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SEISMIC MOMENT TENSOR AND FOCAL MECHANISM OF THE OCTOBER 9,
2023 EARTHQUAKE IN EASTERN SLOVAKIA

The accuracy of the focal mechanism solution mainly depends on the number of stations used and becomes
problematic especially in the case of weak earthquakes and sparse networks. In our study, we retrieve the seismic
moment tensor of the M=5 earthquake on 9 October 2023 (18:23:09 UTC, 21.783°E, 49.086°N, depth 11.5 km)
in Eastern Slovakia from its records at only four seismic stations. Our seismic moment tensor inversion is based
on the point source approach and the use of only direct waves calculated by the matrix method. Displacements on the
surface of an elastic, horizontally-layered medium are generated using the frequency-wavenumber integration
technique. The advantage of using only direct P- and S- waves in our inversion method is that they are less sensitive to
path effects compared to reflected and converted waves, which reduces the impact of an inaccurate velocity structure
and improves the accuracy and reliability of the result. Based on the forward modeling, a numerical technique was
developed for the inversion of the observed waveforms for the components of the moment tensor M(t) using the
generalized inversion solution. Before applying our method to the earthquake of October 9, 2023, it was also tested on
the April 23, 2020 earthquake (23:18:26.42 UTC, 21.945°E, 48.781°N, magnitude M=5, depth 9 km), also in Eastern
Slovakia, using data from only three stations. The resulting versions of the mechanism compare well with a very
reliable version previously determined from the polarities of the first P-waves at a much larger number of stations,
which only confirms the reliability of our inversion method and the very possibility of obtaining useful results from

data of only limited number of stations.

Key words: focal mechanism, waveform inversion, seismic moment tensor, direct waves, seismic stations,

earthquakes.
Introduction

Determining the mechanism of an earthquake is,
perhaps, one of the most difficult problems of
seismological research today. Originally, the source
mechanisms were determined from the polarities of the
first P-waves at the stations [Aki & Richards, 1980]. To
calculate the angles of the emergence of the first P-
waves, it also was necessary to know the accurate
location of the source, as well as an adequate velocity
model between the source and the stations. Usually, a
sufficient number of reliable polarities was only available
for large (M>4) earthquakes, occurring in areas with
dense seismological networks [Dziewonski et al., 1981;
Herrmann, 2002, 2008; Herrmann et al., 2008; Zhu et al.,
2006]. In contrast to polarities, waveforms contain much
more information about the source, which enables to
alleviate the above limitations, use fewer stations, and
determine the mechanisms of smaller earthquakes
[Dreger & Helmberger, 1993; Malytskyy, 2010, 2016;
Malytskyy & Amico, 2015]. This is especially valuable
in regions with low to moderate seismic activity and a
sparse station network, such as Eastern Slovakia.

In the current study, we determine the source time
function (STF) and the moment tensor of the event

with a reported magnitude of M5, which occurred on
October 9, 2023 (18:23:09 UTC, 21.783°E, 49.086°E,
depth 11.5 km) in Eastern Slovakia. A method for the
moment tensor inversion of only direct P- and S-
waves is used, which is less sensitive to path effects
than reflected and converted waves [Malytskyy 2010,
2016; Malytskyy & Amico, 2015]. The use of only
direct waves significantly improves the accuracy and
reliability of the inversion. For direct modeling, i.c.,
calculation of synthetic seismograms, the matrix
method was used, since it enables to analytically
isolate only direct waves. To test the reliability of our
inversion method, we first applied it to the earthquake
on April 23, 2020 (23:18:26.42 UTC, 21.945°E,
48.781°N, depth 9 km) in Eastern Slovakia using data
from three stations and compared the results with the
mechanism determined using the polarities of the first
P-waves at a much larger number of stations.

Inversion method

The inversion scheme consists of two steps. The
first one is forward modeling. We consider the
propagation of seismic waves in a horizontally layered
medium and calculate synthetic seismograms on its
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upper surface. The point source is located inside a
layer and is represented by seismic moment tensor
M(t). The displacements on the upper surface U are
presented in matrix form in frequency and wave
number domain, separately for far-field and near-field
[Malytskyy, 2016]. Further, only the far-field
displacements are considered, and the wave-field from
only direct P- and S-waves is isolated with the
application of eigenvector analysis reducing the problem
to a system of linear equations [Malytskyy, 2016].

The second step is inverse modeling. It consists in
determining the parameters of the source under the
condition that its location and velocity structure are
known in advance [Malytskyy, 2010, 2016].
Mathematically, the solution of the inverse problem is
reduced to the inversion of matrix G, which relates the
source parameters M(t) to the observed field U(t). The
components of the seismic tensor can be obtained
using the solution of generalized inversion (Eq. 1) and
transformed to the time domain by applying the
inverse Fourier transform [Malytskyy 2010, 2016;

49°

48°

Malytskyy & Amico, 2015; Malytskyy & Gnyp,
2023]:

M=GG)'G, M

T
in which U = (Ux, U y,UZ) consists ~ of
displacement components of direct P- or S-waves,

M=(M_M_,M_M_M M) consists of

components of seismic moment tensor, G is the matrix
relating the source parameters M(t) to the observed

field U, and (G'G)™'G" is the generalized inverse of
G.

xz? zzd xx?

Calculation of seismic moment tensor and focal
mechanism

First, we apply our inversion method to the event
on April 23, 2020 (23:18:26.42 UTC, 21.945°E,
48.781°N, depth 9 km) in Eastern Slovakia. Its
mechanism (Fig. 1) was previously determined using
polarities of direct P-waves.

L]

Fig. 1. Location of seismic stations used in the inversions, the epicenter of the April 23, 2020
earthquake (white star) and its focal mechanism determined using polarities of the direct P-waves at
nearly 40 stations, the epicenter of the October 9, 2023 (gray star) earthquake and its mechanism from
the IRIS website, https://earthquake.usgs.gov/earthquakes/eventpage/us6000lec2/moment-tensor.
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The waveforms were recorded at three stations:
SK22A (21.721°E, 48.619°N), SK21A (21.997°E,
49.013°N), and TRPA (22.539°E, 48.130°N). The records
at the SK22A are shown in Fig. 2. After conversion to
displacements the waveforms were band-pass filtered in
the frequency range from 0.1 to 10 Hz. Next, the portions
of records containing only direct P- and S-waves were
identified visually, considering the travel times and
the source depth. Versions of the focal mechanism
corresponding to the seismic moment tensors calculated
using waveforms from only three stations together with
the version obtained from the polarities of the first P-
wave at almost 40 stations are shown in Fig. 3. The 1D
crustal model used in the inversions is listed in Table.

Table

1D crustal model used in the inversions

hy (km)

Vi (km/s)

Vs (kis) | p (g/em)

1.0

2.5
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2.2

3.0

3.7

2.139

2.44

3.0
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2.74
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Fig. 2. Raw records of the April 23, 2020 earthquake at the station SK22A (top);
the records converted to displacements (bottom).
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Fig. 3. A version of the focal mechanism of the April 23, 2020 earthquake corresponding to seismic
moment tensor obtained by the inversion of waveforms at only SK22A, SK21A and TRPA stations
(a). A version of the mechanism determined using the polarity of the first P-waves at almost 40
stations (b).
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Fig. 4. The raw records of the 9 October, 2023 earthquake at the station NIE
(top); the records converted to displacements (bottom).
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Next, we apply our inversion method to the M5
earthquake on 9 October, 2023 (18:23:09 UTC,
21.78 N, 49.09 E, depth 11.5 km) in Eastern Slovakia.
We use records from the four stations: NIE (20.313°E,
49.419°N), KWP (22.708°E, 49.631°N), KOLS
(22.273°E, 48.933°N), and PSZ (19.894°E, 47.918°N)
(Fig. 1). The 1D crustal model used in the inversion of
waveforms is listed in Table 1. The source is located at a
depth of 11.5 km, inside the fourth layer. The raw
records of the earthquake at the station NIE and the

displacements corresponding to them are shown in
Fig. 4. After conversion to displacements the waveforms
were band-pass filtered in the frequency range from 0.22
to 50 Hz. Seismic moment tensor components M(t) and
focal mechanism versions calculated for a source depth
of 11.5 km by inverting the waveforms recorded at
different station configurations together with the
preliminary version reported on the IRIS website
(https://earthquake.usgs.gov/earthquakes/eventpage/u
s6000lec2/moment-tensor) are shown in Figs. 5 and 6.
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Fig. 5. The components of the seismic moment tensor M(t) obtained for the earthquake of 9
October, 2023 by inversion of its waveforms at the stations KOLS, KWP, NIE (a); the focal
mechanism corresponding to the tensor (b); the mechanism from the IRIS site
https://earthquake.usgs.gov/earthquakes/eventpage/us6000lec2/moment-tensor (c).



Geodynamics 1(36)/2024

M(y)E+17, N-m Mxz
3
M
Myz
3
0
S Mzz
\/ pr——— e —— T e
0 " SEES—
. Mxx
ad | s SR—
\ i
- Myy
: \ /’______w__..ﬁ ——— e —————_
Mxy
3
0
10 1 12 13 14 15 1, sec
a
(18, 48, 122)
p X
J'/
Moment 3.470e+16 N-m
1f
Magnitude 4.96 Mww
P
Depth 11.5km
\ y
g /
Percent DC 1% \ /
. X
Half Duration 0.79s L A
Catalog us
2 Data Source us!
EventlD: FlEwe U (e, 3. 60 CAIR Contributor us!
100 Plane 2. (359, B0, 95) Exit
b c

Fig. 6. The components of the seismic moment tensor M(t) for the earthquake of 9 October, 2023
calculated by inversion of its waveforms at the stations KOLS, KWP, NIE and PSZ (a). The focal
mechanism corresponding to the tensor (b); the focal mechanism from the IRIS site
https://earthquake.usgs.gov/earthquakes/eventpage/us6000lec2/moment-tensor (c).

It can be concluded from Figs. 5 and 6 that the best
result is obtained by using records from four stations

Discussion and conclusion

Addressing the problem of determining the
earthquake mechanism, we have chosen to invert only
direct P- and S-waves instead of the full field. An
advantage of the direct waves consists in their much
lesser distortion, if compared to reflected and
converted waves, by inaccurate modeling of velocity
contrasts. Therefore, the direct waves carry a much
less obscured imprint of the source. An advantage, in
this connection, of the matrix method used by us for
the calculation of the wave field consists in its ability
to analytically isolate only the direct waves from the
full field. Versions of the seismic moment tensor M(t)

10

more or less evenly distributed around the epicenter of
the earthquake.

and the corresponding focal mechanisms calculated
for the earthquake of 9 October, 2023 in Eastern
Slovakia by inversion of waveforms recorded at only
three and four seismic stations turned out to be quite
similar in terms of the mechanism type (Fig. 5-6),
which indicates the correctness of our approach and
the very possibility of determining the focal
mechanism from waveforms recorded only at a limited
number of seismic stations.
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TEH30P CEICMIYHOI'O MOMEHTY TA MEXAHI3M BOTHUILIA 3EMJIETPYCY Y CXIJIHIA
CJIOBAYYMHI 9 )KOBTHA 2023 POKY

TounicTe BHU3HAUeHHS (HOKAIBHOIO MEXaHI3My B OCHOBHOMY 3aJIeKHTh BiJl KUIBKOCTI CTaHIIN, IO
BUKOPHUCTOBYIOTBCS, 1 CTae MpOoOIEeMaTHUHOIO0 OCOOJIMBO Y pa3i ClIaOKUX 3eMJIETPYCIB Ta MEPEX 3 HEJOCTaTHIM
MOKPHUTTSAM. Y Halril poOOTi MU BU3HAYAEMO TEH30P CEHCMIYHOTO MOMEHTY 3eMJIETPYCY 3 Mariryaoro M=5 9
skoBTHS 2023 poky (18:23:09 UTC, 21,783°E, 49,086°N, rnmubuna 11,5 kM) y Cxigniit CroBauuuHi 3a 3anucaMu
JIMIIE HAa YOTHPHOX CeHCMIUHMX cTaHIisax. OOepHEHa 3a1a4a MoJ0 TCH30pa CEHCMIYHOTO MOMEHTY 0a3yeThCs Ha
TOYKOBIM MOJENi BOTHHINA Ta BHUKOPHCTaHHI JIMIIC MNPSMHUX XBHJIb, OOYHCICHHX MATPUYHUM METOJOM.
[lepeMimeHHss Ha TOBEPXHI MPYXHOTO TOPU3OHTAIBHO-IIAPYBATOTO CEPEIOBHUINA TCHEPYIOTHCS IIISIXOM
IHTETpYBaHHA y CMY3i 9acTOT Ta XBHJIBOBHX 4Hcel. [lepeBara BUKOpPHCTAaHHS JHIIe npsMux P- ta S-xBuwib y
HAIIOMY METOAI TOJIArae y IXHhOMY HabaraTo MEHIIOMY CIOTBOPCHHI Ha MUIAXY NOIIMPCHHS, MOPIBHIHO 3
BiTOUTHUMH Ta KOHBEPTOBAHWMH XBWJIAMH, IO 3MCHINYE BIUIMB HETOYHOCTI MIBHIKICHOI MOJENI Ta TOKpPAIIye
TOYHICTh 1 HafiMHICTh pe3ynbTaTy. Ha ocHOBI mpsMoro MojentoBaHHS OyJ0 pO3pOoOJICHO YUCIOBY METOIUKY
O00OEpHEHHsI CIOCTEPEKEHUX XBWIBOBUX (OPM J0 KOMIIOHEHT TeH30pa MOMeHTYy M(t) 3 BHKOpPHCTaHHSIM
y3arajlbHeHOTO OOEpHEHOTO po3B'sa3Ky. Ilepen 3acTocyBaHHSIM HAIIOTO METOAY J0 3emieTpycy 9 >koBTHs 2023
poKy #oro TtectyBamu i Ha 3emiuerpyci 23 kBiTHA 2020 poky (23:18:26.42 UTC, 21,945°E, 48,781°N, marHityna
M=5, rmubuna 9 kM), Tex y CximHiit CrnoBayuuHi, 3 BUKOPUCTAHHSAM AaHUX JHUIIE TPhoX cTaHLiil. OTpumani
Bepcii MexaHi3My J00pe y3TO/DKYIOThCSA 3 MEXaHI3MOM, TyKe HaJiiHO BH3HAYEHUM paHille 3a MOJSIPHOCTIAMU
rmepmux P-xBume Ha HabaraTo OUTBININ KUTHKOCTI CTAaHIIHN, IO JIUINE MiATBEPIKY€E HAMIHHICT HAIOTO METOIY
Ta caMy MOJIMBICTh OTPUMAaHHS KOPUCHOTO PE3YNIBTATy 32 JaHUMH OOMEKEHOI KiTbKOCTI CTAHIIIMH.

Kniouosi cnosa: mexaHi3M BorHHINA, OOCPHEHHS XBHIHOBHX (DOpM, TEH30p CEHCMIYHOTO MOMEHTY, HpsMi
XBUIIl, CCUCMIYHI CTAHIII1, 3eMJICTPYCH.
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