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Introduction

Precise digital models have become a widely used data
source in geomorphology (Jaboyedoff et al. 2012) and
are also often used for landslide research. High-re-
solution light detection and ranging (LiDAR)-based
digital elevation models (DEMs) seem to be the ideal
tool for interpreting relief. They are very legible and
so the visual interpretation of DEMs has become qu-
ite a widely used research method in landslide map-
ping (Eeckhaut et al. 2007, Kroh et al. 2014, Domlija
et al. 2014, Leopold et al. 2017, Dolzan, Jemec Aufli¢
2017). DEM analysis seems to be an alternative to
costly and time-consuming fieldwork (Gorum et al.
2011). Complex analysis of a Geographic Information
System (GIS) and the application of automated algo-
rithms are very interesting but they will remain the
domain of researchers in the coming years. On the
other hand, the visual interpretation of digital terra-
in models is increasingly becoming the simplest tool
that is most widely used by spatial planners and other
practitioners to determine the extent of landslides.
Visual interpretation of DEM continues to be the
main interpretation tool at smaller scales, for prac-
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titioners, spatial planners, and researchers in geo-
and biosciences who focus more on environmental
studies than on modelling, the development of visual
interpretation methodologies still appears to be rel-
evant and justified. Even though research has been
conducted based on such data for more than two dec-
ades, the interpretation still poses many challenges.
The visual readability of the data, the possibility of
2.5D (and sometimes 3D) interpretation, and confi-
dence in the high measurement accuracy have meant
many researchers do not verify field results on a larg-
er scale. Inconsistencies in landslide data resulting
from the DEM interpretation and field mapping have
also been noted by Kroh et al. (2014) and Kroh (2017,
2019) on flysch mountains, Eeckhaut et al. (2007) on
wooded loess areas in Belgium, Leopold et al. (2017)
on agricultural loess areas in China, and Dolzan and
Jemec Aufli¢ (2017) on the Slovenian Alpine foot-
hills. The misinterpretations in these studies have
shown, for example, that interpreters often focus
only on the active parts of a landslide while ignoring
its actual extent; they may interpret larger landforms
(such as small valleys or catchment boundaries) as
landslide areas, or fail to identify slow-moving land-
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slides whose landforms are less distinct. Visual in-
terpretation is a method that does not provide strict
criteria for landslide delimitation. Its essence is based
on the interpreter’s intuition and on “reading the re-
lief” in a DEM using geomorphological experience,
without relying on clear criteria. Thanks to this ap-
proach, the method is widely used by practitioners,
spatial planners, and researchers who are not experts
in geoinformatics or geostatistics. The high resolu-
tion of modern DEMs and the development of their
transformations (such as SVF and TPI, explained be-
low) provide a very good balance between time effi-
ciency and reliability. Defining strict criteria for DEM
interpretation has been developed by GIS specialists
and is used for automated landslide mapping, but it
requires users’ expertise and supervision of the al-
gorithms. This is one of the reasons why the more
“primitive” and intuitive method continues to be
used and developed worldwide. While the detection
of a single landslide on a homogeneous slope is not
a major problem even for a layperson, the interpreta-
tion of complex landslides or various objects (both
deep-seated and shallow landslides) on a larger scale
is somewhat difficult. The accuracy of visual map-
ping can be relatively high and reaches 74% accuracy
(Kroh et al. 2014), but errors in areas that are ambig-
uous to interpretation are difficult to avoid.

Geophysical methods have recently become a very
popular tool for characterizing various geological
forms. The possibility of using geophysical methods
results from the fact that subsurface discontinuities
like crevices, caves, and rock mass displacements
cause a contrast between the surroundings, which
can be observed as anomalies (geoelectric, seismic,
magnetic, and gravimetric) detectable by geophysical
methods (Abu-Shariah 2009). Electric, electromag-
netic, and seismic methods are commonly used for
studying landslide areas.

However, electrical resistivity tomography (ERT)
is the most popular method used in the study of
landslides. It is widely applied to: recognize the inter-
nal structure and material composition of the land-
slide body (Batayneh, Al-Diabat 2002, Lapenna et al.
2003, Bichler et al. 2004, Drahor et al. 2006, Jomard
et al. 2007, Schrott, Sass 2008); identify the depth
of the sliding surface (Suhendra et al. 2024, Sigdel,
Adhikari 2020), determine the anthropogenic trans-
formation (Sun et al. 2024, Samodra et al. 2020);
recognize the degree of movement of rock masses
and the impact on the infrastructure (Samodra et al.
2020, Tsai et al. 2021, Wrébel et al. 2022, Lapenna,
Perrone 2022); and monitor ground saturation (Tsai
et al. 2021). Sass et al. (2008) indicate that ERT is a
method that provides high-resolution identification
of subsurface structures, which forms the basis for
a detailed and comprehensive interpretation of land-
slides. Panek et al. (2010) attempted to use ERT to
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determine the location of active rock deformations
and the internal structure. The ERT method also
makes it possible to identify the mechanisms and sta-
bility of landslides and to detect the expansion joints
in deformed slopes, fracture zones, less compact
segments, as well as lithological-tectonic and grav-
ity-induced structure elements (Pdnek et al. 2010).
Additionally, the work of Kasprzak et al. (2016, 2019)
and Migon (2017) confirmed that ERT is an effective
tool for imaging subsurface structures and litholog-
ical contrasts in mountainous environments, thus
highlighting its broad geomorphological applicability
in the study of slope processes. On the Carpathian
flysch, ERT was also used in previous research. ERT
combined with DEM was successfully used by Cebul-
ski et al. (2020) to enable a detailed reconstruction
of landslide dynamics, identify movement types and
active zones, and recognize a stable sandstone ridge
within the otherwise mobile colluvium. Similarly, ap-
plications of ERT in landslide investigations across
the Outer Carpathians by Marciniak et al. (2021) and
Wrébel et al. (2022) yielded high-resolution subsur-
face images that facilitated the reconstruction of dis-
placement zones and the identification of active sec-
tors, further demonstrating the strong effectiveness
of this method in Carpathian flysch settings.

Despite the increasing accuracy of LiDAR-based
DEMs, misinterpretations still occur. The three study
sites presented in this paper, as well as examples of
other geomorphologically ambiguous terrain, aim to
draw attention to the limitations of analyses based
solely on geoinformatics data. This study aims to use
the interdisciplinary analysis of LiDAR data for land-
slide mapping with verification from the visual inter-
pretation of DEM using geophysical surveys in places
with ambiguous landslide boundaries. These precise
methods allow us to answer the question “Is there a
landslide?” without any doubt, thus providing great-
er accuracy for analyses based on a DEM. This study
is the first to combine DEM visual interpretation and
ERT verification in Gorce National Park, filling the
gap in the validation of landslide mapping methods
in the region.

Both methods — visual interpretation of DEM and
geophysical ERT — are popular in landslide research
worldwide. Until now, DEMs have most often been
used for the delimitation of landslide areas, whereas
ERT, similar to other geophysical methods, has been
applied to specific landslides to analyse their inter-
nal structure. The novelty of our methodological ap-
proach lies in combining these methods, which were
previously used separately and at different scales,
to achieve more reliable results in large-scale land-
slide mapping. The reliability of the results, as well
as the interpretation and validation of the data used,
is crucial for the development of the methodology.
The authors hope that these methods will be useful
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for landslide researchers and practitioners, especially
those working on landslide mapping using DEMs.

Study area

The massif known as the Gorce Mountains is a lati-
tudinal mesoregion located in the central part of the
Outer Western Carpathians (Solon et al. 2018). It is
composed of the Carpathian flysch, from the Magura
Unit (Szczech et al. 2016), consisting of alternating
sandstones, shales, and marls of the flysch series da-
ting from the Cretaceous to the Oligocene (Forma,
Zuchiewicz 2002, Oszczypko, Oszczypko-Clowes
2012) (Fig. 1). Profiles 1 and 2 are situated in an area
where the bedrock is classified as the Krynica Sub-
unit, while Profile 3 is located in an area belonging
to the Bystrzycka Subunit of the Magura Unit. The
research area is composed of thick-, medium-, and
thin-bedded sandstones, shales, marls, and conglo-
merates (Forma, Zuchiewicz 2002) (Fig. 2). In gene-
ral, the Gorce Mountains are intermediate mounta-
ins with strongly incised V-shaped valleys, relatively
flat ridges, and steep slopes (Klimaszewski, Starkel
1972). The highest peak of the massif is Turbacz,
with an elevation of 1310 m a.s.l. The foothills of the
Gorce Mountains on the southern side (Orava-No-
wy Targ Basin) are at an elevation of approximately
580 m a.s.l., and on the northern side, in the area of
Mszana Dolna, at approximately 450 m a.s.l. Thus,
the elevation differences in the massif exceed 850
meters (Kroh, Pawlik 2021). Apart from fluvial ero-
sion, mass movements are the main factor that has
reshaped the relief of the Gorce Mountains (Buczek
2019). Landslide activity in the Gorce Mountains, as
in the entire Western Carpathians, is connected with
humid periods during the Holocene (Margielewski
1998). The oldest dated organic matter from landsli-
de deposits in the Gorce Mountains is approximately

11,000 cal BP (Buczek 2019) and 9,600 cal BP (Kroh
et al. 2021), but landslide activity is also observed to-
day. The largest landslide event in recent decades oc-
curred in July 2010, when approximately 1,345 land-
slides were reported (Grabowski, Przybycin 2010).
Landslides in the Gorce Mountains have been
studied for a long time (Kroh, Pawlik 2021) but to a
lesser extent than for neighboring mountains. An im-
portant, long-term research area has been the valleys
of the Jaszcze and Jamne streams, where environ-
mental processes have been studied since the 1960s
(Obrebska-Starklowa 1969, Niemirowski 1974, Ger-
lach 1976, Bucata et al. 2016). In the last decade,
various researchers noticed the gap in the knowledge
about landslides in the Gorce Mts., and several re-
search centers are currently dealing with landslide
and dating processes in these mountains. The Gorce
Mountains area is covered by a detailed geological
map of Poland (SMGP) at a scale of 1:50,000 (Sheets
Rabka 1032, Mszana Gérna 1033, Lacko 1034, Nowy
Targ 1049, Kroscienko 1050). The core of the massif
is located on the Mszana Goérna (1033) sheet, onto
which landslide areas have been mapped. Most areas
identified as susceptible to landslides between 1953
and 1974 (the period when field photographs were
taken) were underestimated. The true extent of land-
slides in these mountains is much greater. Within
the borders of the national park, the latest research
shows the existence of 1,285 ha of landslides, but
in the SMGP, there are only approximately 660 ha
of landslides. This large difference may result from
the methodology of work, the fact that the mapping
teams focused on geological (not geomorphological)
research, and that the area was heavily overgrown
with vegetation, making it difficult to delimit large
forms. The Gorce area located outside the national
park, was mapped for landslides as part of the con-
struction of the Landslide Counteracting System
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Fig. 1. Location of research area, region delineation by Solon et al. 2018
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Fig. 2. Geology and relief of the study area. Geology units
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(SOPO) by the Polish Geological Institute-Nation-
al Research Institute (PIG-PIB). Between 2009 and
2012, all areas of Gorce municipalities outside the na-
tional park were mapped (Jurewicz et al. 2009, 2012,
Konon et al. 2009; Lewandowski et al. 2010, Olszak,
Kaczmarczyk 2011, Rubinkiewicz et al. 2012). The
latest comprehensive study carried out within the
park is the landslide occurrence map, which is the
subject of this publication and was the element of the
grant project funded by the Polish National Science
Centre. Many researchers have studied the Gorce
landslides in detail. Zbojecka Jama Cave in Jaworzy-
na Kamienicka was analyzed as an example of a ten-
sion crack being the initial stage of development of a
landslide slope (Margielewski, Urban 2003). Wrons-
ka (2006) and Wronska-Watach et al. (2013) drew
attention to the important role of landslides in the
formation of spring sinkholes. Lakes and peat bogs
formed within the Gorce landslides are also a very
important source of information about the natural
history of this area. The sequence of sediments from
Lake Iwanowskie (Bucata et al. 2014) in the Luban
range made it possible to determine the human im-
pact on the environment in this area. Biogenic peat
bog deposits at three sites in the Gorce Mountains
have also been recently dated by Buczek (2019) and
Kroh et al. (2021). Sediments from the Gorce ranges
allowed for the collection of additional information
on the development of the landslide landforms of the
massif and climatic changes in the Gorce region in
the Holocene. The mechanism of rockslide formation
and the dating of landslide processes in the neigh-
boring Beskid ranges (Beskid Sadecki, Wyspowy, and
Sredni) (Margielewski 2018, Kotaczek et al. 2020)
have been identified very precisely thanks to thor-
ough and long-lasting research. This research has
allowed both the reconstruction of climate changes
(Margielewski 2018) and analysis of the changes in
the Carpathian flora during the Holocene (Bucata et
al. 2014, Kotaczek et al. 2020). Thus, there is now
a reference point for subsequent landslide studies
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in this part of the Carpathians. Geostatistical ana-
lyses of the national park area made it possible to
determine the extent of landslides (Szczepanek et al.
2024), indicating the possibility of developing analy-
ses based on a precise DEM.

Data and Methods

The methodology for landslide mapping over lar-
ge areas still needs to be developed to ensure both
effectiveness and reliability. This article is part of a
larger project focused on mapping landslides thro-
ughout the entire Gorce Mountains National Park,
which covers about half of the Gorce massif. The first
step of this project was landslide mapping across the
whole area of the national park based on DEM data.
Subsequently, field verification, detailed mapping,
and ERT profiles were conducted on smaller study
sites that were unclear during DEM interpretation.
The presented results are one element of a large-scale
mapping focused more on identifying landslides than
on understanding their mechanisms.

DEM analysis

The main material analyzed in this study is the DEM
based on laser scanning performed in Poland as part
of the construction of the IT system of the Country’s
Protection Against Extreme Hazards (ISOK). The in-
put data for the DEMs was a point cloud produced via
Airborne Laser Scanning (ALS). The scanning was
done at a minimum density of 4 point*m-2 during
the period of reduced vegetation (November to April)
at a transversal scan angle of <= 25 degrees (We-
zyk 2014). Filtering and classification of the point
cloud were performed during post-processing, before
the point cloud was delivered to the Head Office of
Geodesy and Cartography. Therefore, the point cloud
downloaded from governmental sources was already
classified. The owner of the point cloud declares a
classification accuracy of at least 95%. The DEM was
generated at a resolution of 0.5 m in the Global Map-
per 15 software, using the ‘ground’ class. This reso-
lution was the highest level of detail that could be
achieved given the available point cloud density.

The landslide vectorization was performed on
a DEM-derived raster surfaces. These layers were:
hillshade (angles: 45°, 135°, 225° 315°), slope, Top-
ographic Position Index (TPI) at three resolutions,
Topographic Wetness Index (TWI) at three resolu-
tions, total Sky View Factor (SVF), as well as nega-
tive and positive openness. The TPI and TWI coeffi-
cients were calculated using QGIS software, and the
free Slovenian application was used to calculate SVF
and openness (Zaksek et al. 2011, Kokalj et al. 2011).
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After mapping landslides on the DEM, field verifi-
cation was performed which consisted of checking the
boundaries of the vectorized landslides, confirming
their occurrence, and visualizing areas where land-
slides were not detected in the DEM. As a result of the
field verification, areas with the greatest inconsisten-
cy between the DEM data and the landforms were
identified. Consequently, these areas were accepted
as research fields for further analysis and geophysi-
cal measurements. The geophysical measurements
aimed to confirm or deny the existence of landslides
in doubtful areas and to determine the extent of the
occurrence. A hand-held Garmin 64s satellite naviga-
tion receiver able to read signals from two systems —
GPS and GLONASS - and the mobile tMap software
from TaxusIT, which enables vector mapping in the
field based on the DEM and the geoposition, were
used when mapping landslides.

ERT profiles were marked in three places:

Profile 1 was where the DEM showed no landslide,
but field mapping indicated the occurrence of a
shallow landslide.

Profile 2 went through a clearly occurring deep-se-
ated landslide. This profile aimed to obtain in-
formation on how well the existing landslide was
reproduced on the DEM - what landforms corre-
spond to the situation below the surface.

Profile 3 was marked in an area whose relief is very
difficult to interpret. Visual analysis of the DEM
may indicate the occurrence of landslides; howe-
ver, indicating the boundaries of potential landsli-
des is a big problem.

Electrical resistivity tomography

Electrical resistivity tomography (ERT) was car-
ried out using the LUND electrical imaging system
with a Signal Averaging System (SAS) 4000 Terra-
meter produced by ABEM & Mala (Guideline Geo).
The measuring system automatically measures the
electrical resistivity values between individual elec-
trodes along the profile line. The system consists
of 41 electrodes and two cables with 21 takeouts
and a maximum space of 5 m between electrodes.
We conducted a roll-along survey to obtain profiles
longer than 200 m. The distance between the elec-
trodes was a = 5 m, and the Wen-ner-Schlumberger
electrode configuration was used for all the profiles.
This electrode array is moderately sensitive to both
horizontal and vertical structures and has fairly good
signal strength (signal-to-noise ratio) compared to
other electrode configurations. The selected electro-
de spacing was chosen to provide a balance between
the resolution of the near-surface layer and the depth
of investigation, allowing the detection of structural
heterogeneities within the landslide body while also
achieving sufficient penetration to reach the expec-

ted slip surface at depth. The profile length was selec-
ted to cover the entire landslide zone from the crown
to the toe, while also extending into stable ground
beyond the margins of the unstable area, ensuring
reliable resistivity contrasts. The achieved depth of
investigation was primarily constrained by the maxi-
mum electrode spread of 200 m and the capabilities
of the available measurement equipment, which limi-
ted the effective penetration to approximately 40 m,
which is appropriate for characterizing the geometry
and internal structure of medium to deep-seated
landslides.

Three ERT profiles were carried out during the
fieldwork on three landslides to confirm the land-
slides’ geological formation. The lengths of the pro-
files were 300, 500, and 500 m for ERT1, ERT2, and
ERTS3, respectively. The electrode spacing made it
possible to obtain the maximum penetration depth
of approximately 40 m for all profiles.

The ERT data were processed and interpreted us-
ing RES2DINV (Geotomo Software). The program
uses the smoothness-constrained Gauss-Newton
least-squares inversion technique to determine a
two-dimensional (2-D) resistivity model for the sub-
surface from the apparent resistivity data. The result-
ing model was based on 495, 952, and 963 measured
points for ERT1, ERT2, and ERT3, respectively. The
inversion was performed with the constrained least-
squares formula, using an initial damping factor of
0.160 (minimum damping factor 0.015). The factor
was increased with depth by a value of 1.05 and was
not optimized for each iteration. A flatness filter was
applied to the model perturbation vector, and the
Jacobian matrix was recalculated for the first two
iterations with a normal mesh. Forward modelling
employed the finite-element method, and the inver-
sion was carried out with an incomplete Gauss—New-
ton solution using a convergence limit of 0.005. The
model cell width was set equal to the electrode spac-
ing, with two nodes defined between adjacent elec-
trodes. To incorporate the topography into the inver-
sion model, we chose a distorted finite-element grid
with damped distortion (damping factor = 0.75). The
root-mean-squared (RMS) error, which describes the
difference between the calculated and measured ap-
parent resistivity values by adjusting the resistivity of
the model blocks in each iteration process, was 4.5%
(ERT1), 6.8% (ERT2), and 3.4% (ERT3), which indi-
cates the rather good quality of the models but also
the complexity of the landslide.

Landslide presence and depth were determined
based on the most commonly accepted interpreta-
tion of resistivity results on ERT profiles worldwide.
The sliding surface is almost always more humid
than the landslide body. Additionally, the bedrock or
slope material typically has a much denser structure
compared to the landslide body, due to the mixed
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grain size distribution of the colluvium as a result
of transport. Depending on the geological setting,
typical ERT cross-sections of landslides are char-
acterized by low electrical resistivity zones (usually
from a few to several dozen m), indicating saturated
or fine-grained material, and high electrical resistivi-
ty zones characterize solid, dry fractured bedrock or
dry, coarse material. The transition zone corresponds
to the slip surface marked as a concave upward, often
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Fig. 3. Landslides in the Gorce National Park area. Delimita-
tion of landslides by authors
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Fig. 4. Geological structure suggesting different landslide scarp delimitation
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dips gently downslope, and appears as a boundary
between low and high resistivity electrical layers.
These premises have allowed many researchers to
interpret lower resistivity sections on the profile as
the sliding surface (Bonetto et al. 2013, Masetti et al.
2013, Di Maio et al. 2016).

Results

A total of 165 landslides were identified during the
mapping of the entire National Park (Fig. 3). Most
of them are inactive and can be recognized as stable
landforms, with clearly visible niches and colluvial
deposits. The majority are rock rotational slides, fol-
lowing the updated Varne’s classification (Hungr et
al. 2014), which is typical for the Polish Outer Car-
pathians within the Carpathian Flysch Belt. Many of
these landslides have contributed to increased biodi-
versity, as the less steep and more humid conditions
within landslide niches often support diverse forest
associations, with a greater presence of habitats cha-
racteristic of stream source areas.
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In some locations, visual interpretation of
LiDAR-based DEM data proved to be unreliable.
Therefore, field verification was conducted through-
out the entire area. The most challenging areas for
landslide delimitation were associated with three key
factors:

— Locations where the geological structure was cle-
arly visible in the high-resolution DEM, and its
appearance could be misinterpreted as landslide
scarps (Fig. 4);

— Slopes where surface relief-shaped by both geo-
logical structure and weathering were so spatially
varied that they suggested the presence of collu-
vium, but without clearly defined niches above,
interpreting potential landslide landforms was
difficult (like in profile 3 below);

— Areas where landslide landforms are so extensive
that they cover nearly the entire slope.

In three geomorphologically ambiguous terrain
sites located in the eastern part of the massif, geo-
physical surveys were carried out to support landslide
mapping and verify visual interpretations. Profiles 1
and 2 are situated on the northwestern slopes of Gorc
Peak (1228 m a.s.l.), with landslides extending from
approximately 1140 to 880 m a.s.l. Profile 3 is located
on the southern slopes of the Swinkéwka ridge, be-
tween 1080 and 930 m a.s.l. (Figs 1, 2).

Profile 1

The landslide was identified during field mapping.
Analysis of the DEM (hill-shade 45, 135, 225, 315;
slope, TWI, TPI (2, 10, and 33 m), positive and nega-
tive openness, SVF) was performed, but none of the-
se raster versions showed the occurrence of a landsli-
de. It was mapped during field mapping as a shallow
weathering landslide. Conflicting data from the field
and model analyses prompted the question “is there
a landslide?” and the selection of this place for an
ERT1 profile (Fig. 5).

ERT shows the occurrence of a shallow landslide.
The lower resistivity values (11-115 Qm), constituting
one spatial whole from 30 m to 250 m of the profile,
correspond to the boundaries mapped in the field.

980+

960

1" 53 115 247

electrical resistivity (2m)

The increase in surface resistivity (above 115 Qm) at
around 130 m of the profile is related to the course
of the road, which cuts into the slope and addition-
ally retains surface water. However, the decrease in
resistivity recorded between 135 m and 175 m (11-
115 Qm) is related to the occurrence of increased
humidity of the surface formations. A sharp change
in resistivity at a depth of approximately 4-5 m be-
low ground level indicates the sliding surface, which
separates the displaced soil masses from the more
heterogeneous bedrock. The bedrock includes sand-
stone layers, visible as three sections with resistivity
values above 530 Qm. A significant increase in resis-
tivity from 255 m indicates leaving the landslide area
and moving to the lower part of the profile on rock
formations that were cut by a stream. ERT confirms
the thesis that not all landslides are visible in DEMs,
even if various raster backgrounds are interpreted.

Shallow, slow-moving landslides are often associ-
ated with changes in vegetation cover. In this case,
however, vegetation is not a factor influencing the
process. The area belongs to the strict protection
zone of the national park, where no forestry man-
agement is carried out. The forest structure consists
of beech (60%), spruce (30%), and fir (10%), with
an average age of 110 years. The trees are sparsely
distributed, and in the lower forest layer, natural re-
generation (mostly beech) covers about 10% of the
area. Such vegetation structure is neutral for shallow
landslides in the Flysch Carpathians - it does not
increase landslide susceptibility, but it also does not
strongly stabilize the upper soil layers.

Profile 2

Profile 2 was conducted through a deep-seated land-
slide, which is very clear to identify on the DEM. The
main scarp is very clear, regardless of the analyzed
raster background. All formations are easily recogni-
zable, showing a large landslide and three scarps oc-
curring within them (Fig. 6).

The ERT profile was planned in such a way that
it ran through two distinct landslide scarps and also
included the lower part of the colluvium. The profile

a=5m
RMS =4.5%
531 1145

Fig. 5. Inversion results of ERT measurements of profile ERT1 and DEM of landslide 1
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Fig. 6. Inversion results of ERT measurements of profile ERT2 and DEM on three different terrain images

aimed to determine whether individual fragments of
the scarp constitute one large landslide, within the
boundaries of which a secondary scarp was formed,
or whether these are genetically independent forms.
Obtaining such information would enable the inter-
pretation of the DEM in terms of landform features
indicating the above-mentioned genesis.

Both landslide scarps are clearly marked by a
very strong reduction in resistivity on the ERT pro-
file (around 53 Qm). This reduction also shows the
course of the main sliding surface, which classifies
them as rotational landslides according to Varne’s
classification (Hungr et al. 2014). The location of
the resistivity reduction corresponds to the location
of the landslide scarps in the field and on the DEM.
Unfortunately, the landslide turned out to be much
deeper than researchers expected. The depth of the
ERT profile exceeded 40 m and proved to be insuffi-
cient for providing a clear answer to the question of
whether it was one or two landslides. A significantly
different shape of the course and a smaller depth of
the layer of lower resistivity in the area of the lower
scarp would suggest the occurrence of one landslide
with secondary displacement. This concept is also
confirmed by a distinct layer of reduced resistivity at
a depth of approximately 10 m in the lower part of
the colluvium. The section with the highest resistiv-
ity (marked in red, above 600 Qm) indicates areas
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with an accumulation of sandstone blocks above and
below the main scarp. The section beyond 300 m of
the profile shows diverse resistivity with general-
ly low values (~50-250 Qm), which corresponds to
mixed colluvial deposits containing a high propor-
tion of sandy-clay material.

These results indicate that the visual analysis of
the DEM is highly correct. Determining the bounda-
ries of the landslide, landslide scarps, and the extent
of the colluvium in the case of deep-seated landslides
is not very difficult and is characterized by a low
probability of error.

Profile 3

The third research site was chosen owing to the very
ambiguous image of the area. At the stage of visual
interpretation, three versions of “landslides” on this
slope were created, and all three seemed probable to
the authors. Three DEM transformations are presen-
ted in Figure 7. Field mapping only partially clarified
the picture — it indicated areas where landslides were
impossible. The interpretation of landforms was so
ambiguous that it was decided to conduct an ERT
profile.

The ERT method confirmed the absence of land-
slides on Profile 3. The zones of reduced electrical
resistivity (below 531 Qm), clearly occurring at 160,
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Fig. 7. Inversion results of ERT measurements of profile ERT3 and DEM on three different terrain images

305, and 415 m, indicate that they are not a landslide
sliding surface. The regularity suggests the presence
of rock layers of higher density or moisture on the
surface, probably shale interlayers between sand-
stones, which are typical in flysch areas. The lower
part of the profile, which is a large fraction of de-
bris formation, is not a colluvium, but a specifically
weathered geological layer. This is evidenced by its
arrangement relative to the slope, the lack of a sliding
surface on the ERT profile, and the lack of landform
features that would indicate landslides in this part of
the area. The zones with the highest resistivity val-
ues (red, exceeding ~800 QOm) indicate the presence
of block-weathered sandstone. The deep, vertically
running zone with a reduction in resistivity at 415 m
of the profile is probably a small, unrecognized fault.
This could also be related to a larger fault shown on
geological maps (Fig. 2) located in close proximity to
this profile. The low resistivity of the end of the pro-
file (below 53 Qm) is related to the spring sinkhole,
strong substrate moisture, and the spring zone of the
stream.

Discussion

Visual interpretation of DEMs is still the most frequ-
ently used method for quick and large-scale mapping
of landslides, although the first applications of these
methods were implemented almost two decades ago
(Eeckhaut et al. 2007, Jaboyedoff 2012). The Gorce
Mountains exhibit a wide spectrum of landslide ages
(Buczek 2015, Buczek 2019, Kroh et al. 2021). Most
of them, however, can be classified as “old,” follo-
wing the understanding of landforms introduced by
the first advanced research using LiDAR in landslide
mapping (Eeckhaut et al. 2007). Our research once
again clearly confirms the usefulness of this tool.
The lack of strict delimitation criteria and the intu-
itive nature of the method mean that visual landslide
mapping on high-precision DEMs is fast and — para-
doxically, despite the absence of clear criteria — highly
accurate. LiIDAR techniques are highly effective for
detecting all types of land surface deformations, allo-
wing both shallow and deep-seated landslides to be
mapped with these methods (Jaboyedoff 2012). By
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comparing the effectiveness of DEM visual interpre-
tations from the early days of LiDAR usage, readers
can see that the experience gained by researchers
worldwide over the past two decades — combined
with the development of GIS techniques, such as the
common use of TPI, TWI, openness, or SVF indexes
in raster transformations — has led to expert visual
interpretations that are now far more accurate than
those achieved in the early 2000s (Eeckhaut et al.
2007, Kroh et al. 2014).

These can be particularly effective in determining
landslide areas for spatial planning purposes. They
also enable the identification of questionable areas,
potentially at risk of slippage and landslides, by no-
ticing fragments of slopes where the slope morpholo-
gy differs from the neighboring slopes.

Differences between digital mapping on the DEM
and the field corrected results at the scale of the en-
tire national park were surprisingly small. Only one
small shallow landslide was missed on the DEM
(which became the study site with Profile 1 described
in this paper). One part of the slope was initially vec-
torised as a landslide, although it did not represent a
true landslide, which was later designated as Profile
3. A clearly visible geological structure caused some
confusion but did not lead to mapping errors. Other
corrections made after the fieldwork involved split-
ting one landform into two, but within almost the
same boundaries (Table 1).

However, it must be remembered that the inter-
pretation of DEMs is not as easy and unambiguous
as it seems at first glance. Despite the use of precise
raster material and extensive experience in mapping
landslides, the DEM failed to detect a shallow land-
slide, which subsequently became the subject of re-
search on Profile 1. The ERT method confirmed the
existence of the landslide, thereby verifying the in-
correct interpretation of the DEM and the accuracy
of the terrain mapping.

The same thing happened for Profile 3. The “ini-
tial vectorisation” interpretation of the model turned
out to be completely wrong. However, it pointed to
a place that is difficult to interpret. Thanks to this,
field verification and re-mapping were carried out.
Field interpretation and a more detailed analysis of
a fragment of the model allowed for a more correct
delimitation of the landslide boundaries in this area.
ERT confirmed the absence of a landslide, that is, the
correct interpretation made “in the second mapping”
after field verification.

Correct visual mapping of landslides requires fol-
lowing certain procedures. The interpretation of the
DEM is not as clear as it seems at first glance. The
very high plasticity of DEMs seems very easy. Accord-
ing to the authors, to correctly interpret the DEM in
terms of landslides, each vectorized fragment should
be analyzed on backgrounds such as hillshade illumi-
nated from four angles, slope, aspect, SVF, and TPI.

Table 1. Mistakes or difficulties in DTM interpretation met during landslide mapping in Gorce National Park

Mistakes or difficulties

. . . Reason of missinterpretations
in DEM interpretation P

How to avoid ERT role

False negative
interpretation (missing
shallow landslide)

Only surface movement;
poorly visible landform in the
field and on the DEM.

False positive
interpretation (slope
morphology treated as
landslide)

Landslide slopes often have
undulating microrelief in
Carpathian flysch regions.
Non-landslide slopes with
similar relief (rare) can appear
as landslides on the DEM.
Initial vectorization was

done on slope, openness, and
hillshade rasters in grayscale.
These showed the presence

of a landslide, so the entire
area with landslide relief was
mapped as a single landform.
A geological structure visible
on the DEM often resembles a
resistant layer, which can look
similar to a landslide scarp.

Improper delineation
of landforms within
larger landslide areas
(mapping separate
landslides as one
landform)

Geological structure
misinterpreted as
landslide scarp

DEM interpretation should be
done by a researcher with field
mapping experience. This increases landslide.
the chance of proper delimitation
in ambiguous areas and helps
identify places for field verification.
Identify the main scarp and
colluvium range on the DEM. If

Landslide scarps are usually less
regular than geological structures.
Geological layers often continue
through the mountain range with
the same orientation in valleys and of a landslide.
ridges.

Confirms or excludes
the presence of a

Confirms or excludes
the presence of a

clear delineation is not possible, landslide.

mark the area for field verification.

Conduct a more detailed analysis ~ ERT usually not
using different DEM rasters, necessary.

including aspect maps in color.
Analyze additional topographic
elements (e.g., stream network).

A more detailed DEM
analysis is usually
sufficient. ERT confirms
or excludes the presence
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Analyzing only the hillshade model, which is most
available on, for example, government geoportals,
may lead to very serious errors. Additionally, it is
necessary to interpret the model at least twice. Land-
slides vectorized “at the initial vectorisation” should
be verified by another researcher, or by the same one,
but after a long break (from the authors’ experience,
it should be at least week or two) after vectorization.
Questionable places should also be identified and
verified in the field.

The resolution of the DEM can also influence the
detail of landslide mapping. Too low resolution may
cause smaller landslides to be missed. In our case,
this is not a significant problem. A 0.5 m resolution
at both the whole massive and slope scales provides
confidence that even very small landslides will not
be omitted. We generated the DEM from the point
cloud ourselves to control all parameters used in its
creation. Comparing our DEM with those available
on the official governmental geoportal, we conclude
that, at our scale of research, the difference between
0.5 m (our DEM) and 1 m (governmental data) res-
olution would not affect the precision of landslide
mapping.

Limitations and errors of the ERT method could
be described at measurement stage, inversion pro-
cess and at interpretation stage. The difficulty of the
complicated terrain of the landslide can be a source
of poor electrode grounding, causing data quality
problems and data gaps. The solution for improving
the electrode contact can be, e.g., watering or possi-
bly connecting several electrodes to each electrode
point. Uncertainties connected with the ERT meth-
od can also be caused by the wrong cable connection
and coupling between the cables, which are sources
of systematic errors (ABEM 2018).

The measurement parameters, such as electrode
spacing and profile length, which correspond with
the maximum depth range, and the resolution of
the near-surface layer, should be aligned with the
landslide characterization. The selection of the ar-
ray configuration type can also impact the shape of
the anomalies visualized in the model. However, the
most common array configuration used for landslides
is Wenner-Schlumberger due to its moderate sensi-
tivity to horizontal and vertical structures, better
horizontal coverage, and good signal strength com-
pared to other arrays (Loke 2004).

During the interpretation stage, a small contrast
between the landslide body and bedrock can cause
problems in accurately delineating the exact location
of the sliding surface. A similar effect can be caused
by the low resolution of the ERT measurements.
The non-uniqueness of the inversion model related
to the range of models created based on the same
calculated apparent resistivity values in the land-

slide application is emphasized by the variation of
the structure of the material (including rock, debris,
soil, or their combination), including the geological
structures like faults, high groundwater levels, and
fractured bedrock, displacement, and strain. The
non-uniqueness can be reduced by the assumptions
concerning the nature of the sub-surface from maps
and boreholes of the surrounding area, other geo-
technical surveys, and geodetic measurements, and
incorporated into the inversion subroutine (Olabode
et al. 2022).

Geophysical methods are time-consuming, both
during data acquisition and due to the need for trans-
porting heavy equipment to remote locations; how-
ever, the results they provide are highly reliable. A
main scarp (a steep slope break or a crown) on the
DEM may correspond in ERT to a near-surface high
electrical resistivity zone interpreted as relatively dry
and competent materials such as debris or shallow
bedrock transitioning into a lower electrical resistivi-
ty layer beneath, indicating a potential shear zone or
failure surface. The toe of the landslide, character-
ized in the DEM by an abrupt convex break or accu-
mulation, often corresponds to low resistivity zones
in ERT, suggestive of saturated or poorly compacted
materials, which is a common feature in colluvial de-
posits. Meanwhile, concave-upward electrical resis-
tivity boundaries in ERT, dipping downslope, often
align with subsurface failure planes. These zones
also intersect features like midslope benches or in-
ternal scarps visible in DEM (Luhn et al. 2023, Bhu-
yan et al. 2025). Many landslide studies have shown
that electrical resistivity is an effective parameter for
clearly detecting discontinuities in bedrock and soil
materials. Identification of the sliding surface using
the ERT method is reliable. Consequently, detecting
the presence, extent, and boundaries of landslides
with ERT can effectively verify DEM data. When
ERT is applied to confirm the delimitation of land-
slide boundaries in ambiguous areas, it offers a ro-
bust and dependable solution. ERT clearly supported
one of the DEM interpretation hypotheses and pro-
vided definitive evidence either confirming or refut-
ing the presence of a landslide in specific locations.

This study demonstrates that high-resolution,
LiDAR-based DEMs are excellent tools for the gen-
eral delineation of landslide areas, particularly for
applications such as assessing landslide suscepti-
bility for spatial planning purposes. Nevertheless,
they may be insufficient when a highly precise de-
termination of mass movement extents on slopes is
required. Taking potential interpretation difficulties
into account, visual analysis of high-precision LiDAR
DEMs currently remains the most efficient method
for landslide mapping, especially in remote areas
densely covered by vegetation.
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Conclusions

High-resolution DEMs have been used for landslide
mapping for more than two decades. Visual interpre-
tation of DEMs is still the most widely used and ef-
fective method of landslide mapping. LiDAR-based
DEMs are already so precise that higher data reso-
lution will not improve landslide mapping, making
methodological improvement necessary.

Deep-seated landslides are very clearly visible
on precise DEMs. Determining their boundaries is
unambiguous, and the analysis of various DEM pro-
cessing allows for the precise determination of the
boundaries of landslide scarps. In turn, shallow land-
slides may be difficult to interpret and, even with
very high-resolution DEMs, sometimes impossible to
identify only on a computer screen.

The geophysical ERT method proved to be very
effective for point-by-point verification of the results
obtained as part of multi-site landslide mapping.
Preparing ERT profiles in places that raise doubts
in interpretation is a very good tool for verifying the
extent of landslides and confirming or denying their
occurrence.

This study also shows that even the most precise
data obtained remotely do not enable full interpreta-
tion of the geoenvironment, and field studies, both
geomorphological and interdisciplinary, are still
necessary to accurately determine the occurrence of
landslides.
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