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The results of the implementation of one of the effective variants of the methodology for specifying
the hypocenter of earthquakes in the Boryslav — Stebnyk area (Ukrainian Precarpathians) are
presented. The relevance of the study is associated with the complex, significantly inhomogeneous
depth-spatial velocity structure of the earth's crust in the subregion. Traditional approaches to the
hypocentering of earthquakes using horizontally layered crust models and corresponding hodographs
give significant (up to several km in coordinates and depth) errors in the localization of the foci of
local seismic events. To eliminate them, we, among others, proposed and implemented an approach
that takes into account the real velocity structure of the earth's crust in the subregion according to
regional profiles data. The corresponding methodology was implemented using modern computer and
GIS technologies, as well as specially developed software. The results of its application are illustrated
by the example of the karst-collapse technogenic earthquake of 2017 near Stebnyk, for which the
factual localization of the focus is precisely known.
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Introduction

In the previously aseismic (on the instrumental and macroseismic data) Boryslav — Stebnyk area
(Ukrainian Precarpathians) seismic activation has been observed for over 10 years (since 2014)
(Nazarevych et al., 2024). This actualizes the problem of specifying the hypocenters of local
earthquakes. Previously, for the hypocentering of earthquakes in this area and the entire
Ukrainian Precarpathians, a seismological hodograph was used, built on the basis of data on the
localization of the foci of local earthquakes and data on the arrival times of seismic waves from
them at seismic stations in the region. However, when conducting the hypocentering of the karst-
collapse technogenic earthquake of 2017 in the city of Stebnyk, using it, a deviation of the
instrumentally determined focus from the factual one was obtained by 4.9 km laterally and by 1.8
km in depth. This deviation caused the initial incorrect interpretation of the nature of this seismic
event as a natural tectonic earthquake. Only a comprehensive analysis of instrumental data,
macroseismics and other geological and geophysical information ((Haidin, Rudko, 2016; Haidin,
2017; Rudko., Haidin, 2019; Hevpa et al., 2023) and others) made it possible to correct this error
and identify the specified seismic event as a technogenically provoked karst-collapse earthquake
(Nazarevych et al., 2024). One of the main ones was the clarification of the hypocenter of this
seismic event, which gave every reason to associate it with a sudden karst collapse in the mine
field of mine No. 2 of the Stebnyk MCE "Polymineral" on September 30 (29), 2017. One of the
basic methods for such clarification of the hypocenters of local earthquakes and its results are
presented below. Similar problems of specifying the localization of seismic events of various
nature are also relevant for other karst-hazardous and mining areas (see, for example, (Rudko.,
Haidin, 2019; Xiangteng et al., 2023) and others).

Method and Theory

When, as a result of comparing macroseismic, instrumental and other geological and geophysical data
on the seismic event of September 30 (29), 2017 in the Stebnyk area, it became obvious that it was
associated with a karst collapse in the mine field of mine No. 2 of the Stebnyk MCE "Polymineral"
(Fig. 1, a, b), an analysis of the reasons for the deviation of the instrumental hypocenter results from
the factual localization of the focus of this earthquake was initiated. First of all, the features of the
velocity structure of the earth's crust of the subregion were analyzed, since from our experience of
such studies for other regions of Ukraine (Transcarpathians, Pobuzhzhia) (Kovacikova et al., 2016;
Nazarevych, 2019) we know that this is the main reason for the imprecise hypocentering. The analysis
used data on the velocity structure of the earth's crust in the Carpathian region of Ukraine according to
regional profiles ((Lithosphere..., 1987-1993; Zayats, 2013; Krupskyy, 2020; Starostenko et al.,
2024) and others).

From these data it is clearly seen that the velocity structure of the earth's crust in the subregion is
significantly heterogeneous and cannot be adequately represented by a horizontally layered model
and a corresponding hodograph for use in traditional hypocentering methods. Therefore, for the
clarification of the hypocentering of earthquakes in the Boryslav — Stebnyk area, independent of
purely seismological data, we used data on the velocity structure of the earth's crust in the
subregion along the Chop — Rudky regional profile (Zayats, 2013) (Fig. 1, ¢) and methods for
calculating seismic paths (rays), similar to those presented in (Kovacikovd et al., 2016,
Nazarevych, 2019).

Results

Based on the velocity structure of the earth's crust in the studied area (Fig. 1, ¢) and the extension of
seismic traces from the focus of the karst-collapse earthquake in Stebnyk to nearby seismic stations,
the average propagation velocity of seismic P-waves on the focus — “Shidnytsya” station ray path was
assumed to be 3.2 km/s (deepening of the ray path by 2.5-3 km), on the focus — “Morshyn” station ray
path was assumed to be 3.7 km/s (deepening of the ray path by 6-8 km), on the focus — “Lviv” station
ray path was assumed to be 4.8 km/s (deepening of the ray path by 8-10 km).
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Figure 1. Karst collapses of 2017 and 2020 near Stebnyk (a) (view from a drone, spring 2020, the
location of the future collapse in 2025 is also marked); view of the seismogenic collapse of September
30 (29), 2017 in October of the same year (b) (author's photo); velocity structure of the earth's crust
in the Carpathian region of Ukraine along the Chop — Rudky regional profile (Zayats, 2013) (the

Stebnyk seismic zone is marked with a red circle).

The presented methodology and its variants were implemented using modern computer and GIS
technologies, as well as specially developed software. This applies, in particular, to algorithms for
calculating the fastest seismic ray paths, optimization of algorithms for successive approximations in
the space of multiparameter data when refining the hypocenter of seismic events, etc. As a result of
the application of the methods and data described here, it was possible to significantly improve the
hypocentering of earthquakes in the Boryslav — Stebnyk area. In particular, regarding the seismic
event of September 30 (29), 2017 in the Stebnyk area, it was unequivocally confirmed that it was
associated with a karst collapse in the mine field of mine No. 2 of the Stebnyk MCE "Polymineral"
and is a technogenic karst-collapse earthquake. The deviation of the hypocenter determined by the
described method from the factual karst collapse did not exceed 0.5 km laterally and 0.2 km in depth
(in contrast to the previously determined by the seismological hodograph, where such deviations were
4.9 and 1.8 km, respectively). These results have already been partially summarized in (Nazarevych et
al., 2024). The results of one of the steps of successive approximations in specifying the hypocenter of
this earthquake using data on the velocity structure of the Earth's crust in the subregion are given in
Table 1.

Table 1. Station’s epicentral distances (factual (A) and according to the refined definition
on the results of hypocentering (*4)) for P- and S-waves of the karst-collapse earthquake
of September 30(29), 2017 in Stebnyk

No.| Seismic stations A | FAG) | FA(s)
code name (kM) | (kM) (kM)

1 |SHIU |[Shidnytsya|13,95|13,952|13,4289
2 |MORU |Morshyn [32,61]32,148|32,42081
3 |LVV |Lviv 68,72|68,448|69,25318
“10=21.46.08,4 GMT (initially determined time in the source (by the seismological hodograph))
*tp=21.46.06,14 GMT (time in the source, specified using the described method)
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Also, as the analysis of the results of the initial steps of the successive approximation in the
refinement of the hypocenters showed, it is important to refine the factual arrival times of seismic
waves at seismic stations. The errors associated with this began to appear immediately, as soon as the
main errors associated with taking into account the influence of the inhomogeneous depth-spatial
velocity structure of the subregion's crust were sufficiently reduced. These errors were further
manifested in a noticeable deviation of a number of calculated epicentral distances A to the focus for
specific seismic stations using specific seismic waves (P or S) from those for the generally well-
localized focus of the seismic event. To eliminate them, the times and polarities of the first arrivals of
the P- and S-waves of this earthquake at seismic stations were significantly refined, compared to
previous express determinations by the seismological hodograph, using various options for frequency
filtering of seismograms, polarization analysis of oscillations and correlation approaches. In the
process of such refinements and subsequent hypocentering, the time at the source of this earthquake to
was also significantly (ultimately by more than 2 s) refined.

We will also briefly describe the results of the study of the natural seismicity of the Boryslav —
Stebnyk area, obtained taking into account the localization of natural (tectonic) earthquake foci, which
were clarified by us. It should be noted that the latest seismicity of this region (Nazarevych et al.,
2024), associated primarily with the local component of the regional geodynamic and seismotectonic
process, affects the tectonic structure of the Carpathian foredeep, i.e. the zone of connection of the
East European platform with the Carpathian folded system. Thus, earthquakes often gravitate here to
the intersection zone of the structure of the diagonal north-west (Carpathian) and orthogonal north-
east directions. The main among them here are, in particular, the regional diagonal Pericarpathian and
more local orthogonal Ratochyn faults. Also, a certain contribution to local seismic activity may be
made by the influence of the tangential displacement to the east-southeast of the southeastern edge of
the West European Platform (Rava-Rus ka zone) along the structure of the Teisseyre-Tornquist zone
and its tangential-rotational influence on the fault-block structure of the Carpathian foredeep located
further south in this area. An additional factor contributing to the seismic activation of the Boryslav —
Stebnyk area may also be changes in the stress-strain state of the rocks massifs of the area during the
production of oil and gas, the relationship between them may have a complex cause-and-effect nature,
as some researchers have already pointed out earlier. The results of our research show that
earthquakes here (as in other oil and gas-bearing areas of the Precarpathians (the Dolyna and
Nadvirna areas) surround the hydrocarbon deposit zones laterally and in depth, and are often fixed on
the continuation of the surfaces of individual thrusts and folds or secant orthogonal faults beyond the
deposit areas, while earthquakes are not fixed in the deposit zones themselves.

Conclusions

Summarizing the above, we can state that the application of the method for specifying the hypocenters
of local earthquakes in the Boryslav — Stebnyk area (Ukrainian Precarpathians) taking into account
the heterogeneous velocity structure of the earth's crust in the subregion according to regional profiles
made it possible to significantly specify the localization of local earthquake foci and, in particular, to
confirm the nature of the seismic event recorded in the Stebnyk area on September 30 (29), 2017, as a
karst- collapse technogenic earthquake that occurred as a result of a sudden karst collapse in the mine
field of mine No. 2 of the Stebnyk MCE "Polymineral".
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