on the hodograph;
(b) parameterization of the velocity field with a separate grid for each layer at the final step of the

inversion. Solid lines show the boundaries in the structure.
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2.3.4. Digital Terrain Model

Digital terrain models were created using data acquired from TLS. The point clouds
were processed in RiISCAN PRO 2.11.3. Each object was assigned coordinates extracted from
the Leica Viva RTK survey. A single scan was pre-filtered and points with a deviation > 20,
and reflection < —20 dB were removed. Isolated points for which there were fewer
than 10 measurement points within a 5 m radius were also removed. The multi-station
adjustment (MSA) tool was used to merge the separate point clouds. The next step was to
remove vegetation and artificial objects using Terrain filters. The result was two separate
3D DTM clouds (May and Octree) with an MSA error (standard deviation) of less than
0.08 m. After Octree filtering, the 3D DTM clouds were exported to ASCII files as 2D DTM
(X, Y, Z) data with a resolution of 0.10 m. The accuracy calculated from the root mean
square error (RMSE) for May DTM was 0.22 m and for October DTM was 0.19 m. The
data were saved in the ETRF2000-PL/CS2000/18 coordinate system. Comparison of the 2D
DTMs was done using QGIS 3.26 version.

In order to maintain consistency in field measurements and post-processing, the same
measurement methods and equipment were used each time, and the surveys and data
processing were carried out by the same team. In this way, we achieved repeatability of
measurements with as few errors as possible.

2.3.5. Data Integration and Synthetic Modeling

Data from ERT, SRT, and MASW were integrated to obtain more reliable results. To
better recognize the surface structures of the landslide and its changes over time and to
locate the individual survey points more precisely, RTK measurements and TLS were
carried out. The linking element in the presented case is forward modeling for geophysical
methods. The synthetic model is based on the information from SRT, ERT, and MASW
data. Seismic tomographic methods provide smooth models, without information about
the shapes of geological structures, similar to the MASW technique. However, both S-
waves and first breaks of P waves are sensitive for those structures and can be reproduced
using the FWI technique. One of the drawbacks of FWI is the reproduction of the nearest
surface based on smoothened models which require additional computational effort. In the
presented work, we used information from the ERT method to add structural shapes to
tomographic results. Such an approach has two main goals. Firstly, it is to verify the result’s
uncertainty by comparison of P-wave velocities created by the integration of methods
models with real data, and secondly, to simplify wavefield estimation of the nearest surface.
The data are clustered by replacing the velocity Vp from SRT and Vs from MASW. Because
of the low amount of data and shorter seismic line than the ERT profile, the manual
assignment of resistivity to the velocities in certain ranges was done. However larger-scale
experiments will require a machine-learning approach. To compare synthetic seismic data
to real shot gathers, synthetic wavefields were calculated at positions corresponding to
the “real” positions of shoot and receiver points in the model. Thus, the side parts of
the synthetic model, where only ERT coverage was present, were used as an absorbing
boundary to attenuate possible wave reflections from the model boundaries. Such an
approach is necessary to obtain the modeled velocity field without numerical effects that
can complicate the comparison of real and theoretical shots. A synthetic wavefield is
generated using the software SOFI2D (seismic modeling with finite differences) [106]. This
paralleled code is used for modeling based on finite differences (FD). Thanks to its use,
the precise estimation of processing approximations was possible for better estimation
of result uncertainty. With this approach, the propagation of seismic waves in the near-
surface of a complicated environment can be reconstructed, then compared with real data,
and checked if similar effects from geological structures can be identified. The obtained
information can be treated as a more precise solution for estimating velocity fields on the
nearest surface, with strong residual zones. In addition, the proposed approach made it
possible to determine the impact of each of the information used on the final subsurface
model based on the high-resolution DTM created.
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3. Results

The ERT measurements allowed for the recognition of the rock structures up to 100 m
depth (Figure 7a). In the bedrock, three resistivity complexes were distinguished. On the
profile up to 160 m and at 250 m, just below the surface, there is a complex of shale and
sandstones with a resistivity of 100-200 OOm (Figure 7b). From 160 m of the profile is low
resistivity anomalies (values 10-40 (dm), interpreted as complex shale with sandstone with
a significant amount of shale. This is landslide colluvium. Below are sandstones with a
resistivity of 60-80 (dm. The slip surface was determined at a depth of 30 m on sandstone
formations. When determining the depth, it should be considered that with an electrode
spacing of 5 m, the vertical resolution at depths 30 m is 5.1 m (Figure 7a).

Using the seismic refraction method, four layers were determined to be significantly
different from each other in the P-wave velocity (Vp). The first layer (I) has an average
thickness of 10 m and an average P-wave velocity of 1200 m/s (Figure 8a). The thickness of
the second layer (II) is approximately 20 m and Vp velocity of 2300 m/s. The next layer (III)
is 30 m thick and has an average Vp velocity of 3300 m/s. In the fourth layer (IV), average
Vp velocity is 4500 m/s. From 150 m to 270 m in length of the profile, the slip surface of the
landslide is visible. Different velocity values distinguish it in the third and fourth layers,
as well as resistivity values. Such a situation indicates that slip occurs on contact between
geological layers. The accuracy of P-wave velocity estimation for the first layer is £50 m/s
and for the second and third layers is +100 m/s (Figure 8b).
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Figure 7. Inversion results of ERT measurements showing the slip surface (dashed line) and headscarp
of the landslide (red arrow). In this profile, significant structural variations in the form of variable
resistivity values are observed: (a) The whole measuring profile with actual height; (b) the first 20 m
depth showing the complexity of the uppermost structure.
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Figure 8. The seismic refraction tomography result shows a clear layered structure with significant
horizontal and vertical variation of seismic velocities: (a) The whole profile; symbols of layers (I-IV)
with matched average Vp velocities: I—1200 m/s, II—2300 m/s, III—3300 m/s, IV—4500 m/s;
(b) zoom for depths of 0-30 m without elevation.

The beginning of the MASW profile is at 70 m of the seismic profile, and its total length
is 165 m, as presented in Figure 9. In the analysis of surface waves using the MASW method,
the search depth reached about 50 m. It was also possible to distinguish three layers. The
first layer is about 7-12 m thick and has an S-wave velocity of 300 to 500 m/s. The second
layer is approx. 15-20 m thickness and S-wave velocity of approx. 500-700 m/s, and in the
third layer with a velocity above 1100 m/s. The accuracy of S-wave velocity estimation
for the first layer is £100 m/s, for the second layer £200 m/s, and for the third layer
+£500 m/s.

The comparison of the DTMs from May and October made it possible to compare
the image of the landslide surface (Figure 10a,b). There is a noticeable constant activity
of the landslide (Figure 10c). The land slides in an eastward direction by about 1-3 m.
The greatest activity is observed in the upper part and the lowest in the lower part of
the landslide.
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Figure 9. The MASW result. The slip surface is marked with a dashed line. At half the length of a
profile, a clear change in S-wave velocity was observed. At the bottom of a profile, there is a structure
with a higher seismic wave velocity interpreted as bedrock.
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Figure 10. Graphics showing the variability of the landslide’s surface using the DTMs: (a) The model
made in May 2019; (b) the model made in October 2019; (c) the model showing analysis of surface
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displacements in the landslide. The displacement planes were identified by direct observation in the
field, as well as a comparison of the DEM models.

4. Discussion

In most cases, the application of the standalone geophysical approach leads to sim-
plified results, that can be misleading during interpretation without detailed surface data.
Proposed in the article integration of multiple geophysical and remote sensing methods
can provide significantly higher resolution and precise recognition of the landslide [31].

The proposed methodology integrates the ERT measurements with MASW and SRT
in terms of subsurface methods. The joining element in the presented case is forward
modeling. Because of the sensitivity of MASW and electric methods to water content
in rock formations, such methods are well-suited for landslide investigations. However,
the main drawback, which is limited resolution in the MASW case, and lack of precise
result verification in terms of ERT, have a significant impact on the final interpretation
and possible misleading conclusions. The synthetic verification of the results can solve
described problems as a solution. By building the synthetic model based on the information
about structure shapes from ERT, Vs velocity from MASW and Vp velocity from SRT,
we could generate synthetic seismic shot gathers and compare them with real data. The
data comparison allows for the estimation of similar effects from geological structures.
Additionally, the proposed approach allowed for estimating how strongly each piece of
information from a single method influences the final subsurface model. The proposed
approach is cost-effective and provides spatial information, which is not possible with
borehole data. Because the acquisition is one of the most expensive parts of similar case
studies, the proposed methodology based on the same seismic dataset does not raise the
overall cost. The additional computational effort, despite being on average two times larger,
is still beneficial in the overall increase of final result reliability. Moreover, near-surface
processing is relatively fast. The proposed approach is only slightly more expensive than a
single method or multiple methods but done separately.

The proposed approach allows for solving multiple processing and
interpretation problems:

Recognition of complicated geological structures in a mountain environment
Distinguishing between the geological construction of the study site and the landforms
created by soil movement such as faults, the surface of rupture, sliding bodies

e  Estimation of the uncertainty of the results by the use of information about each
result’s reliability during synthetic model building
Cross-correlation of the information from different methods
Final result integration and validation by integration of data from electric and seismic
methods, and it is verified by comparing real seismic records with those obtained from
synthetic data

e  The problem of seismic wave propagation on the nearest surface is crucial for utilizing
FWI and reflection imaging techniques.

Due to the correlation of the data and subsequent clustering, more geological structures
can be distinguished (Figure 11). In the P-wave, there is a geological structure with a velocity
of approximately 2350 m/s, in S-wave velocity of approximately 300 m/s. In this place, the
geological structure is probably more waterlogged, which is also seen on the ERT, where it
manifests itself with very low resistivity.
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Figure 11. The synthetic models based on the integration of ERT, SRT, and MASW data. The
assignment of the velocity to the resistivity values was done manually, in margins as tight as possible.
Such an approach allowed for the solution of a problem with different profile lengths, because of the
clusterization of values to specific rock types. As a result, most of the structural information from the
ERT method was preserved.

The accuracy analysis performed takes into account the error of the technique. For
seismic, RMS is 1.47%. Comparing the synthetic model with the real model (Figure 12) using
the times of the first waveforms, it can be seen that the models agree. The same system of
layers is present. The velocities in subsequent layers differ from each other by +/—100 m/s,
which is within the limits of the determined error. Due to acoustic approximation, the S
wavefield cannot be correctly reproduced, and thus requires a fully elastic approach. It is
visible on the generated Love waves. Table 2 shows that the matching error is small. In the
first layer, the difference in velocity is the smallest.
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Figure 12. Comparison of the field observations (left shot gather) with the synthetic model wavefield
(right shot gather). The main characteristics of the wavefield can be recognized and compared,
including refraction (red frames), and reflections (green frames).
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Table 2. The first P-waves velocity in real and synthetic models.

Velocity in Velocity in the
Layer the Real Synthetic Difference (m/s)  Difference (%)
Model (m/s) Model (m/s)
1 1110 1120 10 1
2 2640 2610 30 1
3 2960 3030 70 2
4 4730 3550 1180 25

The deeper the layers, the more error-prone the seismic data and their interpretation.
The error of the method influenced the difference in the velocity of wave propagation in
individual layers, the accuracy of the approximation, the exact density value unknown,
and the rock material sliding, which disturbed the original structure of the medium and
changed its physical properties.

One of the most important problems of landslide research is to identify the depth,
course, and shape of the slide surface [5]. The final interpretation model (Figure 13) allows
for distinguishing slip surfaces, with several structures in the sliding body. The overall
shape of the landslide colluvium was imaged. Additionally, rock structures formed from
shales and sandstones can be distinguished. The image reveals a relatively large dip in rock
structures. Moreover, the overall information from ERT, MASW, and SRT data indicates that
the study site is characterized by relatively high velocities of non-sliding rocks, whereas
resistivity values can be described as low across the whole line. The Vs values estimated
from MASW data indicate low soil compactness in the sliding part. It is worth noting
that Vp velocities are significantly higher than Vs values, especially for deeper layers.
It can be interpreted as strong velocity anisotropy; however, such phenomena require
further studies. At this stage of the survey, the hypothesis that at the deeper layers, we
can observe fractured rock structures just below the surface of rupture can be stated. The
correlation of geophysical data with the DEM model reveals that the sliding body is rather
uniform in movement (Figure 13). Despite the low compactness of the sliding body, the
whole landslide has similar displacements on all visible faults and surfaces of rupture.
Because the displacement was estimated for the spring—autumn period with the first remote
sensing measurements shortly after winter, it can be stated that changes in soil moisture,
as well as a mass of artificial snow and its thawing, are the main triggering factor to this
landslide. Compared to the previous study in this landslide [65], we can observe almost
identical velocities of Vp between data from 2018 and 2019. This indicates that precisely
measured from TLS methods in this work, slip is caused by seasonal hydrological changes,
additionally amplified by anthropogenic actions. Moreover, it also indicates that the whole
initial structure of the sliding body is preserved, despite the occurring movement.

Using the analysis of changes in the velocity of the longitudinal wave Vp, the ge-
ometry of selected landslides in the Polish part of the Carpathian Mountains was also
estimated [63,66,94-96]. Studies of the nearby Miléwka landslide have revealed the pres-
ence of two slip surfaces that correlate with refraction boundaries [63]. In this case, the
ERT result reveals the shape of the slip surfaces. The estimated maximum thickness of the
landslide in Cisiec is 36 m, while in other areas of the Polish part of the Outer Carpathians
colluvium thicknesses of 30 m have also been recognized [66,96] based on the electrical-
resistivity method.
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Figure 13. Interpretive image based on the obtained results in correlation with the DEM. The red
arrow indicates the direction of the landslide movement. The integration of remote sensing and
geophysical data allowed for the recognition of the landslide headscarp, and the estimation of
colluvium displacement in time.

Since the presented results illustrate a landslide where human influence in the form of
artificial snowmaking on the slope is an important factor, it can be noted that the landslide
itself, despite the movement, is quite homogeneous. The reason for this can be attributed
to the stiffening effect of the highly compressed and firn-transformed artificial snow layer,
which causes homogeneous pressure on the landslide plane. In addition, the freezing
effect of thick snow cover seasonally “binds” the landslide body, causing the soil to remain
homogeneous even in spring, where the thawing effect is thus more uniform. A similar
effect was described in the work of de Jong et al. (2014) [107], where a significant increase
in ground compaction and thus variability in ground permeability was observed. This
explains the greater susceptibility of ski slopes to surface erosion, also observed on the
landslide in Cisiec. The additional influence of snow cover has been extensively discussed
by Matsuura et al. (2014) [108] and Kawagoe et al. 2009 [109], where, in Japan, natural
heavy snowfall has a significant effect on changes in hydrological properties, including
fluctuations in water pressure in the geological medium, and is thus closely related to
landslide movement.

As stated in the introduction, one of the purposes of this paper was connecting
ERT, SRT, and MASW methods using synthetic modeling and uncertainty analyses to
check the spatial variability and the slip surface of the Cisiec landslide. The idea of a
multi-geophysical methods approach, which can be adapted to diversified case studies,
was noted several decades ago [45,56]. Despite the fact that each landslide is unique,
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a general concept utilizing multiple geophysical techniques was proposed by several
researchers [45,47,55,56,110], however without in-depth uncertainty analysis. Following
the necessary modifications to the acquisition parameters, as well as to the data processing
and interpretation steps, the proposed approach in the article can be easy to adapt to other
cases. Thanks to the combination of multiple methods and their correlation, taking into
account measurement errors and making a synthetic model, it was possible to recognize
the geological structure more accurately—this concept minimized the ambiguity of the
interpretation of geophysical measurements. To reduce interpretation inaccuracy, the best
way would be geological drilling. However, verifying the result with drill cores is more
expensive, and data provides only point information. In the future, the methodology
presented in the article will be used for the long-term, time-lapse observation of the
described study site. This will allow for the analysis of changes over time and the evaluation
of possible anthropogenic triggering of the landslide.

5. Conclusions

The proposed methodology of integrated geophysical surveys with synthetic verifica-
tion consisting of resistivity and seismic measurements can be used to precisely determine
the shallow geological structure of a landslide in geologically and tectonically complex re-
gions. This concept also helps in determining the times of the seismic arrivals in the datasets
for different wave types. Such an approach can be integrated with modern methods, such
as FWI and HR], in further studies. These methods, providing much more accurate and
detailed resolution of subsurface images, require well-described initial models, and mul-
tiple a priori information to be effectively applied to near-surface studies. Among these
data are precise velocity fields with well-constrained geological structures, which can be
further enhanced with details from these methods. Additional boundary conditions will
reduce computation time by constraining the solution space. All these requirements can be
fulfilled by the concept presented in this paper.

The case study shows that the more methods used, the better the interpretation of the
geological structure of the landslide, especially in cases where additional triggering occurs.
For valid interpretation of geophysical results, all data should be verified. The presented
approach, although applied to a specific case, can be an example, where with a lack of bore-
hole information, the reliability of the result can be estimated. The ERT measurements led
to the approximation of the shape of geological structures. MASW enabled the distinction
of layers near the surface, while SRT helped to distinguish successive geological layers.
The created high-resolution DTM models, in combination with geophysical methods, al-
lowed a more comprehensive picture of the landslide structure to be created, increasing
the possibility of interpretation and data comparison. The methodology was applied to a
landslide where previous studies had been conducted to compare the evolution of ground
movement over time. The analysis of the results supported by the detailed uncertainty
analysis allowed tracking the temporal changes of the rupture surface and colluvium in a
case of seasonal and anthropogenically triggering landslide.

The work presented here provides a valuable framework for further studies of un-
stable slopes, through a multimethod concept. Nevertheless, it is also recommended that
geological drilling should be carried out to finally integrate geological data with geophys-
ical imaging. As the study of landslides requires a holistic approach, further imaging of
landslide changes is necessary, especially using the latest geophysical imaging methods.
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