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SUMMARY

Landslides are the most dangerous geohazards in the Transcarpathian region, particularly
within the Volovets District. This study applies overlay analysis to assess landslide
susceptibility, integrating various geospatial factors. The research area belongs to the Krosno
Structural and Facies Zone of the Flysch Carpathians, which formed during the Cretaceous-
Early Miocene period. The overlay analysis algorithm involved identifying and digitizing key
landslide-triggering factors with geospatial referencing in GIS software. The analysis
incorporated nine landslide-controlling factors, including geomorphological parameters
(elevation, slope gradient, curvature and aspect) derived from a DEM model. Distance maps
were created to assess landslide proximity to faults and river networks, as fault zones
significantly influence slope instability. Additionally, landslides predominantly are associated
with Oligocene flysch formations along the Latorytsia, Abranka and Slavka rivers. This study
provides an integrated approach to regional landslide susceptibility mapping, offering
valuable insights for land-use planning, hazard mitigation, and further geotechnical
assessments in the Flysch Carpathians.
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Introduction

Landslides are one of the most widespread and significant geohazards across Ukraine, including the
Carpathian region, where they pose serious threats to infrastructure, settlements, and ecosystems. In
addition to climate change-induced factors, landslide activity is also strongly influenced by
geological, tectonic, and seismic conditions (Ivanik et al., 2019; Shekhunova et al., 2022, Pihulevskyi
et al., 2023, Ivanik et al., 2023b). Landslides represent one of the most dangerous geohazards in the
Carpathian region, posing threats to infrastructure, settlements, and ecosystems. The Volovets District
in Transcarpathian region, located within the Krosno structural-facies zone of the Flysch Carpathians,
is highly susceptible to slope instability due to its complex geological structure, steep slopes, and
hydrometeorological conditions (Ifvanik et al., 2023a; Shekhunova et al., 2022). With climate change
intensifying precipitation variability, landslide risk is expected to increase in this region. Recent
advancements in Remote Sensing and GIS technologies provide cost-effective and scalable tools for
monitoring landslide-prone areas and assessing their susceptibility. This study integrates overlay
analysis, geospatial modeling, and statistical approaches to develop a landslide susceptibility map for
the Volovets District, offering insights into regional slope stability. Within the Eastern Carpathians,
which include the Volovets District, several structural-facies zones have been identified based on
differences in lithology, morphology, and relief features. These include the Krosno, Chornohora,
Porkulet, Duklya, Mazury, and Rakhiv zones (Hnylko, 2011). These formations host exogenous
geological processes, including landslides.
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Figure 1 Study area overview, showing the Krosno structural-facies zone and key lithological
formations.
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Overlay Analysis Algorithm

The study applies a Weight overlay analysis approach using multi-source geospatial data and
inventory maps of landslides in this region. The primary research objectives include:
o Identifying landslide-prone areas through multi-temporal remote sensing analysis using
Remote Sensing Data (2005, 2009, 2013, 2017) and digitized landslide distribution maps.
e Determining key landslide-controlling factors through geostatistical correlation and factor
analysis.
e Zoning the study area based on landslide susceptibility using remote sensing data, GIS-based
spatial modeling, and weighted overlay analysis.

The methodological workflow integrates both deterministic and stochastic modeling approaches
within GIS. Factor weighting coefficients were assigned based on correlation analysis to optimize the
accuracy of landslide susceptibility mapping. The first step involved identifying the primary factors
contributing to landslide formation. Part of the data was digitized and geospatially referenced in GIS.
Factor maps were presented as both vector and raster datasets. Utilizing archival materials from the
Transcarpathian Geological and Hydrogeological Center, DP "Zahidukrgeologiya", and SE
"Geoinform of Ukraine", landslide distribution maps and engineering-geological zoning maps were
vectorized in ArcMap 10.8 based on regional exogenous geological process development conditions
in the Transcarpathian region. All vector layers were converted to raster format using the Feature to
Raster (Conversion) tool, and raster datasets were classified into five classes using the Reclassify
(Spatial Analyst) function. A weighting coefficient was calculated for each factor. The final landslide
probability map was generated using the Weighted Overlay tool with assigned weighting coefficients.

Landslide Susceptibility Factors

To determine key patterns of landslide occurrence, nine factors influencing landslide development
were analyzed. The main factors are: (i) lithological and stratigraphic conditions (Oligocene flysch
formations, weakly consolidated sedimentary deposits); (ii) tectonic setting (proximity to major and
minor fault lines); (iii) morphometric terrain parameters (slope gradient, aspect, curvature); (iv)
hydrogeological conditions (proximity to river networks, moisture index); (v) climatic parameters
(precipitation variability, vegetation cover); (vi) anthropogenic influences (land use). Each factor was
classified into five susceptibility classes using the Reclassify tool (Spatial Analyst, ArcGIS 10.8) and
assigned weighted coefficients using the Weighted Overlay method. Distance maps were created to
assess landslide proximity to faults of various ranks and azimuthal orientations, as well as to rivers.
Proximity to faults significantly increases landslide probability.

Results

The landslide susceptibility map was constructed using two approaches: (i) equal-weight model,
where each factor is assumed to have an equal impact on landslide formation; (ii) weighted coefficient
model, which integrates statistically determined probability values (>0.8) for each factor.

A landslide susceptibility map was developed for the Volovets District (Figure 2), integrating field
data, remote sensing imagery, and GIS-based analysis. A total of 68 landslides were identified,
digitized as shapefiles, and incorporated into a geospatial database. The spatial distribution analysis
revealed that the highest landslide concentration occurs in: (i) Slopes steeper than 20 degrees (highly
unstable zones); (ii) areas within 700—1400 meters of fault lines (tectonically influenced instability);
(iii) proximity to river systems (within 100 m) (hydrologically induced failures); (iv) regions with
weakly consolidated sedimentary rocks (flysch deposits).

Temporal analysis demonstrated a strong correlation between landslide occurrences and precipitation
anomalies, with peak landslide activity recorded during years of above-average rainfall. Furthermore,
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vegetation index analysis indicated that areas with sparse vegetation are significantly more susceptible
to slope failures.
The weighted overlay analysis highlighted the following probability distribution of landslides:

¢ 42 landslides were mapped within Oligocene flysch formations (Veretsky and Krosno suites).

¢ 36 landslides were associated with dense vegetation zones (index: 2.73-3).

® 26 landslides occurred in high-moisture areas (moisture index: 1.81-2).
These findings confirm that geological and hydrological factors play a dominant role in landslide
development, emphasizing the importance of considering sediment composition, fault proximity, and
hydrological conditions in predictive models.
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Figure 2 Landslide probability distribution based on weighted overlay analysis.
Conclusions

This study demonstrates the effectiveness of overlay analysis in landslide susceptibility assessment in
the Flysch Carpathians. Thus, this study provides a comprehensive landslide susceptibility assessment
in the Volovets District, integrating GIS-based overlay analysis, remote sensing, and statistical
modeling. The integration of morphometric, geological, and hydrological factors allows for a more
precise prediction of potential landslide-prone areas. The findings contribute to a better understanding
of landslide-prone areas in the Flysch Carpathians and serve as a valuable tool for municipal
authorities, environmental agencies, and disaster risk management sectors. The developed landslide
hazard map can be used for land-use planning, infrastructure development, and early warning
systems. In future studies, machine learning-based predictive modeling and monitoring data will be
implemented to improve the accuracy of landslide forecasting for this area.
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