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SUMMARY

The differential and source terms locations of two series of recurrent earthquakes in the east
and west of the Transcarpathians have been calculated. Most of the effort has been focused
on improving the reliability of differential arrivals in records with very low signal-to-noise
ratio. To reduce the effect of correlated noise, adaptive filtering of records was proposed. The
maximum correlation criterion for estimation of the differential arrivals was modified to
include a minimum departure from the calculated arrivals. Time drift at some stations, as well
as problematic arrivals, were discovered based on analysis of intervals between P-wave
arrivals of the same earthquakes at different stations. The tectonic interpretation of the
differential locations and focal mechanisms give reason to assume that both series were most
likely related to the faults of the pre-Neogene basement parallel to the Carpathian arc.
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Introduction

It is well established that there is a dense net of tectonic faults in the Transcarpathian region of
Ukraine, parallel and perpendicular to the Carpathian arc (Fig. 1). Whether local seismicity, however
weak, is related to these faults, and which of them, remains largely uncertain due to the low accuracy
of routine local earthquake locations. Under all other similar conditions (velocity model, etc.), the
accuracy depends on not so much the method of relocation as on the accuracy of the phase arrivals.
For this purpose, in the recent decades, the correlation of waveforms of recurrent (or similar)
earthquakes, which usually belong to swarms (series, clusters), foreshock or aftershock sequences, has
been used more and more effectively (Shearer, 1997). It is clear that probabilistic characteristics (in
particular, the cross-correlation function) are particularly useful for comparing records of weak
earthquakes, whose phases are fuzzy or even unrecognizable, with records of stronger ones, with
clearer phases. However, earthquakes in Transcarpathians are mostly so weak and with such a low
signal-to-noise ratio in their records that the correlation maxima sometimes do not even reach the
significance threshold of 0.7-0.8, which is minimally acceptable for this kind of research. Such
earthquakes are usually neglected. In order not to waste the valuable material of seismological
observations in the region with a relatively low seismic activity, we propose some new approaches to
improve the reliability of phase arrivals. They are based on adaptive filtering of raw records in order
to reduce the effect of correlated noises, the application of the maximum correlation criterion in
combination with the minimum of shift, as well as the analysis of intervals between P-wave arrivals
of the same earthquakes at different stations. Here we present some of the results of their application
to 2015 Teresva series of 70 earthquakes with 0.8<M <3.7 in the east of the Transcarpathians and
2013-2015 Trosnyk series of 17 with 1.0<M<2.5 in the west (Gnyp and Malytskyy, 2021; Gnyp,
2021).

Relocation of the 2013-2015 Trosnyk and 2015 Teresva earthquakes using differential arrivals

To obtain the most constrained final locations possible, apart from stations in Ukraine, we tried to use
arrivals at as many stations in Romania, Slovakia, and Hungary as possible. On the other hand, the
number of stations was limited by the condition that each of them had records of all earthquakes in the
series. Indeed, for different sets of stations, the inaccuracy of the velocity model affects the final
coordinates differently, both absolute and mainly relative. Since the inaccuracy of identification of the
first arrivals of the S-wave could only be much larger than the variations of their delay relative to P-,
the differential locations were calculated using only the first arrivals of the P-wave: taking into
account the S-wave in this situation would lead only to a gross distortion of locations. The differential
arrivals of the P-wave were estimated relative to the so-called master event, which is the most
common practice in similar studies (Shearer, 1997). However, the arrivals were estimated not directly
(by taking into account the shift of the maximum correlation with the master event), but through the
chain of pairs with the largest value of the maximum, according to the principle of the so-called
single-linkage clustering.

Since the signal-to-noise ratio in most records was very low, the correlation was significantly affected
by the so-called correlated noise. To choose the optimal filter, the presence of correlated noise was
detected by calculating the correlation between the portions of the records that did not contain a signal
(before the arrival of the P-wave). Differential arrivals were estimated only in pairs without correlated
noise. Since it was impossible to completely remove correlated noise, the criterion of the correlation
maximum was modified to include the minimum departure from the calculated arrival time.
Preference also was given to pairs with consistent azimuth variations of the intervals between P-wave
arrivals at the station and reference (Fig. 2) (Gnyp and Malytskyy, 2021). For each of the earthquakes,
the intervals were practically proportional to the difference in the distances between the source and
the stations. Variations of the intervals between earthquakes corresponded to a change in the location
of one earthquake relative to another (increase — to an increase of the relative distance to the station,
and a decrease to the reference, and vice versa). It was quite understandable that the variations should
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be of some orderly pattern, depending on the station azimuths and epicenter distances. The departure
from the pattern might indicate a problem with estimated arrivals. From irregularities in the variations
of delays in the work (Gnyp and Malytskyy, 2021), in particular, a significant time drift was found at
some stations of the Ukrainian network (at the BRIU station, for example, it even amounted to 0.7 s).
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Figure 1 Transcarpathian region of Ukraine, its seismicity (0.7<M<5.6) during 1961-2015, location
of the 2013-2015 Trosnyk (white star) and 2015 Teresva (gray star) series and elements of local
tectonics according to (Khomenko, 1971, 1987)

To account for the time drift, a special algorithm was developed in which the correct time is
calculated assuming a linear rate of the drift between synchronizations by radio signals (Fig. 2).
The differential locations were calculated using the well-known FASTHYPO algorithm (Herrmann,
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Figure 2 Intervals between arrivals of P-wave at the station relative to RAK station before and after
the repair of time drift (in the right boxes station azimuths are indicated beside their abbreviations)
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Figure 3 The bulletin epicenters of the Trosnyk Figure 4 Epicenters of the Trosnyk series
series (gray squares) and calculated using the calculated using differential arrivals with error
differential arrivals and source-specific station ellipses (blue), and the focal mechanism of the
terms (white), and the mechanism of the strongest strongest earthquake. The elements of local
earthquake. Stars — the strongest earthquake. The tectonics are the same as in Fig. 1

tectonic elements are the same as in Fig. 1

1979) and the horizontally-layered velocity model MEZ (Starodub, and Gnyp, 1999). To reduce the
effect of model inaccuracy, the station terms were simultaneously calculated and accounted for (Fig.
3-6).

Tectonic implication. Conclusion

For the purposes of tectonic interpretation, it is also very important to take into account the focal
mechanism. Considering the high degree of correlation between the waveforms, it could be
confidently concluded that the mechanism of all earthquakes was the same in each of the series. It was
defined for the main earthquakes using the polarities of first arrivals and velocity model MEZ, the
same as during relocation. For the Teresva series, the mechanism completely coincided with the
mechanism, also estimated using the metric amplitudes and durations of the first pulses. The actual
rupture planes were identified based on 3D interpretation of differential hypocenters. In both series, it
turned out almost parallel to the Carpathian arc and could be associated with the faults of the pre-
Neogene basement oriented in the same direction. The main earthquake of the Trosnyk series even
"sat" almost exactly on the corresponding fault (Fig. 3, 4). The axis of compression in the focal
mechanisms of both series is oriented approximately in the east-west direction. In the case of the
Teresva series, this is in good agreement with the available data on the orientation of compression in
the eastern part of the region to the east. In the western part, where the Trosnyk series is located, it is
oriented, however, to the northeast. In such cases, it should always be kept in mind that the general
regional stress field interacts with the local fault system already present there, and the directions of the
stress axes in the mechanisms of individual earthquakes may be inclined due to this. In this case —
from the northeast to the east, which is quite adequate, if we take into account the directions of local
faults of the pre-Neogene basement (Figs. 1, 3, 4) (Khomenko, 1971, 1987).

In conclusion, it can be said that improving the accuracy of earthquake locations is almost the most
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Figure 5 The bulletin epicenters of the Teresva Figure 6 Epicenters of the Teresva series
series (gray squares) and calculated using the calculated using differential arrivals (white
differential arrivals and taking into account the squares and star) with error ellipses (blue),
source-specific station terms (white), and the and the focal mechanism of the strongest
mechanism of the strongest earthquake. Stars — earthquake. The elements of the local tectonics
the strongest earthquake. The elements of the are the same asin Fig. 1
local tectonics are the same as in Fig. 1

important condition of their correct tectonic interpretation. To solve this problem, we focused our
main efforts on finding some new approaches to improve the reliability of phase arrivals in records
with a very low signal-to-noise ratio. It is clear, however, that much more seismic material needs to be
analyzed to substantially improve our understanding of the active tectonics in the region, which can
only be viewed as a task for the future. Meanwhile, the approaches suggested in the work can increase
the amount of useful material and improve the reliability of the results.
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