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SUMMARY

The development of karst processes in Solotvyno, which was caused by intensive rock salt
mining, is one of the main environmental threats to the infrastructure and local population.
The obtained due to interpretation of monitoring satellite images data set for 2016-2017 was
determined to be the most complete one over the last decade and was successfully used to
detect significant changes in karst structures. Based on the collected information a
comprehensive risk assessment of karst formation was carried out using qualitative and
quantitative methods. In particular, a conceptual model of existing chains of “damage effects”
in Solotvyno caused by the development of the mentioned hazardous geological process was
created and a mathematical risk assessment was carried out using the Ashby criterion. The
obtained results include consideration of some assessment inacurracy caused by the use of
information regarding only reliably confirmed karst sinkholes, which nevertheless does not
affect the final conclusion that there is no sufficient level of safety for local population. On
the basis of the received results, a suggestion regarding the complex approach use with the
main focus not only on the radical governance decisions, but also on the expansion of the
modernized research and legislative initiatives was made.
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Introduction

The territory of Solotvyno (Fig. 1), that is located in the western part of Ukraine, within the Tyachiv
district of Zakarpattia area, is the one where rock salt mining has been taking place since the 16th
century, reaching its peak in the mid-twentieth century. Active operations at the eponymous deposit
within the town has caused serious environmental changes, due to which efforts aimed to identify and
eliminate environmental threats have been relevant here for decades. One of the most significant
problems arises from the development of karst processes (Shekhunova et., 2021). The high frequency
of karst cavities' formation poses a significant threat to local infrastructure and the well-being of local
residents.

Together with the frequent flooding of the
territories which is typical for the area, the
occurrence of cavities creates an environment
that requires detailed studies regarding the
possible spread of the processes to a much
wider area than the one under study. The
intensity and scale of karst sinkholes brings the
problem of this dangerous exogenous
geological process' development to the list of
priority issues in frames of ensuring
environmental  safety of the region
(Shekhunova et., 2019) and requires regular
review and updating of approaches towards
development of appropriate strategies aimed to
minimize environmental risks to the maximum
extent possible.

iue 1 The contours of Solotvyno town.
Method and Theory

Given the current situation in the country, the main approach to the implementation of preliminary
monitoring of the karst intensification rates in Solotvyno is based on the processing and interpretation
of satellite images and air photography. The obtained in frames of this research results reveal the
absence of a significant slowdown in karst development until recently. Moreover, the detailed analysis
of the available data over the past years has highlighted the significant changes in karst structures,
which emphasizes the need for further research on this issue (7ar, 2018).

According to the mentioned data processing results, the current state of Solotvyno territory can be
described in the form of the following conceptual model (Fig. 2). In accordance with the formulated
chains of "damage effects", the following issues are gaining increasing relevance:

- changes in the geological environment, including its structure, hydrogeological conditions, relief
and soil stability due to the growth of karst manifestations;

- growing threat to engineering facilities and the transportation network due to dissolution of rocks
with the subsequent formation of cavities, general disturbance and subsidence of the surface;

- protection of water intakes, where water quality is prone to decline due to changes in groundwater
movement that accompany karst processes, which leads to flooding and, consequently, pollution,
increasing simultaneously the probability of risks related to landslides and other deformations in
the environment.
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Nature of process manifestation

‘ Object of process influence

‘ Process

Place of process
manifestation
—' Reduction of massif solidity ‘

Salt massif —' Formation of large voids and caverns|
— Accelerated destruction of structural elements of the massif |
Geological structure - -
— Formation of cracks and disruption of layer integrnty‘
Overlying deposits —| Subsidence of overlying sediments into karst voids ‘

—' Weakening of cohesion between individual lithological complexes

—| Increased number of ways for precipitation inﬁltration‘

M—' Groundwater contamination‘
Hydrogeological L——Increased water mineralization‘
conditions ——{Formation of natural barriers in groundwater flow paths ‘
Geofiltration regime —' Change in groundwater flow direction|
—' Loss of natural drainage properties of water-bearing rocks |
—' Formation of local and regional subsidence ‘
n—{ Deformation of buildings and structures |
ngineeringageological —— Destruction of transport infrastructure‘
conditions —1 Reduction of soil bearing capacity‘

Soils —' Increasing soil weakening & Iandslides‘

—' Secondary formation of karst sinkholes in areas with minimal stability

Increased flooding risk

Underground —
mine workings —| Intensification of gallery collapses‘
Zone of human —— Formation of technogenic water bodies]
anthropogenic activity —{ Destruction of surface structures‘

Population —| Transitory movement of salt solutions into drinking water intakes

—' Degradation of living conditions for the population|
Figure 2 Conceptual risk model of karst development within the study area in Solotvyno town.

Stabilization of the natural regime in such conditions is possible only if the current and forecast risks'
assessment processes are effectively combined with the development of measures aimed to minimize
or eliminate these risks and which would correspond to the established scale of the threat.

The Solotvyno area has long been among the western Ukrainian sites where environmental
monitoring is carried out. However, a distinctive feature of the gained information about it is the lack
of accompanying information regarding the direct impact of karst processes' development on the well-
being of the local residents. In this regard, the assessment of individual risk related to the studied
hazardous exogenous geological process with inclusion of the vulnerability component not only of the
territory itself, but also of the population is considered to be reasonable.

In the framework of the study, an assessment methodology was applied using the Ashby risk
acceptance criterion, which allows taking into account the physical, temporal and spatial vulnerability
of the territory regarding the dangerous factor. This criterion is based on the probability of the hazard
occurrence, the extent of the affected territory, and the population density in the area of impact
(Kosharna S., 2023). Using of this approach provided a comprehensive assessment of the threat from
karst development within Solotvyno, taking into account both the frequency of the process activation
and its potential consequences for the population. Applying this criterion, all mentioned components
were integrated into a single calculation process, which made it possible to obtain a generalized risk
indicator for the site.
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Results

The risk assessment of karst
processes in Solotvyno was
performed on the basis of the
most complete data set
obtained in 2016-2017,
which covered a significant
part of the town (Fig. 3).
Nevertheless, the obtained
results are still relevant
today, as more modern, but
limited (in terms of volume)
data sets indicate the absence
of fundamental differences
in the state of the territory of 2 : 3 ,
the studied location, which e Y o : ¢ @~ punciuiiad Tise
in its turn characterizes the ] o 2 o]
situation as the one where
stable and equal, impact of
karst process take place.

Figre 3 tudy area (blue ouline) and karst area (red outlne)
within Solotvyno town in 2016.

In the process of risk assessment (Table 1), the main focus was on the most significant karst
manifestations. This limitation is conditioned by the complexity of identifying smaller local karst
sinkholes from aerial photographs, due to both their size and the lack of clear patterns of their
distribution, which makes it impossible to accurately predict their occurrence.

Table 1 Assessment of the risk level and probability of karst manifestations in Solotvyno city.

. The degree of acceptability
Year Ps Ris(F;) according to Ashby
2016 1,7 0,001 The risk is unacceptable
2017 2,0 0,002 The risk is unacceptable

The conducted analysis, supported by appropriate calculations (with regular mathematical
approximation) and matching the obtained values with the descriptive characteristics according to the
Ashby acceptance criterion, allowed us to identify the level of karst risk to the population within the
study area as completely unacceptable. However, due to the mentioned limitation and focusing only
on a certain part of Solotvyno (albeit the prevailing one), where karst manifestations are described in
detail, the results cannot be fully extrapolated to the entire territory of the town, which may to some
extent mitigate the generalized descriptive characteristic of the risk.

Considering the obtained results of calculations, it is reasonable to classify the study area as the one
with an increased threat level, but the incomplete coverage of the entire town area allows to presume a
“borderline state” between the high and medium threat levels, which nevertheless requires an
appropriate response. After conducting an analysis of the current situation on site, a list of possible
options that could be used by the local community in response to such a state of affairs was specified.
Therefore, a specific “road map” was developed (Fig. 4), which provides step-by-step
recommendations regarding measures designed to minimize risks for local residents.
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Figure 4 Road map of measures aimed to minimize risks from karst manifestations.

It follows from the above that a critical situation with a high level of risk requires radical measures,
including restrictions on construction or even evacuation; in milder circumstances, it is recommended
to implement a number of special engineering solutions that will prevent reaching critical situations
and will effectively reduce the probability of new sinkholes development.

Conclusions

Improving the management methods regarding post-mining and their adjacent territories where
hazardous exogenous geological processes are actively developing is an obvious chance to stabilize
the level of environmental and social safety and to reduce the need for attracting additional
investments in the long-term perspective. The conducted study demonstrated the effectiveness of
combining qualitative and quantitative approaches to risk assessment and identified a significant gap
in monitoring studies, which induced the use of an approximation approach to determine the level of
threat within studied area. Considering the proven need of stabilization and intensification of the
restoration processes within Solotvyno, it is recommended to expand the list of further research and
operational works by including: improvement of remote sensing methods; development of additional
engineering solutions aimed at strengthening infrastructure and public safety; modeling of water
processes; intensification of the development of legislative initiatives designed to reduce risks to both
the environment and the public.
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