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Abstract

Within the broader context of European and global heritage conservation, the some cultural heritage sites of Bulgaria
are located in regions having complex geological settings. The Eastern Rhodopes are among the most archaeologically
significant areas in the country, into which found are rock monuments, sanctuaries, fortifications, and burial
complexes. Geologically, in the region of Eastern Rhodopes volcano -sedimentary sequences and high-grade
metamorphic complexes are differentiated. In the mentioned region documented are faults, shear zones, and fracture
systems that document several deformation phases. On the other hand the remotely sensed data along with the
processing techniques included modern Geographic Information Systems (GIS) offer reliable monitoring the spatial and
temporal changes of the landscape. For this study using the Spectral Angle Mapper (SAM) classification approach a
time series of optical multispectral data from the Sentinel -2 and Landsat satellite missions were elaborated to obtain
vegetation trajectories in the investigated area .For surface deformation and slope instability multi-temporal Synthetic
Aperture Radar (SAR) data from the Sentinel-1 mission were also processed using the ESA Sentinel Application
Platform (SNAP), which provides a well-established pipeline framework for interferometric processing. Information on
surface motion was obtained implenting Small Baseline Subset (SBAS) approach for SAR analysis, which reduces the
temporal decorrelation and atmospheric disturbances. The combined use of SBAS InSAR results with SAM -derived
land cover classifications, geological maps, and other additional data within a GIS allowed assessing the landslide
susceptibility in the area of cultural heritage site Vishegrad fortress situated on a steep rocky hill above the Arda River
thus contributing to evaluate the geological risk.
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INTRODUCTION

The density and diversity of ancient rock monuments in the Eastern Rhodopes distinguish the region as one of the
richest archaeological landscapes in Bulgaria. Unlike other mountains found in Bulgaria, these mountains were shaped
by a significantly lower intensity of tectonic uplift and for this reason their low-mountain landscape was formed by
persistent fluvial and wind erosion. From a geological perspective, the region is remarkably complex, ranging from soft
volcanic tuffs to resilient sedimentary strata and intrusive granitoid bodies. (Zagorchev, 2002) This is the reason the
landscape is defined by formations such as niches and stone mushrooms, both being products of varying levels of rock
resistance to weathering and denudation processes. Denudation and erosional activity are the main drivers of current
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geomorphology in the region, characterized by dense drainage and gully system. This erosive action has been
significant enough to mask prehistoric tectonic raises and fault structures. It needs to be mentioned that the geological
evolution of the Eastern Rhodopes is inseparably linked to Paleogene volcanic cycles. Tectonic subsidence enabled the
development of extensive graben systems, which served as basins for the accumulation of thick volcano-sedimentary
and volcanogenic sequences. Evidence suggests that this activity was characterized by predominantly submarine
eruptions, a factor that contributed significantly to the region's current lithological variety. (Krastanov, 2025)

However, the mentioned natural geological setting presents a significant risk for natural and anthropogenic landmarks.
The mechanical fragility of these lithologies, aggravated by ongoing erosional processes, establishes a high-magnitude
geological hazard profile. Consequently, both these unique cultural monuments and their associated infrastructure are
subject to continuous degradation from mass wasting events, such as landslides and rockfalls, alongside persistent
weathering. These conditions necessitate the implementation of demanding and multidimensional preservation
strategies.

The Vishegrad fortress
Short history of the Vishegrad fortress

This investigation is focused on the Vishehrad fortress; however, despite its significance, the scientific research
dedicated to the site is currently limited. The area of the site is 0.56 dca, the fortification encloses the peak of the hill on
all sides, despite the naturally steep slope to the north (see Fig.l (a)). The southern wall remains well-preserved,
standing up to 7 m high with a length of 75 m and a thickness of 1.75 m (Kuyumdzhiev 1979). Initial excavations were
conducted by Ivan Balkanski in the 1970s. However, following a nearly fifty-year interruption, systematic study
resumed in 2021. The location of the fortress was strategically selected to control the surrounding territory and guard
the late Roman road crossing the Arda valley. Current research indicates that the fortress underwent two distinct
construction periods, including one significant reconstruction during the first phase. Originally established in the 45t
centuries AD, the fortress occupies a high rocky peak overlooking the right bank of the Arda River. (Ovcharov, 2022)
Archaeological evidence confirms that the site remained functional through the Middle Ages, with its primary
occupation dating to the 12"-13" centuries (Kuyumdzhiev 1979; Balkanski 1986; Georgieva 2012; Ovcharov 2022). A
major characteristic of the period’s military architecture is the presence of two rectangular towers within the enclosure,
one of which features a reservoir carved into its base. The Vishegrad fortress is an important part of the medieval
fortification construction in the Rhodope Mountains. Its strategic location in the Arda River valley made it a key
element of the region's defense system both in Late Antiquity. Very often the Visegrad fortress is associated with the
Fourth Crusade of 1206 (Ovcharov, 2022). In the third quarter of the 14% century, the fortress was captured and
destroyed by the Ottomans.

Figure 1. Aerial picture of the Vishegrad site (a) and (b) schematic diagram of the fortress. ( Ovcharov, 2022)



DATA AND METHOD

Having in mind the said above the Eastern Rhodopes are separated by a complex network of faults, shear zones, and
fracture systems. These features record successive deformation phases from the Variscan and Alpine orogenies through
to neotectonic activity, directly governing lithological distribution, valley orientations, and slope morphologies.
(Gerdjikov, 2023) These tectonic lineaments function as zones of evident mechanical weakness that facilitate
groundwater movement and accelerate weathering and erosion. Consequently, these structures often coincide with high
landslide susceptibility zones. Mapping the spatial distribution of these features is therefore critical for interpreting
geomorphological evolution and for the long-term monitoring and conservation of the archaeological and cultural
heritage monuments in this region.

For effective mitigation of the geological hazards within the Eastern Rhodopes, it is important to implement a
standardized, high-frequency monitoring framework applying proven geospatial technologies. Since the geodynamics in
the region is complex combined with the fragility of the cultural monuments, the dependency on irregular observations
is insufficient. Therefore, the authors suggest a systematic approach that integrates data and products from InSAR
(Interferometric Synthetic Aperture Radar) processing, airborne LiDAR, and ground-based sensor networks to provide
high-resolution information on slope stability and structural deformation. Establishing such monitoring protocol allows
for the early detection of small movements, enabling timely intervention before irreversible damage occurs to the
region’s archaeological and infrastructure assets. One proven way to implement it is by using Geographic Information
System, which allows for the seamless fusion of stated heterogeneous types of data. Using GIS researchers can perform
complex spatial analyses to find relationships between geological structures and deformation patterns, and finally
smoothing the creation of dynamic hazard maps for the Eastern Rhodopes.

Within the proposed georisk assessment framework, surface deformations kinematics and slope instability are
thoroughly characterized through Multi-Temporal Interferometric Synthetic Aperture Radar (MT-InSAR) analysis
approach. By using the extensive C-band SAR data archives of the Sentinel-1 constellation, this methodology enables
the production of line-of-sight (LOS) velocity vectors with centimeter precision. Such a systematic time-series approach
is essential for the objective quantification of geodynamic hazard magnitudes and the identification of non-linear
displacement trends threatening the region's cultural heritage and infrastructural assets. Unlike traditional surveying
methods (such as GNSS or leveling), which are labor-intensive and point-based, SAR interferometry offers
simultaneous acquisitions at large scale. This is particularly important in the rugged terrain of the Eastern Rhodopes,
where many hazardous zones are inaccessible for in-situ measurements. The capability to keep a reliable monitoring
during periods of heavy cloud cover or precipitation, the times when landslide risk is often very high, makes radar data
indispensable for georisk assessment at regional level.

The interferometric processing of the Synthetic Aperture Radar (SAR) data follows a standardized and robust pipeline,
as detailed by Braun (2021), utilizing the software environment of SNAP to handle the complex phase information. This
multi-stage workflow incorporates procedures for precise orbit enhancement, two-step image coregistration, and the
subsequent generation of interferogram, which are essential for determine the deformation from the phase signal present
in the data. After removing the topographic contribution into the phase signal, the phase unwrapping process is
employed to convert the modulo 2 phase cycles into continuous displacement values. To ensure the thematic and
spatial integrity of these findings, the resulting SAR-derived products were rigorously cross-validated against
independent displacement time series. Specifically, calibrated data from the European Ground Motion Service (EGMS)
were integrated as a primary reference, providing a benchmark for verifying both the magnitude and the direction of the
observed trends. This comparative analysis enables a comprehensive assessment of the interferometric quality and
provides a high degree of confidence in the reliability of the detected surface deformations across the study area.A
major drawback of radar interferometry is temporal decorrelation found in areas covered by dense vegetation. This
occurs because signal penetration through the canopy changes and degrades signal quality as the physical properties of
the vegetation evolve over time. This instability of the backscattered radar signal can lead to a loss of interferometric
coherence, thereby reducing the density of reliable measurement points in parts of the investigated region. Although the
data from radar interferometry are extremely useful they also have their drawbacks, namely the disturbance of the
backscattered signal caused by the vegetation. Therefore, consistent land cover maps are an essential prerequisite for
identifying vegetated regions. A proven baseline for delineating these areas involves using validated datasets, such as
those produced under the Copernicus CORINE Land Cover (CLC) project. (Dimitrov, 2019) However, as these
products represent land cover over multi-year periods, there is a critical need for maps that reflect seasonal land cover
dynamics. One solution, which adopted in this study, is to generate land cover maps at shorter intervals using freely
accessible optical data from the Sentinel-2 MultiSpectral Instrument (MSI). This way the approach benefits from a
reliable source of verified data products. For this study, the authors employed the Spectral Angle Mapper (SAM)
classification method, which determines the similarity between pixel-based spectra and user-provided reference spectra
(Kouzeli, 2025). This method was selected for its reduced sensitivity to shading effects, a significant advantage for the
complex landscapes found in the Eastern Rhodopes region.



As mentioned above in Krastanov (2025) the recent geological surveys indicate that the region of the fortress is
characterized by highly fractured volcanic rock units. These formations are significantly impacted by atmospheric
weathering, making the terrain particularly susceptible to ongoing erosion. The area’s susceptibility to degradation is
due to combination of rugged terrain, fragmented volcanic bedrock, and sparse vegetative cover. These elements create
an inherently unstable formation into which the mentioned geological structures are poorly protected from atmospheric
pressure. Therefore, the sparse vegetation fails to provide the necessary soil stabilization, resulting in an unfavorable
environmental setting prone to rapid erosion. Consequently, there is a serious demand for modern, regularly updated
land cover maps since such information is essential for accurate spatial analysis and the effective monitoring of rapid
environmental transformations in the investigated area.

RESULTS

Displayed in the figure below are multispectral datasets obtained from two separate high-resolution sensors, utilized to
carry out a preliminary visual assessment of the land cover within the Vishegrad site. The imagery reveals the presence
of varied land classes, ranging from sparse vegetation to exposed lithology. This specific landscape creates a difficult
classification environment since the high variety of surface materials necessitates a more sophisticated approach to the
subsequent supervised classification tasks to ensure high thematic accuracy. The necessity of creating an independent
land coverl layer is underscored by the European Ground Motion Service (EGMS) ortho products used in this study.
Preliminary analysis indicates that the majority of pixels covering the area Vishegrad Fortress and its surroundings can
be treated as 'unreliable' or 'non-coherent' targets. This is primarily due to the site’s high relief, dense vegetation and
water extents, which prevent the production of high-quality and reliable InSAR displacement information.
Consequently, traditional satellite interferometry cannot provide the necessary monitoring of slope stability, thus
justifying the need to apply multi-criteria geospatial approach as suggested in this paper. This approach integrates data
from several sources, namely remotely sensed optical and SAR data as well as data from terrain measurements, in order
to quantify the georisk for the researched zone.
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Figure 2. Sentinel-2 MSI image of the Vishegrad study area, acquired on 28 July 2025, used for visual interpretation
and land-cover analysis. A georeferenced ESRI World Imagery basemap (© Esri, Maxar Technologies) was used as a
background layer for spatial orientation in the area of Vishegrad Fortress.

To enhance land-cover analysis of the Vishegrad fortress area Sentinel-2 a set of images were used, acquired 28 July
2025. The Sentinel-2 Multispectral Instrument (MSI) makes acquisitions in thirteen spectral bands across the visible,
near-infrared, and shortwave infrared ranges. This varied spectral and spatial configuration is particularly well-suited
for generalized land-cover mapping and the precise identification of surface features surrounding the fortress. The
multispectral data processing was performed within a GIS, having a basemap (© Esri, Maxar Technologies) as a
reference layer to facilitate visual interpretation and ensure spatial accuracy during analysis.



The land cover classification was done by means of Spectral Angle Mapper (SAM) method, which evaluates the
spectral similarity between image pixels and reference spectra (Kruse et al., 1993). The primary advantage of this
method is its ability to produce reliable class separation in complex environments as of the studied area. Specially, it
mitigates the effects of shade and lighting variations, making it highly suitable for the heterogeneous land cover and
steep topography. The produced classification map was of high importance in mapping the spatial distribution of main
surface types surrounding Vishegrad Fortress. This thematic layer facilitates interpretation of the terrain conditions that
drive geological risk. Precisely, it allows for the differentiation between stable, consolidated surfaces and high-risk
zones characterized by exposed, fractured lithology or erosive-prone soil cover. As the site is bordering to the water
course of Studen Kladenets dam, the mapping of the water area and shoreline vegetation is important for assessing the
risk of base-level erosion and subsequent slope destabilization. Also, the land-cover maps generated through this
methodology offer significantly higher spatial resolution compared to the standardized CLC datasets. While CORINE is
appropriate for regional scale observation, its scale fails to distinguish local terrain features relevant to site-specific
stability. The increased spatial resolution of the used classification is therefore necessary for short-term risk
assessments, as it allows for the precise identification of small-scale vegetation changes and rock exposures that serve
as precursors to possible geohazard events.
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Figure 3. SAM-based land-cover classification map of the Vishegrad study area derived from Sentinel-2 MSI imagery
dated 28 July 2025. Distinguished are both natural and anthropogenic classes, including vegetation, water,
agricultural land, settlement areas, the fortress area, a solar park, and a landfill.(basemap © Esri, Maxar
Technologies)

One more factor took into consideration is slope intensity, which is a key feature in evaluating the geological risk
profile of the site. Therefore, isolines were extracted from the Digital Elevation Model (DEM) (ASF, 2026) to represent
the topography of the researched area with highest possible resolution using remotely sensed data (see Fig.4). These
lines facilitate the calculation of slope gradients, enabling the identification of the unstable sections of the steep slopes
facing the dam that pose the highest threat for the fortress stability. Based on the density of these isolines, we can
correctly calculate slope percentages, which is essential for identifying areas prone to rockfall and surface erosion along
the incline. As high-resolution LiDAR and drone-based imagery were unavailable for the Vishegrad site, the authors
relied extensively on Digital Elevation Models (DEM) and derived isolines to perform the risk assessment. These data
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sources were instrumental in simulating the terrain conditions, providing a reliable basis for identifying geological
hazards in an environment where more advanced remote sensing data were not available.
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Figure 5. Depths to bedrock for Vishegrad site [cm].
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The spatial distribution of depth-to-bedrock for the researched area, which is a key parameter that can be used for
assessment of the subsurface movement of water and minerals, is presented in Figure 5. This dataset is essential for
reconstructing the regional geological development and provides the necessary boundary conditions for mass
movements modelling. Although the 250-meter spatial resolution of this data set is typical for regional scale, it provides
a valuable baseline for assessing the stability of the terrain surrounding Vishgrad fortress. By incorporating this data,
the authors were able to evaluate the susceptibility of specific sectors to gravitational events, using the depth to the
competent rock layer as a proxy for localized slope stability and soil-saturation risks

Since the primary objective of this research was to conduct a precise assessment of surface stability within the
Vishegrad Fortress study area a reliable source of data had to be used. To achieve this goal the authors utilized short-
term revisit data from the Sentinel-1 constellation this allowed creation of gap-free time series of its data. This freely
accessible data from a SAR instrument were selected for their ability to provide consistent, all-weather ground
deformation monitoring. The raw radar data were then processed using a Differential Interferometric SAR (DInSAR)
pipeline, a technically proven methodology for detecting small surface displacements. By implementing this specific
processing chain, the study ensures that the stability results are grounded in validated interferometric techniques,
compensating for the lack of terrestrial monitoring infrastructure.

As illustrated in Figure 6, the researched area exhibits consistently high coherence values, which serve as an important
indicator of backscattered phase signal stability throughout the observation period. This high degree of interferometric
correlation provides a robust basis for concluding that the detected stability of the fortress and its surrounding massif by
based on SAR data is statistically reliable. Furthermore, the prevailing presence of persistent scatterer points within the
reservoir's periphery, the white pixels inside the dam correspond to areas that are not permanently inundated, which
suggests that the water erosion pressure is irregular rather than constant. This temporal variation in water levels implies
that the hydraulic impact on the slope's base is cyclic, theoretically allowing for periods of relative stabilization between
high-water events thus contributing to lowering the risk over time.
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Figure 6. Excerpt from the interferogram providing the coherence values for the area of Vishegrad (denoted by the red
rectangle with area of 17.5 km? ).

To validate the consistency of the produced interferometric results they had to be validated. Beyond utilizing the
generated interferometric time series as an internal verification tool, the results were cross-referenced with validated
data from the European Ground Motion Service (EGMS). The figures below present excerpts purposely created from
the EGMS "Ortho" product suite specifically for the Vishegrad zone. These datasets provide a high-precision vertical
and horizontal displacement framework, categorized as follows — eastward decomposition of the LOS result which
illustrates horizontal movements underlining the eastward shift within the zone; vertical displacement, which depicts the
upward (uplift) or downward (subsidence) trends. Both figures represent the mean deformation velocities calculated
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over the most recent observation period available 2019 - 2023. By integrating this external geodetic type reference, the
study ensures that the produced interferometric information aligns with broader regional tectonic or anthropogenic
trends present in the area.
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Figure 8. Map with points for eastward movements for Vishegrad area.
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Figure 9. Map of registered faults within the vicinity of wide area if Vishegrad fortress.

As illustrated in Figure 9, the investigated area of Vishegrad exhibits a visible absence of registered fault lines inside it
or crossing it. This lack of structural deformation confirms that the zone has stable geomorphology, a conclusion that is
further supported by the Synthetic Aperture Radar (SAR) interferometry results, which indicate minimal surface
displacements in horizontal or vertical planes. This is the reason the focus of the structural risk assessment to be set not
on lithospheric movements to atmospheric and hydrological factors. Therefore, it can be argued that the primary natural
threats to the long-term preservation of this cultural monument are exogenous, specifically the combined effects of
mechanical weathering and overwetting processes, which may lead to material degradation and accelerated decay of the
fortress walls.

DISCUSSION AND CONCLUSIONS

This paper presents a broad synthesis of research focused on establishing the geodynamic and surface stability of the
Vishegrad fortress and its immediate neighborhoods based on remotely sensed data. To ensure a robust multi-hazard
risk assessment, a large number of geospatial and geological data sources was integrated, facilitating the estimation of
potential threats to the site’s structural stability. A primary objective of this study is to demonstrate the necessity of
producing regularly updated land cover change maps since these maps serve as an independent verification layer for
DIInSAR results. By linking land-use dynamics with surface deformation patterns, the research underscores the
importance of a multi-sensor approach in validating satellite-derived data, finally providing a more reliable framework
for the long-term monitoring and preservation of cultural heritage monuments in geologically complex regions.

Based on the isolines derived from the ALOS PALSAR DEM (ASF, 2014), the elevation within the fortress zone was
determined to be in range between 230 m and 290 m ASL. Analysis of different optical images indicates that the base of
the slope exhibits morphological instability due to fluctuations in the reservoir's water level thus the map provided is
relative to this level at the moment of data acquisition. As illustrated in the inset of Figure 4, the geometry of the
steepest gradients is clearly outlined using this satellite-derived elevation model. However, while the current dataset
provides a sufficient zonal overview, the integration of high-resolution LiDAR data would significantly enhance the
precision of the slope morphology and provide a more granular baseline for monitoring localized structural risks for this
site.

The analysis of the results presented on the figure 7 reveals that the zone of Vishegrad fortress is characterized by high
geomorphological stability. The histogram of the mean horizontal velocities shows that the data are predominantly



concentrated within a narrow range, with 97% of the data points being between -3 and +3 mm/year. These values are
consistent with the stability thresholds and precision limits of the EGMS 'Ortho' products. While the overall area shows
small horizontal movement, some localized deviations exceeding this range (donated with red labels) may indicate
isolated, extremely slow creep, though they remain well below the thresholds for active landslide classification.

Analysis of the data presented on Fig. 8 suggests that the large Vishegrad study area exhibits a high degree of vertical
crustal stability. Specifically, 98% of the recorded mean upward velocity values are constrained within a narrow
interval of -4 to +4 mm/yr. This concentration of data points near the zero-velocity baseline indicates an absence of
significant regional subsidence or uplift, suggesting that the vast majority of the terrain is geologically quiescent and
free from major anthropogenic or tectonic deformation. It is noticeable that some extreme points (denoted by red
triangles for uplift and by green dots for subsidence) are very close to the restricted zone of the fortress. This suggests
that comprehensive geodetic measurements could provide additional details on the behavior of the slope towards the
dam.
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