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Abstract Seismic hazards in the Eastern Baltic region are traditionally considered quite low in frequency or
intensity; therefore, seismic data alone do not provide sufficient constraints on the geodynamic models of this
region. However, geological and geophysical data can be used to augment seismic data. This paper analyses
GPS-based regional crustal motions, strains, and co-seismic deformations to develop geodynamic models for
two Baltic Sea regions (Lake Ladoga —Gulf of Finland and Kaliningrad) in this area. These data and earthquake
focal mechanisms provided for the Lake Ladoga, Gulf of Finland, and Kaliningrad earthquakes may be useful
for the “Seismic Hazard Harmonization in Europe” (SHARE) project, which is devoted to updating seismic
hazard models throughout Europe.
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INTRODUCTION

Geodynamics is a section of geophysics that studies
the forces and processes causing large—scale motion
and deformation within the crust and mantle of
the Earth. The tools associated with geodynamical
research include Global Positioning System (GPS),
Interferometric Synthetic Aperture Radar (InNSAR), and
seismic data as well as numerical modelling of recent
changes of the Earth’s lithosphere. In this study the
geodynamics of two areas of the Baltic Sea region is
examined using GPS observations (to date the region
has a large number of GPS stations) and seismicity
data.

Geodynamic research in the Baltic Sea region has
been carried out as a part of the BIFROST project
(Baseline Inferences for Fennoscandian Rebound
Observations, Sea Level, and Tectonics) since 1993.
The primary goal of this project is to establish a new
three-dimensional (3-D) model of crustal movements
based on Global Navigation Satellite Systems (GNSS)

observations. The velocity field for Fennoscandia
(Fig. 1) was derived from 13 years of data at more than
80 permanent GPS sites (Lidberg et al. 2010). Their
solutions had a mean internal accuracy of 0.2 mm/year
(1-0) for horizontal velocities.

Traditional interpretations of the BIFROST data are
modelled in terms of Fennoscandian Glacial Isostatic
Adjustment (GIA) (Wu, Johnston, Lambeck 1999;
Fjeldskaar et al. 2000; Lidberg et al. 2010; Scherneck et
al. 2010; Pascal et al. 2010) rather than horizontal deforma-
tion geodynamics. This paper will consider horizontal
geodynamic models for data in the eastern extent of
Fig. 1.

The two strongest earthquakes in the Kaliningrad
area occurred in the Baltic Sea (54.88° N, 20.05° E)
on September 21, 2004. These M, ~5 events have
been well studied both seismically and geologically
(Wiejacz 2004; Gregersen et al. 2007; Assinovskaya,
Ovsov 2008; Griinthal et al. 2008, Nikolaev 2009).
It should be noted that there are deviating opinions
on the locations of the Kaliningrad earthquakes, for
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are used to construct a
model of the stress-strain
regime in the eastern
Baltic Sea region. Since
2008 a permanent GPS
monitoring station at the
Astronomical Observatory
Pulkovo (PULK) has been
part of the international
European network
(Shcherbakova, Gorshkov
2007). However, regular
GPS observations have
been acquired since 2002.
Field GPS observations
at the geodetic marks
BOTS, GIRS, MELO, and
VALM performed by the
Institute of Earth Physics
of the Russian Academy
of Sciences (RAS) during
the summer seasons 1999—
2008 were also used. Other
GPS data for the Lake
Ladoga—Gulf of Finland
region were collected at the
permanent GPS stations
JOEN, METS, SUUR,
SVTL,and TOIL in 1999-
2009. GPS data from the
VIRO station were kindly

Fig. 1 3-D rates of recent movements in Fennoscandia according to Lidberg et al. (2010,

provided by the Finnish
Geodetic Institute.
In the Southern Baltic

Fig. 4) and two regions of this research, Lake Ladoga—Gulf of Finland and the Southern Sea region GPS data were

Baltic area around the Kaliningrad earthquake epicentres. After Lidberg et al. (2010).

example Nikonov (2006), but in this paper we follow
the results of our research (Assinovskaya, Ovsov 2008;
Nikolaev 2009).

There is little evidence of seismic activity during
the centuries preceding the 21 September 2004 eart-
hquakes, which makes an analysis of the surface and
deep strains that resulted from the seismic process
interesting in itself. Authors combine geodynamical
(GPS) and seismic data to model potential deforma-
tions in the region Lake Ladoga—Gulf of Finland and
co-seismic deformations in the near—field and far—field
zones of the Kaliningrad earthquakes. In both cases,
our research is focused on the problem of how tectonic
deformation spread throughout these regions and is
largely constrained by GPS measurements, earthquake
data, and radiation patterns.

DATAAND METHODS

In addition to the BIFROST project data, GPS
station motions and earthquake focal mechanisms
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acquired from the per-
manent stations LAMA,
ONSA, RIGA, SPTO, VLNS, WARN, and WLAD.
These data were collected from international archive
sites (GPS archive 2010) for 2003-2005, also cover-
ing the 21 September 2004 Kaliningrad earthquakes
(Assinovskaya, Shcherbakova 2010). A daily position
for each station was obtained from the GIPSY (GPS
Inferred Positioning System) software version 5.0 de-
veloped at the Jet Propulsion Laboratory. Final results
were transformed to the International GPS Service
2005 (1GS05) reference frame. Incomplete daily data
as well as the positions with errors exceeding 30 were
excluded.

Atmospheric loading corrections were added for
the Lake Ladoga area GPS series (field and permanent
stations) by interpolating appropriate data (Petrov,
Boy 2004). These corrections reached £20 mm in the
vertical and 1-4 mm in the horizontal components of
the station positions. Hydrological loading corrections
for the area were also incorporated into the analysis
as this region is close to Lake Ladoga which has
large inter—annual variations of the water level (1 m



and more). These corrections
were calculated by J.-P. Boy
and were comparable with
atmospheric ones. The input
variations of the Lake Ladoga
water level were taken from
satellite altimeter data (Altim-
eter data 2010).

The location of all GPS
stations and geodetic marks
are seen in Figures 1, 2, and
their positions and annual ve-
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Fig. 2 Strain field AL/L (nanostrain/yr) evaluated by GRID STRAIN software and seis-
micity around the Lake Ladoga—Gulf of Finland region. Blue arrows represent dilatation
and red arrows compression. Strains are calculated on the 50x50 km grid. Solid lines
show significant and dotted lines mean significant strain rates. The focal mechanisms for
Kesélahti (K), Ananjlankoski (A), and the Gulf of Finland (F) earthquakes are shown.
The black area of circles indicates the compression zone and the white area the dilatation
zone. Grey arrows connect epicentres with their focal mechanism. Small black circles and
field of Lake Ladoga—Gulf of squares denote locations of historical and instrumental earthquakes (magnitude ML range
Finland GPS stations allows 0.1-4.0), respectively, the size of the circles is proportional to the magnitude. “N” shows
the location of the 1881 Narva earthquake. Yellow circles represent GPS stations.

Table 1 GPS station positions and average velocities to the north (V,), east (V,), and vertical (V) derived
from observations from 2002 until 2010. Rows shaded in grey show velocity data from Panafidina, Malkin

(2006).

Name, country Lat (N°) | Lon (E°) Time span V, (mmly) V. (mmly) V,, (mmly)
BOTS, Russia 61.842 34.381 1999-2009 10.72+0.16 20.31+0.17 1.44+0.38
GIRS, Russia 62.458 33.667 2001-2009 10.00+0.20 22.28+0.31 5.61+0.79
JOEN, Finland 62.391 30.096 1999-2010 11.71+0.02 20.35+0.02 4.17+0.06
LAMA, Poland 53.892 20.670 2003-2005 12.7+0.1 20.7+0.1 -0.2£0.1
MELO, Russia 61.783 30.785 1999-2009 10.26+0.15 21.91+0.26 4.24+0.39
METS, Finland 60.218 24.395 1999-2010 12.54+0.02 19.79+0.02 4.94+0.04
ONSA, Sweden 57.395 11.926 2003-2005 13.5+0.1 17.8+0.1 2.1+0.1
PULK, Russia 59.772 30.328 2002-2010 11.78+0.02 21.34+0.02 1.48+0.06
RIGA, Latvia 56.949 24.059 2003-2005 12.1+0.1 21.1+0.1 0.4+0.1
SPTO, Sweden 57.715 12.891 2003-2005 13.2+0.1 17.9+0.2 4.2+0.4
SUUR, Estonia 59.464 24.380 2007-2010 12.97+0.10 18.91+0.11 7.63£0.25
SVTL, Russia 60.533 29.781 2006-2010 10.81+0.06 21.13+0.06 2.71+0.16
TOIL, Estonia 59.422 27.536 2008-2010 12.43 0.14 20.87+0.14 3.90+0.31
VALM, Russia 61.360 30.886 1999-2009 10.89+0.14 22.47+0.31 3.29+0.42
VIRO, Finland 60.539 27.555 1999-2007 11.90+0.14 19.95+0.16 3.95+0.36
VIS0, Sweden 57.653 18.367 2003-2005 13.0£0.1 19.5+0.1 2.9+0.1
VLNS, Lithuania 54.653 25.299 2003-2005 12.3+0.1 21.8+0.3 -0.4+£0.4
WARN, Germany 54.170 12.101 2003-2005 16.14+0.14 17.46+0.14 6.29+0.34
WLAD, Poland 54.797 18.419 2003-2005 14.10+0.14 18.55+0.16 0.77+0.24
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the ITRF2005 (International Terrestrial Reference
Frame 2005) absolute rotation pole for Eurasia.
GRID_STRAIN software (Teza et al. 2007) was used
for this. This software presents the strain field as a set
of the principal components of the strain calculated on
a regular grid. The grid scale has to be comparable to
the mean baseline between stations for reliability of
strain estimation. The scaling parameter exp(d(n)/d6)
was used in the GRID STRAIN software implementa-
tion for this purpose, where d(n) is distance between
the n-th GPS station and the selected grid node, and d6
is proposed by the software and is adjustable by a user
scale factor. Thereby only the stations closer than dé'to
the selected grid point give a significant contribution
to the strain estimate in this node.

The next criterion for significance evaluation is
implemented in GRID_STRAIN. The grid plane is
subdivided into three equal sectors centered on each
grid node. The result is considered highly significant
(solid lines on Fig. 2) if at least one GPS station to grid
node distance is less than d@ for each sector. If only two
sectors contain a GPS station satisfying this condition,
the result is considered mean significant (dashed lines
in Fig. 2). No significance can be assigned to the result
in the remaining cases.

The seismic data indicate considerable activity in
the Baltic Sea region (Ahjos, Uski 1992) in the past
10 years, with the 2004 Kaliningrad events as the
largest in the region in the past 300 years (Avotinia et
al. 1998; Pagaczewski 1972). Earthquake catalogues
and databases for this region (Ahjos, Uski 1992; Assi-
novskaya 2005; Uski et al. 2003, 2006) were searched
for source locations and focal depths, and magnitudes
and origin times, in order to survey the deformation in
this area. In addition, two regional permanent seismic
stations, installed on Valaam Island and in VWborg in
2006 (Karpinsky et al. 2006), provided additional data
to investigate the seismic activity in the Lake Ladoga—
Gulf of Finland region.

Geodynamic analyses of focal mechanism solutions
for the 1981 Kesalahti earthquake, the Ananjlankoski
swarm (2003) of 17 earthquakes, and the Kaliningrad
earthquakes of September 21, 2004 are presented in
Tables 2 and 3. The parameters of the 2007 earthquake
and their focal mechanism were directly determined
using broadband and short—period seismograms from
the permanent seismic stations in the distance range
of 70-463 km (VYB, VAL, VJF, VSU, MEF, KAF,
KEF, SUF, JOF, KIN ,VAF, RAF, SRPE, OUL, MSF,
KUG).

The dynamics assessment of the Kaliningrad
earthquakes was carried out with COULOMB 3.1
software (2010) (see Lin and Stein, 2004; Toda et
al. 2005), which calculates static displacements and
strains caused by fault slip at any surface and at any
depth. COULOMB 3.1 also determines Coulomb
stress changes across mapped faults and earthquake
nodal planes, assuming a model with an elastic half-
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space and uniform isotropic elastic properties. The
COULOMB 3.1 software allows obtaining quantitative
strain parameters in contrast to regular focal mecha-
nism analysis.

RESULTS AND DISCUSSION
Lake Ladoga—Gulf of Finland region

Strain rates for the northern Lake Ladoga and eastern
Gulf of Finland area are shown in Fig. 2. Four uniform
strain zones are apparent. The first zone of uniform
strain is the Lake Ladoga—Lake Onega area with largely
unaxial compression. The second is the area north
of Lake Ladoga which has a motion that is largely
uniaxial dilatation with a NW direction coinciding
with the stretch of the Lake Ladoga graben long axis
(stations MELO — JOEN). The third region includes
the Karelian Isthmus (SVTL - PULK) and the Gulf
of Finland (VIRO - TOIL and SUUR - METYS)
and shows approximately equal compressional and
tensional strain rates with a deformation pattern in
the NS-EW direction (NS — compression, EW —
dilatation). Further westward the strain field changes
to predominantly compressive. The fourth area, the
northern coast of the Gulf, shows motion with EW
dilatation. Unfortunately, there are not enough GPS
data to extend strain calculations farther to the north
where notable seismic activity is present.

The borders between these regions may be connected
with faulting associated with the development of the
Lake Ladoga graben structure that divides blocks of
various strain regimes. This stress field may be respon-
sible for crust instability and for earthquake occurrence
in this area. The Lake Ladoga—Gulf of Finland region
shows a consistent pattern of low magnitude seismicity
(Ahjos, Uski 1992; FENCAT database 2010). Epicen-
tres of 42 historical events with magnitudes M, 1.2-4.0
and focal depths 5-12 km as well as 39 recorded events
from 1956 to April 2009 with M 0.1-3.5, focal depths
5-10 km are shown in Fig. 2.

16 earthquakes have occurred in the Lake Ladoga
region in the past 55 years. Ten of them belong to the
Valaam group clustered around the central part of Lake
Ladoga (Assinovskaya 2005) and six earthquakes had
epicentres along the periphery of the lake (see Fig. 2)
as reported by Renquist (1931) and (Nikonov 2005).
The comparison of the epicentre locations with local
geologic data strongly suggests that all of these earth-
quakes are connected with the fault system associated
with the Lake Ladoga graben. The 2010 Valaam micro—
earthquake swarm in fact had tectonic origin.

In addition, five earthquakes with magnitudes M
2.3-2.6, focal depths 5-10 km located northwest of
the Lake Ladoga structure were recorded between
1979 and 2009 (FENCAT database 2010). The 1981
Kesalahti earthquake (M = 2.1) focal mechanism
shows strike-slip motion along one of the two NS or EW



trending fault planes, with a NW trend of maximum
compression and a S-SW trend of maximum dilatation
(Uski et al. 2003).

13 historical earthquakes and another 30 recorded
instrumentally have occurred close to the northern
coast of the Gulf of Finland (see Fig. 2). The 2003
Anjalankoski swarm of micro—earthquakes is included
in this amount (Uski et al. 2006). The 16 earthquakes
(M, =0.6-2.1) associated with the Anjalankoski event
had focal depths less than 2 km and occurred on the
northern shore of the Gulf of Finland. This swarm
belongs both to the NE and the ENE-WSW oriented
fault zones (Uski et al. 2006). The focal mechanism
exhibited dip—slip motion on a vertical fault plane
with strike 250°, which coincides with the boundary
of the Wborg rapakivi granite batholith. Note that the
compressional, P (strike 340°, plunge 35°) and dilata-
tional, T (strike 340°, plunge 55°) axes decline from
the horizontal.

The 1881 Narva earthquake epicenter is located
on the southern shore of the Gulf. This event is the
strongest in this part of the study area and reached the
intensity 1, = VI. The earthquake magnitude and focal
depth assessed according to macroseismic data equal
M = 3.0 and 5 km, respectively (Ahjos, Uski 1992).
The isoseismals extend along the coast of the Gulf.
The NW-SE orientation of the Narva—Anjalankoski
seismic activity zone probably extends into eastern
Gulf of Finland. This is indicated by the existence of
palaeo—seismic deformation found on Gogland Island
in the central part of the Gulf. This island is located
between the Narva 1881 earthquake epicentre on the
southern coast of the Gulf and the epicentre cluster of
the Anjalankoski earthquakes on its NW side (Assi-
novskaya, Verzilin 2007).

The 2007 event in the eastern section of the Gulf of
Finland (see Fig. 2) had M, 2.0 and depth 2.9 km. The
focal mechanism solution yielded possible fault planes
in the NS and NW-SE directions, respectively. The
latter orientation coincides with that of the basement
faults revealed by Amantov et al. (2002) and is there-
fore preferred (see Fig. 2). The best fitting dynamics
for this focal mechanism would include strike—slip and
normal motion along a NW-SE fault line with NW-
SE orientated maximum compression and NE-SW
oriented maximum dilatation. Note that the dilatation

axis is close to the horizontal (T-axis strike 230°, plunge
3°; P-axis strike 317°, plunge 41°).

Thus, the weak seismicity of the northern Lake
Ladoga area is connected with the surface geodynamic
dilatation zone as well as with the strain change bound-
aries. This deformation style differs from that derived
from the 1981 earthquake focal mechanism data. The
mainly strike-slip focal mechanism implies a change
in the strain regime at a depth of 10 km from the NW
trending compression observed by GPS measurements
at the surface. GPS observations give satisfactory esti-
mates of surface strain rates, but they are not capable to
provide the same quality at depth. Probably, a temporal
change in stress is connected with the seismic process,
but it is impossible to state this definitely, since the
earthquake happened in 1981 and the GPS data are
from the period 2000-2010.

Farther to the west around the Karelian Isthmus
and the Gulf of Finland to Estonia, geodynamic strain
lines match the 2007 earthquake fault plane. Taking
into account the shallow focal depth, it is possible that
there is a similarity of the GPS-measured strain rates
with those derived from seismic data for the upper 3
km of the crust. The Anjalankoski 2003 swarm focal
mechanisms revealed a stress—strain state that better
reflects local geology. Nevertheless, the strike of the
fault plane is in agreement with the GPS strain data.
The EW dilatation shown in the map probably indicates
recent geodynamic activity along faults transverse to
the stretch of the Gulf of Finland and suggest the exist-
ence of the Narva—Anjalankoski zone.

Kaliningrad region

The Kaliningrad earthquake sequence (21 September
2004) consisted of three events. The first two were the
largest (see Table 2). Gregersen et al. (2007) presented
intensity data from Poland, Sweden, Denmark, Norway,
Russia, and Finland. The intensity maps constructed
from these data depicta NW-SE orientation of the EMS—
98 intensity boundaries 11, IV, and V. These intensity
values are related to specific amplitudes of ground
motion, notably surface displacements. Gregersen et

Table 2 Earthquake parameters (Uski et al. 2003, 2006; Gregersen et al. 2007; Assinovskaya, Ovsov 2008).

Origin time Location (°) . .
Date GMT (hm's) Lat (N) Lon (E) Depth (km) Magnitude Region

1981 03 27 22:00:42 61.98 29.75 10 21M, Kesdlahti

20030509 | 21:48:29.7 60.82 26.83 2 21M, Ananjlankoski
50M,

20040921 | 11:05:04.6 54.85 20.04 10 4.7 mb, Kaliningrad
48 M,
52M,,

2004 09 21| 13:32:30.8 54.88 20.05 10 4.8mb, Kaliningrad
50M

2007 07 11| 15:45:27.9 60.10 28.84 2.9 20M, Gulf of Finland
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al. (2007) also described the focal mechanisms (see
Table 3) for these two earthquakes determined from
centroid moment tensors with source parameters for
the seismic moment of 5.0x10% and 7.2x10* N-m, and
average displacements of 38.0 cmand 57.1 cm, for the
first and second shocks, respectively. Both earthquake
epicentre zones were located in the northwest part
of the Sambian Peninsula. The most probable active
fault zone trended N-S within a few km of the
western Sambian
coast (Suveizdis
2003; Assinovskaya,
Ovsov 2008;
Nikolaev 2009)
(Fig. 3).
Assinovskaya,
Ovsov (2008) used
geophysical mod-
eling to conclude
that the N-S ori-
ented seismogenic
fault has a complex
internal structure
and dips under the
Sambian block with
the angle ~70°-80°.
The first earthquake
occurred at the inter-
section of this fault
and the E-W normal
fracture zone at the
Yantarny settlement.
The second earth-
quake was located
at a distance of a
few km to the north
Fig. 3 Epicentre locations of the on the same N-S
11:05 GMT and 13:32 GMT 21 oriented fault zone
September 2004 Kaliningrad eart- pnear the Bakalino
hquakes (black circles), their focal gettlement. The fo-
mechanisms after Gregersen et al. cal mechanisms
(2007), the direction of the regional for these events are
compressive stress (black arrow), the - :
seismogenic strike~slip fault (black Nearly identical and
solid lines), its slip direction (grey the parameters indi-
arrows), and other faults of normal cate strike-slip mo-
type (dotted lines). The grey poly- tions with a minor
gon represents geological structure, normal component

probably of granitoid composition. along the possible
After Assinovskaya, Ovsov (2008). fault planes trend-

55N 20E

54.TN 20E

Table 3 Earthquake focal mechanism data.

Date pF;L::; Strike (°) |Dip (°)| Reference
1981 03 27 |I| %é 2; USI;E) 8; al.
2003 05 09 |I| 27500 28 Us;) (e)g al.
2004 09 21 II| 1212%00 gg Graeﬁezrggr; et
2007 07 11 III ;;g gg This work
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ing E-W and N-S (see Fig. 3). The model indicates
sinistral, strike—slip deformation and fracturing of the
crust. Intensity data, source parameters, focal mecha-
nisms, and ground motion records were used to assess
co-seismic movement amplitudes in and around the
earthquake site and to compare them with GPS data.

Kaliningrad earthquakes co-seismic
deformations

Seismically induced surface movement that can
be detected by space geodetic tools requires either
strong global earthquakes (M ~7-8) or seismic
events located near monitoring stations. The question
remains how close sensors must be stationed to
record the surface motions associated with moderate
seismic events such as the Kaliningrad ones. In first
round analyses by Assinovskaya et al. (2009) and
Assinovskaya, Scherbakova (2010) local and regional
horizontal displacements were counted using total
realized Kaliningrad earthquakes seismic moment.
The data obtained were compared with the Baltic
GPS observations only a month before and after the
earthquakes on 21 September 2004. GPS regional
horizontal displacements obtained by means of daily
position and baseline data analysis have revealed
co-seismic anomalies. However, they did not seem to
be statistically reliable and therefore longer series of
observations are now used.

In this study, seismic strong motion parameters
are applied together with seismic source data and
GPS data to further investigate local geodynamic
motions from moderate earthquakes. Near—field and
remote earthquake stress—strain data were analysed
using COULOMB 3.1 and GRID_STRAIN software.
Initial conditions included focal mechanism data,
cumulative seismic moment, and a hypocentre depth
of 10 km. From these analyses co—seismic horizontal
displacement maps were constructed. A horizontal
motion of about 1 m along the fault was observed in
the near field. This motion decreased to 0.5-1.0 mm
at a distance of nearly 70 km (the WLAD GPS stati-
on). The point far—field displacements (from ~20 km
to 550 km) were determined from broadband records
observed at seismograph stations around the epicentres
of the Kaliningrad earthquakes and in some other pla-
ces (Gregersen et al. 2007) by using known relations
between intensity and ground motions (Ambraseys et
al. 1996; Aptikaev et al. 2008).

Displacement anomalies of each station’s GPS posi-
tion were found as a step or impulse of the moment of
the Kaliningrad earthquakes, as mentioned above. The
final GPS displacements are presented in comparison
with seismological data in Table 4. The absolute val-
ues of the GPS horizontal offsets are similar to those
obtained from seismic data. The map of horizontal
displacements in the near—field zone was compiled
using earthquake focal mechanism data and is shown
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Fig. 5 Far—field co—seismic strain for the 21 September 2004
Kaliningrad earthquakes derived from focal mechanism data.
Red lobes denote compression (dilatation is negative) and
blue lobes dilatation (dilatation is positive).

549N
in Fig. 4. It is seen that the maximum displacement oc-

curred in the north—east direction. Unfortunately, there
was no GPS station in the near field when the Kaliningrad
earthquakes occurred.

Two maps for far—field strain zones were also gen-
erated; one using focal mechanism parameters and the
other GPS results (Table 4). The seismic strain map
(Fig. 5) shows co-seismic compressive and tensile
deformations spread widely throughout the region as
well as perceptible deformation of crust sections near
the earthquake epicentres (Gregersen et al. 2007). The
two far—field strain maps clearly represent the well-
known regional NW-NE direction of compressive
54.8N T B strain (stress) (Heidbach et al. 2008).

19.8€ 19.9€ 20E A map of the co—seismic strain pattern (Fig. 6) im-

5{954 It‘leag—ﬁezlggfkseli?mic hodrizorg]al diskplaclgrlnerlit forthe  pjjes that after the earthquake the crustal deformation
eptember aliningrad earthquakes. Black arrows ; ; )
represent displacement, the red line the active fault, and the varied from one region to another. The central, north

green line the fault projection on the surface. Western, and eastern I’egions have Similar hOI’izontal
12E 16E 20E 24E
E ® VIS0 |
SPTO
RIGA
SWEDEN A\ LATVIA

L
S

56NK - 56N
\( )(
WARN B | g . i
94N —S‘nantrstram*z' s _ 54N
[ |
12E 16E 20E 24E

Fig. 6 The co—seismic strain field (AL/L, nanostrain/yr) for the 21 September 2004 Kaliningrad earthquakes. Blue arrows
represent extension and red arrows compression. Arrows are scaled to strain rate. High significance is marked by bold arrows
and mean significance by thin arrows in accordance with the above mentioned GRID STRAIN software implementation.
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Table 4 Horizontal displacements with errors (1-6) on September 21, 2004 estimated by GPS and earthquake
analyses. Earthquake strong motion data are from broadband seismograms, if available, or evaluated from

intensity values according to Gregersen et al. (2007).

GPS Earthquake

Station Dti)szi?mf:t Displacement to north, mm dispﬁ%reir?()erxs Imm dispTa?:ngnOer:]tta,l Imm Intensity
LAMA 0.4+0.3 0.6+0.3 0.7+04 0.6 V-V
WLAD -1.5+0.2 1.6£04 22104 25 V?
ONSA -0.5+0.3 -0.6+0.3 0.8+0.4 0.5 Hn-1v
SPTO -0.6+0.3 -0.5+0.3 0.8+0.4 0.5 Hn-1v
VISO 0.6+0.2 -0.1+0.3 0.6 0.3 0.5 Hn-1v
VLNS 0.6+0.4 -0.6+0.7 0.8+0.8 0.3 1l
RIGA -0.4+0.3 0.1+0.4 0.6 £0.5 0.5 Hn-1v
WARN -0.5+0.3 -0.440.3 0.6 +0.4 0 1

strains. Everywhere, the magnitude of the axis of maxi-
mum compression is about equal to the magnitude of
the axis of maximum dilatation, but their orientations
are different and vary from NW-NE to NE-SW (Fig.
6). It is notable that in the central part, to which the
epicenter area belongs, the N-S strain direction coin-
cides with the strike of the seismogenic faults. There is
a potential for seismic activity along the entire length
of the fault zone. Thus, GPS data combined with even
moderate magnitude earthquake source data yield ad-
ditional information about the regional tectonic stress
and strain pattern.

CONCLUSIONS

Using permanent and field GPS station data, regional
crust velocities and displacements were calculated and
the strain field was mapped for two areas of the Baltic
Sea region. The strain field is very heterogeneous in
the Lake Ladoga—Gulf of Finland region. The strike of
the dilatation zone is coincident with the ancient Lake
Ladoga—Bothnian Bay suture zone (Gaal 1982). The
recent seismic activity of this zone has been described
by Assinovskaya, Novozhilova (2002). The Kesélahti
earthquake cluster located here may be associated
with the regional dilatational stress; at least the focal
mechanisms for this region do not preclude such a
hypothesis. On the other hand, the data are too sparse
to conclude this for sure.

In the region of the Gulf of Finland, strain data
obtained by GPS do not contradict focal mechanism
solutions. The earthquake fault planes occurred in the
direction of maximum strain, implying that the upper 3
km of the crust have experienced recent deformation.
The well constrained source mechanism of the 21 Sep-
tember 2004 Kaliningrad earthquakes leads to a greater
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understanding of the geodynamics throughout the East-
ern Baltic. Stress—strain field modelling based upon focal
mechanisms from these earthquakes is in general agree-
ment with the post—seismic geodynamical deformation
observed by GPS-based ground movement.

Thus, the geodynamic activity is expressed by the
presence of both long—term and short-term alternat-
ing regional movements and wherever non-uniform
GPS local motions occur. This crust mobility may be
responsible for the earthquake occurrence that in turn
forms abnormal ground movements recorded both in
seismic and geodynamic data.
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