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Abstract. The focal-mechanism solution for the second shock of the Kaliningrad earthquake on 21 September
2004 (13:32 UTC) with a magnitude of Mw 5.2 was obtained using the waveform inversion (WFI) method.
The method was used with the aim of its subsequent application as a discriminator in the East Baltic region for
recognizing the genesis of seismic events based on data from a limited number of stations. The WFI method
was tested by broadband channels. The results of focal-mechanism solution (strike = 119°; dip = 73°; rake
= —163°) allowed (1) to state the source mechanism as a right-lateral strike-slip, (2) to estimate the optimal
source depth equal to 3.0 km, and (3) to estimate the parameters of the compression axes (P __= 340°; P = 29°),
tension (T = 252°; sz: 1°) and the axis coinciding with the intersection of two nodal planes (B _= 162°; sz
= 66°). These results are in satisfactory agreement with the results of the leading seismological agencies. Seis-
motectonic analysis showed that the epicentre of the earthquake is located inside the structure formed by the
Yantarnensk fault zone and the zone of the Bakalinsk ruptured flexure. The WFI method showed its potential
use as a discriminator of the genesis of seismic events.
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INTRODUCTION

The focal-mechanism solution is important for un-
derstanding the direction and action of tectonic forces
and trends in the development of geodynamic proc-
esses. In addition, the earthquake source mechanism
can also be used as a discriminator to determine the
genesis of a seismic event. This is due to the fact that
a man-made explosion is a source that emits energy in
all directions (centre of expansion), while the tectonic
earthquake source is a movement along a fault and is
characterized by a set of three characteristic param-
eters: strike, dip and rake.

In seismically active regions, determining the fo-
cal mechanism for strong earthquakes is a standard

procedure. In weakly seismic, intraplate regions,
with a sedimentary cover, the possibility of the focal-
mechanism solution is more problematic due to small
earthquake magnitudes, a rare network of seismic
stations, and unfavourable geological conditions. The
unfavourable geological conditions include reflect-
ing seismic boundaries (Nikulins 2020), which are
sources of seismic waves. The interference of these
waves leads to a weakening of the useful signal and
the difficulty of identifying the first P- and even S-
waves against the background of microseisms. The
geological conditions of the East Baltic region (EBR)
are characterized by just such features.

The possibility of estimating of the earthquake fo-
cal mechanism in the EBR appeared relatively recent-
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ly. Until the 1960s, a few modern seismographs were
installed in Scandinavia. Nevertheless, for the earth-
quake of 25 October 1976 with M 4.7 on Osmussaar
Island in the Estonian shelf zone (Kondorskaya et al.
1988), it was possible to determine the earthquake fo-
cal mechanism. This intraplate earthquake was main-
ly of the strike-slip type, but contained a significant
part of reverse dip-slip faulting, possibly amounting
to up to half the strike slip (Slunga 1979).

After this, several short-period stations were in-
stalled in the EBR countries without a single process-
ing centre. The need for seismological monitoring in
the EBR was mainly dictated by the safety of energy
facilities — NPP (Ignalina, Leningrad), HPP (Plavi-
nas) and others.

The possibility of assessing the earthquake focal
mechanism in the EBR appeared only in 2004, after
the Kaliningrad earthquakes of 21 09 2004 (Gregersen
et al. 2007). The focal mechanism of the first earth-
quake (11:05 UTC) with Mw 5.0 was estimated by
two seismological agencies (ETH Zurich, MEDNET
Regional Centroid - Moment Tensors, Italy). The
focal mechanism of the second, main shock (13:32
UTC) was estimated by a significantly larger number
of seismological agencies.

The objectives of these studies were to test the
method of WFI for getting a seismic moment ten-
sor using direct P- and S-waves for the second shock
of the Kaliningrad earthquake of 21 09 2004 (13:32
UTC) with Mw 5.2. The choice of direct waves is due
to the fact that these waves are less sensitive to the
choice of the medium’s velocity model that increases
the accuracy and reliability of the method. On the ba-
sis of direct modelling, a numerical method is pro-
posed for inverting the observed waveforms to obtain
the components of the seismic moment tensor M(7).

In the future, it is planned to use the WFI method
to recognize the genesis of seismic events in the EBR.
Currently, the genesis of seismic events in the EBR is
not sufficiently reliably identified by other methods.

GEOLOGICAL AND TECTONIC SETTING
AND SEISMICITY

The geology of the Kaliningrad region is repre-
sented by Proterozoic and Phanerozoic formations of
various composition and genesis. Early Proterozoic
formations form the crystalline basement. The Phan-
erozoic sedimentary cover is represented by a com-
plex of various stratigraphic deposits, with the excep-
tion of Carboniferous and Vendian.

Information on the deep geological structure of
the earth’s crust and upper mantle was obtained from
the results of Deep Seismic Sounding (DSS) carried
out in 1986 on the Sovetsk—Riga—Kohtla—Yarve ge-
otraverse (Ankudinov et al. 1991). The south-west-
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ern part of the DSS profile is directly adjacent to the
north-eastern part of the Kaliningrad region (Sovet-
sk — south-western Lithuania). The thickness of the
earth’s crust there reaches 40-45 km, and the surface
of Moho is almost horizontal.

Later studies of the deep structure of the earth’s
crust and upper mantle were carried out in 1995 along
the EUROBRIDGE profile (Eurobridge’95 seismic
working group, 2001), which crosses the land area
from northwest to southeast, from the Baltic Sea to
the border with Belarus. The nearest sections of the
profile are located approximately 140 km from Kalin-
ingrad. According to these studies, the most signifi-
cant feature of the velocity section of the earth’s crust
is the presence of a layer of low velocities in the depth
interval of 8—12 km. In this depth range, the P-wave
velocity decreases to 6.15 km/s, while above and be-
low it reaches the values of 6.25-6.35 km/s.

The microseismic sounding method (MSM), based
on the phenomenon of distortion of the microseismic
field in the vicinity of velocity inhomogeneity (Gor-
batikov et al. 2008), was important for understand-
ing the spatial position of the Kaliningrad earthquake
source. Two profiles crossing the Pregol fault zone
(eastern Kaliningrad), as well as the Yantarnensk
fault zone and the zone of the Bakalinsk ruptured
flexure (southwest—northeast direction) showed the
presence of subvertical zones of low velocities (ZLV)
at a depth interval of 8-22 km (Rogozhin et al. 2014).
The upper part of this zone is isolated at a depth inter-
val of 8—12 km. This part of the ZL'V corresponds to
the same zone traced within the Baltic syneclise on the
EUROBRIDGE Deep Seismic Sounding (DSS) pro-
file (Eurobridge’95 seismic working group, 2001).

According to DSS obtained from profiles in the
Baltic Sea and on the eastern coast of Sweden (Fen-
nolora, the Babel and Baltic Sea profiles), a depres-
sion of the Moho boundary with stepped boundaries
2-3 km high on both sides was discovered (Ostrovsky
et al. 1994). The Moho depression is about 110 km
wide, and its southern edge is located about 110 km
from the northern coast of the Sambia Peninsula. In
the section of the earth’s crust, according to the veloc-
ities of seismic waves, three layers are distinguished,
and all three layers are curved above the depression.
This depression is also traced on the Fennolora and
Babel seismic sounding profiles. The reduced veloc-
ity of P-waves in the upper mantle under the depres-
sion of the Moho boundary was as an argument for
the assumption of the existence of a rift zone in the
Baltic Sea (Ostrovsky 1995). The rift zone is oriented
approximately along an azimuth of 120°. The length
of the discovered rift zone is at least 500 km, from the
coast of Sweden to the Kaliningrad region of Russia.
Thus, the discovery of an ancient rift zone beneath the
central part of the Baltic Sea is an important argument



in understanding the complex history of geodynamic
development of the Baltic region.

Within the Sambia Peninsula, the depth of the
crystalline basement increases from east to west and
southwest from 2400 m to 2900 m, and up to 3000 m
in the shelf zone. The Kaliningrad uplift is located in
the central part of the Sambia Peninsula and then con-
tinues in the shelf zone. Within its limits, the ampli-
tude of displacement along faults reaches 70-130 m
(Lukyanova et al. 2011).

From the tectonic point of view, the Sambia Pe-
ninsula, like the entire Kaliningrad region, is located
in the south-eastern part of the West Lithuanian Gran-
ulite Massif, on the outskirts of the East European
Craton. It is located between the Teisseyre-Tornquist
suture zone and the Neman system of active fault
dislocations (Bogdanova et al. 1994). Several stages
of development are distinguished in the sedimentary
cover: Caledonian, Early Hercynian, Late Hercynian,
Cimmerian, and Alpine.

The total thickness of the structural complexes on
land and sea differs significantly. The thickness of the
Caledonian structural complex varies from 600 m in
the east to 2000 m in the west within the water area.

According to the scheme of tectonic zoning of
the territory of the Kaliningrad region (Otmas et al.
2006) based on a structural map of the surface of the
Caledonian complex of the sedimentary cover (top
of the Ordovician), the main elements are the North-
ern Sambia Depression, West Curonian Shaft, Zele-
nogradsk Depression, Sambia Rock Step, Kaliningrad
Shaft, Pregol Depression, Bagrationovsk Rock Step,
and Mamontovsk Depression.

The longitudinal Sambia Rock Step is located in
the central part of the Sambia Peninsula. The Kalinin-
grad uplift is located south of the Sambia Rock Step;
it also has a longitudinal strike. This is an uplifted,
horst-like fault zone, within which a chain of local
uplifts is located.

Quaternary deposits are widespread through-
out the Kaliningrad region. They are located on the
blurred surface of the Cretaceous and Paleogene.
Their thickness varies from a few meters to 266 m,
reaching 50-60 m on average.

The study area (Sambia Peninsula) is located near
large neotectonic structures. In particular, according
to the results of the international project IGCP 346
“Neogeodynamica Baltica”, the Baltic Graben Sys-
tem is located in the eastern part of the Baltic Sea. It
includes the East Gotland Graben, the southern part
of which is represented by the Gdansk Depression,
located west of the Sambia Peninsula. The total am-
plitudes of vertical, neotectonic movements, starting
from Rupelian (Oligocene—Quaternary times, 35—
37 Ma), reach — 100 m west of the Sambia Peninsula
and — 200 m in the central part of the East Gotland

Graben (Garetsky et al. 1999). The southern and
northern edges of the East Baltic Graben are charac-
terized by an increased horizontal gradient of the total
amplitudes of neotectonic movements (HGTANM).
These edges coincide with the foci of the Osmussaar
(1976) and Kaliningrad (2004) earthquakes, where
the HGTANM value reached 3.6 and 3.7 m / km,
respectively. This can be considered the evidence of
the modern inherited activity of neotectonic move-
ments of the earth’s crust, at least along the edges of
the indicated neotectonic structure (Nikulins 2007).
The HGTANM gradient roughly corresponds to the
position of the contrasting scarps of the deformed
sedimentary layers. The presence of a similar struc-
tural-denudation scarp in sedimentary rocks is also
confirmed by other sources (Blazhchizhin 1974) on
the western and north-western underwater slopes of
the Sambia Peninsula, 5-10 km from the coast. Ac-
cording to the “Neotectonic Map of the Soviet Baltic
Republics” (Grigelis 1981), two longitudinal neotec-
tonically active linear zones are identified in the north
and south of the Sambia Peninsula.

The territory of the peninsula is crossed by a
number of lineaments, mainly of submeridional
and, to a lesser extent, south-western—north-eastern
striking. These lineaments, according to researchers
(Lukyanova et al. 2011), are associated with recent
tectonic faults and are their reflection on the modern
surface. Their length sometimes exceeds a hundred
kilometres.

The lower boundary of neotectonic processes re-
fers to the beginning of the Neogene (Lukyanova et
al. 2011). Tectonic ruptures are still occurring. For
example, this is evidenced by the intensive formation
of cracks on the asphalt surface of a road about 2 km
long (Lukyanova et al. 2011) in the Gvardeisky Dis-
trict.

The Baltic region is characterized by a low level
of seismicity, with a maximum magnitude below 6
(Gregersen et al. 2007). Most researchers (Lundqvist,
Lagerback 1976; Lagerback 1979; Gregersen, Ba-
sham 1989; Slunga et al. 1989) believe that earth-
quakes that occur in the Baltic region are caused by
tectonic pressure from the Mid-Atlantic Ridge, or
post-glacial recovery of the isostatic state of crust
disturbed by glacial load.

The geodynamic regime is determined by the
tectonic stresses prevailing in the region. The main
contribution to the assessment of the maximum hori-
zontal stresses, according to the World Stress Map
(Heidbach et al. 2010), is made by stress indicators
obtained by two main methods: method based on the
focal-mechanism solution (FSM) (72%) and method
based on the assessment of wellbore breakouts and
drilling induced fractures (BO) (20%). The contribu-
tion of other methods is much less.
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According to earthquakes in southern Sweden, the
azimuth of the maximum horizontal stresses Sy . is
located in the northwest—southeast direction (Slunga
et al. 1984). The azimuth range corresponds to the
interval of 110°-180°, and the maximum values cor-
respond to the azimuth range of 129°-146°.

According to the World Stress Map database, in
a well which is located in the Baltic Sea (BO meth-
od) the azimuth Sy ,,. was estimated at 28°. In the
continental area, in northern Poland, in a well ap-
proximately 244 km southwest of the Kaliningrad
earthquake there was observed a systematic rotation
of azimuth Sy . for the Jurassic-Triassic sequence,
ranging from 150° to 170°, respectively.

Specific tectonic conditions have a significant im-
pact on regional stresses, which are a consequence of
the configuration of tectonic faults (Stephansson, Zang
2012) and factors driven by the history of geological
development. Consequently, global stresses caused
by pressure from the North Atlantic Ridge (spreading
zone) can be “corrected” by the local stress field. In
particular, a study in the East Baltic region, based on
measurements of the GPS station network, identified
three different provinces that exhibit different stress
regimes (Zakarevicius ef al. 2011).

An analysis of historical sources (Peter 1997; Dav-
id 1813; Laska 1902) allowed Professor A. Nikonov
to compile a catalogue of earthquakes (Nikonov
2007) for the Kaliningrad region (East Prussia). At
the same time, according to A. Nikonov, there was not
one earthquake, but 4 earthquakes in 1302. Of these,
the first 3 earthquakes (¢ = 55.0° N; A = 20.0° E),
with an intensity of V-VII points, were attributed to
a seismic swarm, and the fourth earthquake, with a
shaking intensity of VII points, occurred at a differ-
ent time and had different coordinates of the epicen-
tre (¢ = 55.3° N; A = 21.0° E). Another earthquake
occurred in 1328 (¢ = 55.1° N; A = 23.5° E). At the
same time, A. Nikonov notes the ambiguity of the as-
sessment of the parameters of these earthquakes and,
therefore, low reliability.

The first regional seismological studies began af-
ter the Osmussaar earthquake on 25 October 1976.
They were carried out in the epicentral zone and at in-
dividual stations of the East Baltic region: Suginciai
(Lithuania), Skujas (Latvia), and Tallinn ((Estonia).
However, the absence of a unified collection and
analysis centre did not allow the study of regional
seismicity. A network of seismic stations with a sin-
gle collection centre appeared only after the 2004 Ka-
liningrad earthquake as part of the international net-
work GEOFON with centre in GFZ Potsdam.

A number of researchers use data obtained from
various seismological agencies: the Geophysical
Service of the Russian Academy of Sciences, the
Norwegian Seismic Array NORSAR, the European
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Mediterranean Seismological Centre (EMSC), the
International Data Centre (IDC) CTBTO, the Interna-
tional Seismological Centre (ISC) CTBTO.

However, these data are not always reliable
enough. The authors (Ulomov et a/. 2008; Rogozhin
et al. 2014) who use these data to assess seismic risk
do not sufficiently critically assess their reliability.
This can affect the seismic risk assessment.

There are two main reasons why many of the data
in the catalogues and bulletins of the above interna-
tional agencies are identified as earthquakes. The first
reason is associated with a large number of techno-
genic sources both in the continental part of the East
Baltic region and in the Baltic Sea, as well as with
the difficulty of determining the genesis of a seismic
event (Nikulins 2020) due to geological conditions
and microseismic background. The second reason is
associated with the historical seismic events of 1908
in the Eastern Baltic region. They mistakenly refer
to earthquakes, while a number of studies (Nikonov
2010; Nikulins 2017) have shown their connection
with frost phenomena (cryoseisms).

REVIEW OF RESEARCH ON LOCALIZA-
TION AND FOCAL-MECHANISM SOLUTION

There is a significant scatter in the results of lo-
calization of the second Kaliningrad earthquake on
21 September 2004 (Fig. 1).

Figure 1 shows the epicenters of the second shock
of the Kaliningrad earthquake of 21 September 2004
identified by international seismological agencies
and leading experts, as well as the results of localiza-
tion according to Latvian Environment Geology and
Meteorology Centre (LEGMC) data (Table 1). Fig-
ure 3 was created on the basis of the fault tectonics
scheme and the surface relief of pre-Quaternary rocks
in the Kaliningrad region (Rogozhin et al. 2014). The
original is based on the materials of Zagorodnyh et
al. (2002) on geological and ecological research and
mapping of the territory of the Kaliningrad region
and the materials of Dodonov et al. (1976).

This earthquake had several characteristic fea-
tures. First, according to the results of instrumental
localization by 22 agencies and leading experts, there
is noticeable large dispersion in the position of the
epicentre (Fig. 1). Three areas of compact location
of epicentres for the second earthquake can be distin-
guished. According to data from 5 agencies (1, 2, 10,
16, 17), the epicentre is located northeast and north
of the zone of Bakalinsk ruptured flexure. Most of
the epicentres, according to 9 agencies (5, 6, 7, 8, 12,
14, 19, 20, 21), are concentrated within or at the edge
of the tectonic zone formed by the Yantarnensk fault
zone and zone of the Bakalinsk ruptured flexure.

These zones are parallel to each other. The strike
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Fig. 1 Results of localization of the epicenter of the second (13:32 UTC), the main shock of the Kaliningrad earthquake on
21 September 2004 and tectonic setting of the study area (tectonic framework is after Rogozhin et al. (2014)). Names of
tectonic elements: 1 —Yantarnensk fault zone; 2 — Pregol fault zone; 3 — zone of Bakalinsk ruptured flexure; 4 — Pionersk
fault; 5 — Zelenograd fault; 6 — Melnikovsk flexure complicated by ruptures; 7 — Gusev fault

azimuths of these tectonic elements are approximate-
ly 127°-138°. These faults are close in strike azimuth
to the Teisseyre — Tornquist Zone (azimuth approxi-
mately 114°-116° (Mazur et al. 2015)) separating the
ancient, Precambrian East European Craton from the
younger Phanerozoic orogen of south-western Eu-
rope. According to six agencies (3, 4, 9, 13, 15, 18),
the earthquake’s hypocentre is located in the west of
the offshore zone of the Sambia Peninsula.

Second, there is a significant difference between the
position of the epicentre according to instrumental and
macroseismic data. The epicentre of the second, main
shock of the earthquake according to macroseismic
data is located either in the northern offshore zone of
the Sambia Peninsula (Nikonov 2007) or in the west-
ern (Assinovskaya 2009). A later version of localiza-
tion, according to Assinovskaya et al. (2011), showed
the closeness of macroseismic and instrumental results
in the shelf zone in the west of the Sambia Peninsula.

Third, seismic deformations on the earth’s sur-
face, located on the eastern and northern shores of the
pond near Veselovka city (Aptikaev et al. 2019), are
located within the seismogenic zone formed by the
Yantarnensk fault zone and the zone of the Bakalinsk
ruptured flexure.

MATERIALS AND METHODS

Seismic network and hypocentre localization

The Kaliningrad earthquakes of 21 09 2004 were
registered at many seismic stations in Europe and at
some stations in the world. To localize the second
shock of the Kaliningrad earthquake (13:32 UTC) there
were used the closest to the hypocentre earthquake and
accessible stations of the GEOGON GFZ Potsdam
network (KWP, MORC, RGN, RUE, VSU, PUL), Po-
land (SUW) and Russia (OBN). To calculate the seis-
mic moment tensor, the broadband channels (BH*) of
the SUW, VSU, RGN and RUE stations were used.
Figure 2 shows the stations that were used to localize
the hypocentre of the second shock (09 21 2004 13:32
UTC) of the Kaliningrad earthquake (KWP, MORC,
OBN, RGN, RUE, SUW, VSU), other stations of the
GEOFON network and of national networks in the
East Baltic region (PUL, SLIT, PABE, PBUR) and
stations used to the focal-mechanism solution by the
WFI method. A velocity model was used based on the
DSS results along the EUROBRIDGE profile (Janutyte
et al. 2013). The uneven distribution of stations around
the earthquake epicentre could affect the quality of lo-
calization of the earthquake hypocentre.

The peculiarity of the localization of the hypocen-
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Table 1 Parameters of localization of the hypocentre of the second shock of the Kaliningrad earthquake on 21 September
2004 (13:32) which were identified by international seismological agencies and experts

Origin Time Lat Lon H, km Mag Mag type Agency No fig. 1 | No. of stations
13:32:31.0 54.876 20.120 20 52 Mw IGF 1 65
13:32:28.3 54.896 20.185 10 5.1 mb GS RUS 2 42
13:32:30.0 54.841 19.912 15 4.7 Mw ETHZ 3 31
13:32:30.8 54.841 19.912 10 4.9 mb NEIC 4 112
13:32:30.8 54.83 20.50 20.5 4.7 Mw MED-NET 5 19
13:32:29.3 54.747 20.195 10 5.3 Ml LDG 6
13:32:30.1 54.826 20.066 0 4.9 Ml CTBTO 7 35
13:32:31.9 54.834 20.025 10 5.0 Ml HEL 8 36
13:32:32.7 54.703 19.912 10 5.4 Ml BGR 9 19
13:32:33.7 54.848 20.161 10 5.4 Ml BER 10 13
13:32:34.1 55.047 20.083 10.3 5.4 Ml NAO 11 8
13:32:28.5 54.903 19.999 1.2 4.8 mb ISC 12 352
13:32:29.2 54.77 19.94 10 5.0 mb EMSC 13
13:32:30.8 54.79 20.11 20.2 4.9 mb GCMT 14 40
13:32:29.2 54.8 19.9 10 ORFEUS 15
13:32:31.3 54.84 20.17 17 5.1 mb GAB 16 65
13:32:30.8 54.88 20.05 8.4 ASS 17 26
13:32:30.8 54.84 19.91 10 4.8 IRIS 18
13:32:29.3 54.74 20.19 10 STR 19 11
13:32:32.3 54.838 20.029 20.2 EHB 20 336
13:32:32.3 54.838 20.051 20.2 ISC-EHB 21 305
13:32:31.3 54.813 20.091 10 5.6 mb LEGMC * 8

Denotations: IGF — Poland Institute of Geophysics, GS RUS — Geophysical Survey of the Russian Academy of Sciences; ETHZ — Seis-
mology and Geodynamics (SEG) group at ETH Zurich; NEIC — National Earthquake Informational Centre (USGS); MEDNET — Medi-
terranean Very Broadband Seismographic Network; LDG — CEA Laboratory of Detection and Geophysics; CTBTO — International
Data Centre of Comprehensive Nuclear-Test-Ban Treaty Organization; HEL — Institute of Seismology of the University of Helsinki;
BGR — Federal Institute for Geosciences and Natural Resources; BER — University of Bergen; NAO (NORSAR) — Norwegian Seismic
Array, ISC — International Seismological Centre; EMSC — European Mediterranean Seismological Centre; GCMT —The Global CMT
Project; LDEO — Lamont Doherty Earth Observatory, (Columbia University); ORFEUS — Observatories & Research Facilities for
European Seismology; GAB — localization according to 1. Gabsatarova (Russia); ASS — localization according to B. Assinovskaya
(Russia), IRIS — Incorporated Research Institutions for Seismology; STR — EOST/ReNaSS — Strasbourg Cedex, France; EHB — Physics
Department, University of Colorado, Boulder, Co. USA (B.Engdahl); * — Latvian Environment, Geology and Meteorology Centre.

tre was the difficulty in identifying the S-wave. The
maximum amplitude in the S-wave group was attrib-
uted to Lg waves, the occurrence of which is due to
the superposition of multiple S-wave reverberations
and SV to P transformations and/or vice versa, P to
SV transformations within the entire earth’s crust.
Localization was done by the first P-waves and S-
waves.

Waveform inversion method

Currently, moment tensors are calculated by sev-
eral approaches: using amplitudes of seismic waves
(Vavrychuk, Kuhn 2012; Godano et al. 2011), S/P
amplitude ratios (Hardebeck, Shearer 2003), or full
waveforms (Mai et al. 2016; Weber 2006, 2016).
The inversion of full waveforms is a widely used ap-
proach applicable on all scales: from small to large
earthquakes. Ferdinand, Arvidsson (2002) used an
interactive inversion approach to demonstrate the re-
trieval of the source parameters of three small earth-
quakes and developed a modified model of structure
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along the propagation path. Moment tensor inversion
was carried out by minimizing the L2 norm of the
difference between synthetic and observed displace-
ment data under a deviatoric condition. Results for
the three small earthquakes showed good agreement
between single station and multistation source solu-
tions.

In this study, a method is presented for moment
tensor inversion of only direct P- and S-waves, which
are less sensitive to path effects modelling than re-
flected and converted waves, which significantly im-
proves the method’ accuracy and reliability. Based
on forward modelling, a numerical technique is de-
veloped for the inversion of observed waveforms for
the components of the moment tensor M(¢), obtained
by generalized inversion. Addressing the problem of
unavoidable inaccuracy of seismic waves modelling,
we propose to invert only the direct P- and S-waves
instead of the full field. The advantage of inverting
only the direct waves consists in their much lesser
distortion, if compared to reflected and converted
waves, by inaccurate modelling of velocity contrasts.
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Kaliningrad earthquake’s focal-mechanism solution

Thus, the direct waves, consequently, have a much
less distorted imprint of the source. The advantage,
in this connection, of choosing the matrix method for
the calculation of the wave field consists in its ability
to analytically isolate only the direct waves from the
full field.

A method, presented here enables one to obtain the
focal-mechanism solution by inversion of waveforms
recorded at a limited number of seismic stations. The
inversion scheme consists of two steps. First (forward
modelling), propagation of seismic waves in vertical-
ly inhomogeneous media is considered and a version
of the matrix method for calculation of synthetic seis-
mograms on the upper surface of the horizontally lay-
ered isotropic medium is developed. The point source
is located inside a layer and is represented with a
seismic moment tensor. The displacements on the up-
per surface are presented in matrix form in the fre-
quency and wave number domain, separately for the
far-field and the near-field (Malytskyy 2010, 2016;
Malytskyy, Kozlovskyy 2014; Malytskyy, D’ Amico
2015). Subsequently, only the far-field displacements

are considered and the wave-field from only direct
P- and S-waves is isolated with application of eigen-
vector analysis reducing the problem to system of
linear equations (Malytskyy 2016). Subsequently (in-
verse modelling), spectra of the moment tensor com-
ponents are calculated using a solution of generalized
inversion and transformed to time domain by apply-
ing the inverse Fourier transform.

Forward modelling

Assuming that the point source, represented by
a symmetric moment tensor M(?), is located within
a stack of solid, isotropic, homogeneous, perfectly
elastic layers with horizontal and perfectly contacting
interfaces, the layers characterized by thickness, den-
sity, and velocities of P- and S-waves, the following
expressions have been obtained by Malytskyy (2010,
2016) in cylindrical coordinates for the displacements
u® (t, r, ), u (t,r, o), andu@) (¢, r, ) on the upper
surface of the half-space at z = 2 0:
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where

ml :M\': COS¢+M\: Sin(p7 mz =Mzz

m; =cos’ @M, +sin’ @-M  +sin2¢-M,
m, =—cos2¢p-M  +cos2¢p-M, —2sin2¢-M, , (2)
ms; =M _cosp—M_sing,

m, =sin2¢p-M  —sin2¢p-M  —2cos2¢p-M,,

M., Mxy,..., M_ are the Cartesian components of
the moment tensor M(w) representing the source lo-
cated at » = 0, axis x pointing North and y East, ¢ is
the station’s azimuth (Fig. 3), & is the horizontal wave
number, functions g, = (g.,, g,)", and g, contain prop-
agation effects between the source and the receiver
(Malytskyy 2010, 2016),

[Jl 0] [JO oj
l]: 912: D
0 J, 0 J
L=L,J,=J,, J,=J, 3)

are the Bessel functions of argument 47, and L' is the
inverse Laplace transform, from frequency to time
domain.

Further, only the far-field displacements are con-
sidered and the wave-field from only direct P- and
S-waves is isolated with application of eigenvector
analysis reducing the problem to system of linear
equations (Malytskyy 2016). Equation (1) is then
expressed in matrix form for only the direct P- and
S-waves on the upper surface of the half-space in fre-
quency and wave number domain (o, k) (Malytskyy
2010):

UO=K -M 4
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where vector U® = (U, U, U", U, U,
U %) contains the six Cartesian displacement com-
ponents of direct P- and S-waves, vector M = (M,
M_,M._,M.,M, M, )" consists of the six independ-
ent Cartesian components of moment tensor M, ma-
trix K accounting for path effects and transformations

between the Cartesian and cylindrical coordinates:
K Ky K5 Ky K Kig
K Ky Ky Koy Ko Ko
| KK KGR KL KL | -
K Koy Ky Koy Ko Ko
KL KD KL KL KL KL
Ko Koy Koy Ko Kgs K

When only the direct P-waves are used, matrix K
reduces to

K\ Ky K K Kis Kig
K, K, K, Ky Ki Ky, |- (6)
K3 Ko Ky K3y Ko Ko

K’ =

Thus, Eq. (4) can be written only for the direct P-
waves in matrix form:

Uor=K”- M, (7)

where UY”= (U0, U ©”, U "")" defines the observed
amplitudes of the direct P-waves, and the components
of matrix K”in accordance with Malytskyy (2016).

Inversion modelling

Now, that a direct relation between the moment
tensor and the displacements on the free surface of
the half-space is defined by Eq. (7), the moment ten-
sor can be determined from the displacements by in-
verting the relation.

A least-squares solution to the over-determined
system of Eq. (7) for M (for there are 3 x k£ X @ equa-
tions in total for 6 x @ unknowns) can be obtained by
generalized inversion (Aki, Richards 1980):

M = (KPKP )_1I~(PU(O)P ) (®)
where the tilda denotes complex conjugation and
transposition, and -1 inversion and (K"K”)'K" is the
generalized inverse of K”.

Thus, since all the six independent components of
moment tensor M contribute to the waveforms U at
only one station in the over-determined system of Eq.
(7), the inversion scheme of Eq. (8) should enable, at
least theoretically, to obtain a unique solution for each
of them. Within the limitations of the current source
presentation and path effects modelling, the solution
is exact and convergence is reached after a single



iteration. The inverse problem in this case consists
of determining the parameters of point source under
the condition that the source location and origin time
is known, as well as the distribution of velocities of
seismic waves between the source and the station. Eq.
(7) is expressed in matrix form for direct P- waves at
N stations (i = 1,..., N) in the spectral domain:

K,
G = L‘ ) (10);
N
u®? = Oy, uPF)T (11)

The vector M of moment time functions is ob-
tained using the generalized inversion:

RESULTS

As a result of localization by LEGMC (Fig. 1),
the epicentre of the earthquake was inside the tectonic
structure formed by the Yantarnensk fault zone and
the zone of the Bakalinsk ruptured flexure. Most seis-
mological agencies have also located the epicentre of
the earthquake within this structure. The Yantarnensk
fault zone penetrates the base of sedimentary cover
(Caledonian structural complex), and the zone of the
Bakalinsk ruptured flexure is associated to the Alpine
stage. The Pregol fault zone and adjacent tectonic
structures currently show signs of activity. These in-
clude a striking manifestation of linear uplift through-
out the Holocene. Flexures are expressed exclusively
by folded deformations in Holocene sediments and
landforms (Rogozhin et al. 2014). Thus, the associa-
tion of the epicentre of the Kaliningrad earthquake to
these zones confirms their modern tectonic activity.

As aresult of applying the WFI method to estimate
the parameters of the focal mechanism of the consid-
ered Kaliningrad earthquake, the focal-mechanism
solutions were obtained for two and four seismic sta-
tions. When using 2 stations (SUW and VSU), the
following parameters of the focal mechanism were
obtained: nodal plane 1 — strike = 108°; dip = 66°;
rake = -166°. When using 4 stations (SUW, VSU,
RGN, and RUE), parameters of the focal mecha-
nism were as follows: nodal plane 1 — strike = 119°;
dip = 73°; rake = -163°. The parameters of the nodal
planes differ insignificantly, but the focal mechanism
remains unchanged — right-lateral strike-slip. These
test cases have shown that in low seismicity condi-
tions an estimate of the focal mechanism parameters
can be obtained using a limited number of seismic
stations. However, the 4-station variant is preferred.

In this case, the strike azimuth of the nodal plane bet-
ter corresponds to the strike azimuth of the tectonic
elements forming the above tectonic structure, as well
as close in strike to the Teisseyre—Tornquist zone.

The earthquake focal mechanism, regardless of
the number of stations used, corresponds to a right-
lateral strike-slip. Assessment parameters of the
tectonic stresses gave the following results: for the
compression axis P, strike azimuth P _ = 340°, plunge
angle P =29% for the tension axis T strike azimuth
T, = 252° plunge angle T = 1°; strike azimuth for
the axis coinciding with the 1ntersect10n of two nodal
planes B_= 162°, plunge angle B, =66°.

N

S

Fig. 4 Focal mechanism of the Kaliningrad earthquake on
21 September 2004 (13:32 UTC): ¢ is centre of diagram;
n is point of intersection of nodal planes; P is point of ap-
plication of the compression axis; T is point of application
of the tension axis; the dotted line is the plane of poles; the
red line is preferred nodal plane

The WFI method also made it possible to de-
termine the time at the source of the earthquake
(t, = 13:32:30), that is, to determine the onset of the
earthquake and the time function of the source (STF).
According to the authors, the definition of STF(t) can
be used for early warning, which will be investigated
by the authors in subsequent works.

Thus, the studies have demonstrated the main ad-
vantage of the WFI method, that is, the ability to es-
timate the parameters of the earthquake focal mecha-
nism using a limited number of broadband seismic
stations. The WFI method can be used as a discrimi-
nator of genesis of seismic events in the EBR, since
other discriminators have not yet demonstrated un-
ambiguity (Fourier spectra, ratios of spectra or ampli-
tudes of P- and S-waves, time-frequency analysis) and
efficiency (Nikulins 2017), or insufficiently studied
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(the complex index for assessing the integral power
of S- and P-waves — complexity index), or have not
yet been tested (SOM — Self Organized Map).

DISCUSSION

A comparison of the results of solving the focal
mechanism of the second Kaliningrad earthquake on
21 September 2004 (13:32 UTC), obtained in this
study, with the results of the solution of four other
seismological agencies is shown in Table 2. These
solutions of the focal mechanism of the Kaliningrad
earthquake are based on use routine determination of
focal mechanisms obtained from first motion P-wave
arrivals (Lentas 2018; Lentas et al. 2019) and pub-
lished in the International Seismological Centre.

It can be seen that the results of the focal-mech-
anism solution for several agencies (MED_RCMT,
GCMT, IGF) are quite close to the results of solving
the focal mechanism in this study. Only the ZUR _
MRT results show a strike-slip faulting with a minor
thrust component. Dark background in Table 2 shows
the nodal planes of preferred solutions for the focal
mechanism of the second Kaliningrad earthquake.
Their orientation to a greater extent corresponds to
the orientation of tectonic elements of the Yantarn-
ensk fault zone and the zone of the Bakalinsk rup-
tured flexure.

The results of orientation of the main stress axes
P, T obtained in this study are in satisfactory agree-
ment with the results by GCMT. Estimates of the co-
seismic strain field for the Kaliningrad earthquake
of 21 September 2004 showed practically the same
values of the maximum compression and maximum
dilatation (Assinovskaya et al. 2011). In the area of
the Sambia Peninsula, the compression axis is orient-
ed approximately in the north-south direction, and the
extension axis in the west-east direction.

GCMT used 40 seismic stations, and IGF probably

no less than 6 seismic stations. In the research of the
authors, 4 seismic stations were used. The EBR with
a low level of seismicity is characterized by seismic
events with small magnitudes, not exceeding 2.5-2.7.
Therefore, if there is a need and opportunity to as-
sess the source mechanism of an earthquake in EBR,
then, as a rule, many seismic stations cannot be used.
The WFI method will assess the source mechanism
of seismic events in EBR for small magnitudes and a
limited number of stations.

In the WFI method, the results of the earthquake
focal-mechanism solution depend on the choice of
the focal depth. Therefore, the focal depth was vary-
ing from 1 to 20 km. In this case, the focal mechanism
radically changes from a normal fault mechanism to a
right-lateral strike-slip mechanism.

Due to the large epicentral distances, the reli-
ability of determining the depth of the hypocentre is
low. This is confirmed by the spread of the hypocen-
tre depth (from 0 km to 20.5 km) according to world
agencies and experts (Table 1). At a focal depth of
3.0 km, the earthquake focal-mechanism solution is
most consistent with the results of the solution of the
world’s leading agencies. The azimuth of the com-
pression axis P falls within the range of Sy, ,,,, values
in the continental Baltic region (northern Poland) and
is close to the azimuths S, ., for the south of Sweden
(see the section “Geological and tectonic setting and
seismicity”’). Among the seismological agencies that
determined depths less than 3.0 km, there were only
ISC (1.2 km) and CTBTO (0.0 km).

CONCLUSIONS

In this study, a WFI method is presented for mo-
ment tensor inversion of only direct P- and S-waves
recorded by a limited number of seismic stations. The
method is based on an inversion approach (described in
Malytskyy 2010, 2016), where a version of the matrix

Table 2 Comparative results of the focal-mechanism solution of the second shock of the Kaliningrad earthquake of 21 09
2004 (13:32 UTC). Designations: ZUR_RMT — Swiss Seismological Service; MED RCMT — Med-Net Regional Cen-
troid Moment Tensor project; GCMT — HRVD/GCMT, The Global CMT Project; IGF — Poland Institute of Geophysics;
Mal & Nik — authors of this study; Az — azimuth; Pl — plunge; Num st. — number of seismic station; P, T, B — see Fig. 4

Agency | Plane | Strike Dip Rake | H, km P Pl e T Pl e B Pl No st.

AT ; 22964.00 22:8 12766.()0 10 5 28 2 33 64

ROMT 2 aio w0 amse] 25| M6 | 0 ¥ | 3 3 [ w |

GCMT ; 12123'2) 2?8 _1_3300 20.2 338 8 247 1 148 82 40
A

Nl\i/l[(afc ; 12139..(? ;i g __11673"00 3.0 340 29 252 1 162 66 4
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method has been developed for the calculation of di-
rect waves in the horizontally layered half-space from
the point source represented by its moment tensor.

Evaluation of the focal mechanism parameters for
the second shock of the Kaliningrad earthquake of 21
09 2004 (13:32 UTC) showed that the applied WFI
method is promising for determining intraplate earth-
quakes with relatively small magnitudes in regions
with a low level of seismicity and a limited number of
seismic stations. The main advantage of the method is
in its application to solve the earthquake focal mecha-
nisms in the low seismic activity East Baltic region.

The focal mechanism of the second shock of the
Kaliningrad earthquake was estimated as right-lateral
strike-slip faulting. Parameters of preferred nodal
plane 1 are as follows: strike = 119°; dip = 73°;
rake = -163°, and parameters of tectonic stresses are
as follows: for the compression axis P, strike azimuth
P _=340°, plunge angle P = 29°; for the tension axis
T, strike azimuth T = 2§2°, plunge angle T,=1%
strike azimuth for the axis coinciding with the inter-
section of two nodal planes B = 162°, plunge angle
B, = 66°.

The earthquake hypocentre determined as a result
of this study was located into the tectonic structure
formed by the Yantarnensk fault zone and the zone
of the Bakalinsk ruptured flexure. This allows the au-
thors to assume the seismotectonic activity of these
tectonic structures. The source model of the Kalinin-
grad earthquake is in agreement with the focal-mech-
anism solution of other seismological agencies, as
well as with the orientation of the above-mentioned
tectonic zones, considering the source depth of 3 km.
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