ISSN 1069-3513, Izvestiya, Physics of the Solid Earth, 2008, Vol. 44, No. 9, pp. 717-727. © Pleiades Publishing, Ltd., 2008.
Original Russian Text © B.A. Assinovskaya, M.K. Ovsov, 2008, published in Fizika Zemli, 2008, No. 9, pp. 32—43.

Seismotectonic Position of the Kaliningrad
September 21, 2004, Earthquake
B. A. Assinovskaya and M. K. Ovsov

Pulkovo Central Astronomical Observatory, Russian Academy of Sciences (RAS),
Pulkovskoe sh. 65/1, St. Petersburg, 196140 Russia
e-mail: belaa@gao.spb.ru
Received September 26, 2007

Abstract—The paper presents an alternative consistent seismotectonic model of the Kaliningrad (Russia) Sep-
tember 21, 2004, earthquake according to which source zones of the two strongest shocks were confined to a N-S
fault off the Sambiiskii Peninsula in the Kaliningrad region. A left-lateral deformation fractured a local crustal
zone between the town of Yantarnyi and the settlement of Bakalino. The model was constructed with the use of
a method developed by the authors for structural analysis of gravity and magnetic data. Initial materials are
revised in terms of the EMS-98 macroseismic scale, and modified maps showing the shaking intensity in the

NW part of the Sambiiskii Peninsula are compiled.
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INTRODUCTION

The Kaliningrad September 21, 2004, earthquake
with M,, ~ 5 directly corroborated the ideas underlying
modern seismic zoning [Ulomov, 1999] and pointing to
the possibility of ubiquitous occurrence of weak and
even moderate earthquakes with a low recurrence fre-
quency.

Some researchers identified prognostic zones of
probable sources of earthquakes as strong as M,,,, ~ 6.0
in the Kaliningrad region [Garetskii et al., 1997; Reis-
ner and Rogozhin, 2005]. Some sources are confined to
the Pregolskii fault zone or to a NW trending fault in
the Zelenogradsk area. No potential seismogenic zones
have been discovered in the adjacent water area of the
Baltic Sea.

Together with the Oslo graben (1904) and Osmus-
saar (1976) earthquakes, the Kaliningrad earthquake
was the strongest in the Baltic region over the past cen-
tury. However, unlike southern areas of Norway and
Sweden and western Estonia, even very weak earth-
quakes have not been noted in the last century in the
Kaliningrad region.

The earthquake of September 21, 2004, consisted of
a series of shocks; however, for technical reasons, seis-
mic stations recorded only three of them, and the first
two of these three shocks were the strongest and
occurred at 11:05 (M, = 5.0, m,= 4.7, M| = 4.8) and
13:32 GMT (M,, = 5.2, my = 4.8, M; = 5.0). These
events have been studied as comprehensively as possi-
ble, but no researchers could obtain consistent results as
regards both the location of the shocks and the determi-
nation of the seismotectonic position of the source
zone. In their exhaustive study analyzing seismic

records obtained at regional distances and generalizing
all (in particular teleseismic) data available for the
localization of the events, Gregersen et al. [2007]
placed the epicenters of the two strongest shocks at the
center of the Sambiiskii Peninsula. Their sources were
fixed at a depth of 10 km. In some other publications,
the source depth is estimated at 6-8 km [/nternational ...,
2001; Assinovskaya and Karpinsky, 2005]. Gregersen
et al. [2007] also described the focal mechanisms of the
two earthquakes determined from the centroid moment
tensor. The focal mechanism parameters were found to
be absolutely identical and indicate strike-slip motions
with a minor normal component in the sources on two
possible fault planes trending E-W and N-S. The plane
parallel to the Teisseyre-Tornquist zone, the junction
zone of the Archean—Proterozoic East European and
Phanerozoic West European platforms, was chosen as
the main one. A more detailed seismotectonic position
of the sources was not established. Moreover,
Gregersen et al. [2007] presented results of processing
of numerous macroseismic materials gathered at
regional distances in the Baltic countries, Poland, Swe-
den, Denmark, Norway, Russia, and others; these
results allowed the authors cited to construct mac-
roseismic maps of the events, rather clearly displaying
boundaries of zones of EMS-98 intensities of 3, 4, and
5 oriented NW-SE. In the Kaliningrad region proper,
macroseismic manifestations have been studied only in
the west of the region, on the Kurshskaya spit, and on
the southern coast of the Kurshskii Bay [Nikonov et al.,
2005; Aptikaev et al., 2005]. Maps of shaking intensity
in the epicentral zone were constructed with the use of
the MSK-64 scale. According to these data, the epicen-
tral zone of the first shock is located in the northwest of
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Fig. 1. Fragment of the shaking intensity map (the EMS-98
scale) for the first two shocks of the Kaliningrad earth-
quake. The macroseismic epicenter [Nikonov, 2005] is
shown by a black diagonal cross; the instrumental epicen-
ters are EMSC (white diamond), MOS (white hexagon),
POL (white square), NEIS (white triangle), ISC_AKI
(white pentagon), ISC_DB (straight cross), and our solution
(black star).
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Fig. 2. The same as in Fig. 1.

the Sambiiskii Peninsula, with 5- and 5.5-intensity
shakings being felt throughout the area, while 6-inten-
sity manifestations were almost confined to the Yantarnyi
area. For the second shock, the MSK-64 intensity in the
northwest of the peninsula was estimated at 5.5 and 6.

According to [Nikonov et al., 2006], the macroseis-
mic epicenter of the first shock was located in the west
of the region, in the Bay of Gdansk near the town of
Yantarnyi, and the macroseismic source of the second
event formed near the northern shore of the Sambiiskii
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Peninsula, in the area of the settlement of Primorskii
and the town of Pionerskii. The sources were deter-
mined to be 20 km deep. The first earthquake was
related to a N-S fault located in the sea west of the pen-
insula, whereas the second event, following 2.5 h after
the first, was attributed to an absolutely different fault
trending E-W off the northern shore of the Sambiiskii
Peninsula. Accordingly, different focal mechanisms
were proposed for these shocks. In this case, the dis-
tance between their epicenters was estimated at
~20 km.

Thus, the lateral positions of the Kaliningrad earth-
quake sources as determined from instrumental and
macroseismic data significantly diverge, which is
unusual in the present epoch of intense development of
instrumental observations (Figs. 1, 2). Contradictions
are also evident in the determination of the seismotec-
tonic position of source zones: the model constructed
from macroseismic data is inconsistent with fault plane
solutions for both shocks. We do not object to the posi-
tion of the first source proposed in [Nikonov, 2006],
particularly because it is corroborated by macroseismic
manifestations in the Bay of Gdansk [Nikonov, 2005];
however, we believe that, since the sources had identical
mechanisms, they should be confined to the same tectonic
fault, probably striking NE-SW. Activation of precisely
this strike-slip fault could have arisen due to its ade-
quate position in the regional stress field with compres-
sive stresses directed NW-SE. The sources of all earth-
quakes are associated with this fault, and the source of
the second, strongest shock lay to the north of the first
and was confined to its intersection with the blocking
E-W fault bounding the Northern Sambiiskii block to
the north. This will be substantiated by an additional
analysis of the macroseismic field of the Kaliningrad
earthquake and by use of available tectonic constraints
from the epicentral area for the construction of an alter-
native model of the possible seismotectonic position of
the source zones.

MACROSEISMIC FIELD

Figures 1 and 2 present fragments of macroseismic
maps of the two main shocks of the Kaliningrad earth-
quake constructed using the EMS-98 scale [Griinthal,
1998]. All available data of observations were prelimi-
narily reprocessed in accordance with the formal
requirements of the scale and their statistical analysis
was performed in order to eliminate partial, compound
(double and triple), and approximate (unreliable) inten-
sity estimates. As is known, only whole number inten-
sities are admitted in the EMS-98 scale. Shaking inten-
sity values in this approach seem to be less liable to the
subjective factor.

As seen from Fig. 1, the first event is distinguished
by the incompleteness of the 6-intensity isoseismal
noted in [Nikonov, 2006] and the NE strike of the
5-intensity zone located in the northwesternmost part
of the Sambiiskii Peninsula and farther in the sea. The
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land area of this zone is ~250 km?. The zone of a max-
imum intensity of 6 was located mostly in the sea, and,
therefore, the earthquake source lay to the west of the
settlement of Yantarnyi.

In our new reconstructions, the second shock zone
of an intensity of 6 locally fluctuating in some parts of
the western and northern Baltic Sea coast and attenuat-
ing in the center strikes in the same direction as the
5-intensity zone of the first earthquake; i.e., the orienta-
tion of the epicentral zone is north-northeastern,
orthogonal to the aforementioned general NW strike of
the macroseismic field. The area of the zone is suppos-
edly 750 km?, =250 km? of which account for the land.
The perceptibility ellipse is 35 x 27 km (in agreement
with the usual ratio of 3/4), and its average radius is
~16 km. These reconstructions are quite consistent
with the position of the second event a few kilometers
north from the first.

The position of the sources in the Bay of Gdansk
is additionally supported by previously unknown
reports of seamen who were the first to inform local
authorities about the earthquake [http://www.reg-
num.ru/news/328785.html]. We do not know where
precisely they were, but it is likely that they were closer
to the source of shaking than other eyewitnesses of the
events. Moreover, an unusual phenomenon was
observed on the coast: about 1 km from the shore, local
inhabitants saw a funnel resembling a tornado
[http://www.regnum.ru/news/331632.htm].

It is also noteworthy that, according to people living
on coastal streets of the town of Yantarnyi (the western
coast of the Sambiiskii Peninsula), both shocks were
very hard, essentially horizontal, and directed from the
seaside. It is sufficient to say that window panes facing
the sea were instantaneously forced inward during both
shocks. Changes in seawater and the sea bottom that
took place near Yantarnyi during and after the events
are described in detail in [Nikonov, 2005].

The intensity increase on the northern coast of the
Sambiiskii Peninsula, where the second source is
located according to [Nikonov, 2006], is accounted for
in our approach by the propagation of shakings solely
in the E-W direction along the strike of faults (Fig. 4).
Moreover, the northern coast is distinguished by very
complex inhomogeneous geological-engineering con-
ditions: numerous aquifers, eolian deposits (e.g., mov-
ing sand dunes on the Gvardeiskii Cape in the Pioner-
skii area), and loose sands (e.g., in the Chistaya and
Svetlogorka river valleys) ubiquitously alternate with
denser siltstones, loams, and moraine deposits [Geo-
graphic ..., 2002]. The presence of dense/loose sedi-
ment contacts at bases of buildings caused the wrench-
ing effects described in [Aptikaev et al., 2005] (per-
sonal communication of M.A. Klyachko) that took
place during the Kaliningrad earthquake.

For comparison, Figs. 1 and 2 also present results of
the location of earthquakes by instrumental methods.
Of all available determinations of the main parameters
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of the two Kaliningrad shocks by regional networks at
epicentral distances of 230-1500 km, we chose the
most reliable determinations, reported in [Wiejacz and
Debski, 2005] and [Gabsatarova et al., 2005] and
obtained by the European Mediterranean Seismologi-
cal Centre [http://www.emsc-csem.org]. These solu-
tions are in general mutually consistent: in all cases, the
epicenters of both shocks are located in the NW part of
the Sambiiskii Peninsula close to each other; however,
it is remarkable that they are beyond or near the SE
boundary of the zone of maximum shakings. Teleseis-
mically located sources deviate significantly from epi-
centers determined at closer stations.

According to data of the National Earthquake
Information Center (NEIC) [http://earth-
quake.usgs.gov/regional/neic/], the epicenters of both
shocks lay south of the town of Yantarnyi, i.e., at the
southern termination of the maximum shakings zone.
The International Seismological Centre (ISC) sources
[http://www.isc.ac.uk], 10 km apart, lie to the east and
south of the shaking areas. The redetermination of source
parameters based on the AK-135, rather than Jeffreys—
Bullen, velocity model and performed in the framework
of modernization of the ISC localization technique
[http://www.isc.ac.uk/doc/analysis/2005p01/jb-ak_
explanation.html] did not change significantly the posi-
tion of the Kaliningrad earthquake sources (Figs. 1, 2).
Thus, the divergence between source positions deter-
mined by different methods is evident. This fact can be
naturally attributed to uncertainties in the instrumental
localization due to the absence of seismic stations close
to the epicenter and, accordingly, records of direct
waves. Contrasting regional heterogeneities present in
the crust prevent reliable determinations from refrac-
tions at distances of 200—1500 km. Very complex geo-
logical-engineering conditions locally increase the
shaking intensity by an EMS-98 value of up to 2,
thereby introducing a considerable uncertainty into
macroseismic solutions.

In connection with the aforesaid, it is of interest to
elucidate the agreement between data of macroseismic
and instrumental localization (by different methods) of
weak and moderate earthquakes in countries well pro-
vided with seismological observations.

COMPARATIVE ANALYSIS OF MACROSEISMIC
AND INSTRUMENTAL DATA
ON EARTHQUAKES WITH M,, ~ 5
IN OTHER SEISMICALLY ACTIVE REGIONS

Using the Internet’s potential, we compared mac-
roseismic, local instrumental, and teleseismic ISC and
NEIC data on some earthquakes in Eurasia and North
America. Ten events of the last decades comparable in
magnitude (an M,, and M; range of 4.5-5) with the
Kaliningrad earthquake were selected. They occurred
in Switzerland, the United States, and Great Britain.
Dense local networks of instrumental seismic observa-
tions are functioning in these regions, and macroseis-

No. 9 2008



720

—3°

_2°

ASSINOVSKAYA, OVSOV

-1° 0° 1° 2° 3°

55°

540

T

0 50 100 km
S

53¢

52°

51°

-
N

50°

o L

p e L S

Fig. 3. Isoseismals of the Bishops Castle (Great Britain) earthquake of April 2, 1990 (13:46:43.2 UTC), with M| =5.1 and H = 14 km
[http://www.earthquakes.bgs.ac.uk/macroseismics/bishopscastle_macro.htm]. The star is the instrumental epicenter according to
data of the national network stations. The epicenter is seen to lie almost at the center of the 6-intensity isoseismal, whereas the
teleseismic epicenter (black dot) is at a distance of ~10 km to the south. The ISC and NEIC locations virtually coincide in this case.

mic data are being constantly gathered (in particular, in
areal-time mode via the Internet). It was found that, for
example, three Swiss earthquakes of 1991-1996 with
M, =4.3-4.6 and H = 2-12 km are localized with an
error of =5 km, and their instrumental (local network)
epicenters were invariably located within maximum
intensity zones, sometimes deviating from their centers
[http://www.seismo.ethz.ch]. For the first two events,
the ISC and NEIC determinations agree with solutions
from local network data, while the divergence in the
third case amounted to 12—13 km. The average isoseis-
mal radius of an intensity of 6 (maximal in two cases)
was 13-20 km.
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In the case of four British earthquakes of 1979-2002
with M; = 4.7-5.4 and source depths of 7-14 km,
source positions instrumentally located from data of
near stations are also within zones of maximum inten-
sity, but teleseismic positions of the sources are shifted
relative to macroseismic and local data by 10-16 km
[http://www.earthquakes.bgs.ac.uk/macroseismics].  The
earthquakes induced mainly shakings of intensities of
5-6 at epicenters; the mean radius of the 6-intensity
zone is 16-25 km.

In the eastern United States, the instrumental NEIC
epicenters of three earthquakes of 1996-2004 with mag-
nitudes M,, = 4.2-4.6 and source depths of 5-18 km
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also lie mainly within zones of maximum intensity but
are shifted relative to their centers [http://earth-
quake.usgs.gov/eqcenter/eqarchives/poster/]. The deter-
mination uncertainties lie within a range of 5-17 km. As
an illustrative example, Fig. 3 presents a shaking inten-
sity map for the Bishops Castle (Great Britain) earth-
quake of 1990.

Thus, the data analyzed above confirm the generally
known fact that, given adequately configured local net-
works, macroseismic and instrumental parameters of
weak and moderate earthquakes coincide within statis-
tical errors of their determination. The errors of deter-
minations from teleseismic data are systematic due to
uncertainties of location methods and velocity models
in use. However, NEIC and ISC epicenters lie within
isoseismals of a maximum intensity for almost all of the
earthquakes considered.

The above analysis of world data, first, raises doubts
concerning the validity of the Kaliningrad earthquake
localization by regional stations and, second, points
once more to the inappropriateness of averaging
regional and teleseismic determinations because in all
cases the latter contain a significant systematic error.

TECTONICS

The determination of the tectonic position of the
earthquake is a fairly complex and ambiguous problem
because of inadequate and biased geological informa-
tion about the region, studied solely in the framework
of oil and gas exploration tasks. Only very general ideas
exist about the structure of the crust as a whole in the
NW Sambiiskii area. The nearest profile of deep seis-
mic sounding lies at a distance of 80 km to the south of
the epicentral zone and crosses the Kaliningrad region
in the SW direction [Chekunov et al., 1993]. According
to this model, the Moho in the south of the Kaliningrad
region has a depth of 46 km and a velocity of V, = 8.1
8.2 km/s; an intermediate reflector with vV, =71~
7.2 km/s has been recognized at shallower depths. The
upper crust is 14—15 km thick, and the average velocity
in the crust is 6.3 km/s. According to data of the NW
segment of the EUROBRIDGE Lithuanian profile
[EUROBRIDGE'95 Seismic Working Group et al.,
2001], which are most significant for our study, a
waveguide with a velocity drop from 6.3 to 6.15 km/s
is identified at depths of 10-12 km. The waveguide,
which is a subhorizontal fractured zone filled
with mineralized solutions, is believed to have
played a key role in the recent geodynamics of the
Fennoscandian region and surrounding areas [Deep
Structure ..., 2004].

As regards its tectonic position, the Kaliningrad
region is at the margin of the East European platform
within the SE part of the Western Lithuanian granulitic
massif between the Teisseyre-Tornquist suture zone
and the Neman system of active faults [Bogdanova
et al., 1994]. The NW orientation of the two aforemen-
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tioned fault systems defined the regional pattern of the
macroseismic field. It is established that the Archean—
Proterozoic basement of the Kaliningrad block and the
adjacent Gdansk trough is not homogeneous in the
composition and age of its composing rocks [Zagorod-
nykh et al., 2001]. According to deep drilling data, the
Rybachii—Pravdinsk N-S line separates the Archean
basement rock complexes into western and eastern
zones differing in metamorphism grade and composi-
tion. Intrusive rocks of the Lower Proterozoic form pla-
giogranite, granite, and gabbroid complexes composing
ring structures in the northwesternmost part of the
block. Karelian gabbroid intrusions cut rocks of the
Archean Ashvaskii gneiss—schist complex, fixed in the
south of the structure. Within the Gdansk trough, Lower
Riphean intrusions of rapakivi (?) granites cut granite
gneisses of the Lower Proterozoic Balnikanskii com-
plex. The basement is overlain by a sedimentary cover
thickening westward from 2.5 to 3 km.

The basement structure of the NW part of the Kalin-
ingrad (Sambiiskii) block on land and its westward
continuation into the sea is a system of E-W trending
sunken and uplifted blocks broken by faults of NW and
N-S strikes. The northern Sambiiskii block is most
uplifted [Tectonic ..., 2003; Zagorodnykh et al., 2001].
A few kilometers off the shore, researchers have distin-
guished a N-S fault zone marking the contact of
Archean and Proterozoic basement blocks (Fig. 4). The
NW part of the Sambiiskii block is bounded to the east
(on land) by the Pionerskii-Grachevka fault, penetrat-
ing into the sedimentary cover [Tectonic ..., 2003]. Sev-
eral fractures trending E-W, N-S, and NW have been
identified to the east of this fault (in the Taran Cape
area) by P. Suveizdis [Tectonic ..., 2003].

According to magnetic data [Banka et al., 2002] and
tectonic reconstructions [Zectonic ..., 2003], the tec-
tonic structure of the northern offshore Sambiiskii zone
is much simpler.

NEOTECTONICS

At the present time, the vast bulk of evidence points
to recent tectonic activity in the Kaliningrad region.
However, concrete data on active faults and their main
parameters (morphology, fault motion amplitudes and
velocities, and so on) are still unavailable.

The region under study includes a vast uplift of the
surface of pre-Quaternary (Paleogene and Upper Creta-
ceous) deposits with an amplitude of 20-40 m and local
subsidences of this surface below the sea level (Fig. 4)
[Blazhchizhin, 1974; Dodonov, 1971; Orlenok, 2001;
Geographic ..., 2002]. The uplift of the surface of pre-
Quaternary rocks is deformed, particularly at flanks, by
numerous fractures, so-called paleoincisions, reaching
elevations of —150 m below the sea level (Fig. 4) [Bur-
ied ..., 1976]. Valleys of Quaternary age strike mainly
N-S and E-W and vary in width and length; they have
been discovered both on land (the settlement of Pri-
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Fig. 4. Tectonic scheme of the NW part of the Sambiiskii Peninsula and offshore zone according to [Tectonic Map ..., 2003; Blazh-
chizhin, 1974; Geographic ..., 2006; Orlenok, 2001; personal communication of V. Zagorodnykh, A. Dovbnya, and V. Zhamoida]:
(1) Lower—Upper Proterozoic, plagiomicrocline and microcline granites and granite migmatites; (2) Lower Proterozoic (Karelian),
granite gneisses, migmatites, and sillimanite—cordierite—biotite gneisses of the Balnikanskii complex; (3) Archean, plagiomicro-
cline gneisses, microcline granite gneisses, and garnet—sillimanite—cordierite schists of the Ashvaskii complex; (4) Lower Riphean,
rapakivi (?) granites; (5) interblock faults; (6) interblock normal faults; (7) interblock faults; (8) tentative Quaternary faults and neo-
tectonically active linear zones; (9) Quaternary paleovalleys; (/0) pre-Quaternary surface isohypses (m).

mor’e, the town of Pionerskii, and others) and off the
Sambiiskii Peninsula shores. The majority of buried
paleovalleys coincide in direction with deeper tectonic
faults. Differences in the vertical position of segments
of the same valley on the surface of pre-Quaternary
rocks are attributed by V.K. Gudelis to neotectonic
movements that have occurred up to recent time [Geol-
ogy of ..., 1976]. The uplift of the pre-Quaternary sur-
face described above partially coincides in plan with
the epicentral zone located in our study, and the North-
ern Sambiiskii block occurs in the zone of its abrupt dip
to the north.

Numerous features indicating deformations of
younger sediments (zones of their crumpling bounded
by steep normal faults) and deeper horizons of the sed-
imentary cover have been revealed. Sedimentary rocks
form two submarine structural-denudational benches
on the western and northwestern submarine slopes of
the Sambiiskii Peninsula at distances of about 5 and 7—
10 km from the shore and at respective depths of 15-20
and 40 m [Blazhchizhin, 1974; Geology and ..., 1991].
A neotectonically active zone was confined by
P. Suveizdis [Tectonic ..., 2003] to the first of these
benches. This zone coincides in plan with the N-S fault
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in the basement described above (Fig. 4). It is worth
noting that strong siliceous rocks are widespread on the
submarine slope off the Taran Cape, which is direct evi-
dence for a tectonic compression setting [Geology of ...,
1976]. Because of the lack of data on the deep structure,
we obtained detailed tectonic characteristics of the
region by geophysical modeling of the deep structure of
the crust.

MODELING

In accordance with the current concepts, the seismic
process is due to both properties of the geological
medium as a whole and its structural organization in the
form of faults, contacts, structural boundaries, and
anomalies [Deep Structure ..., 2004].

To gain insights into the structure of at least the
upper crust in the supposed area of the source zone, we
used methods of structural analysis [Ovsov, 2004] and
wavelet transforms [Shtokalenko and Alekseev, 2007]
applied to available data (obtained by Zagorodnykh,
Dovbnya, and Zhamoida in 2002) on gravitational and
magnetic fields ~4000 km? in area. The study was
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Fig. 5. Fragment of a map of classes obtained by geophysical modeling with the use of the structural analysis method. The darkest
shade relates to the lower hierarchical level 3 and the smallest class 1. The map also shows the epicenters 11: 05 and 13 : 32 GMT
(white circles), their focal mechanisms, the direction of the regional compressive stress (larger white arrow), and the fault slip sense
(smaller white arrows). The thick broken lines are graben-forming faults and transverse faults, and the thick line is the seismogenic
fault. The thin line shows the position of the section shown in Fig. 6. The broad white line is the shoreline.

divided into stages. At the first stage, structural analysis
was applied to the entire data set.

This method, based on the use of correlation, clus-
ter, factor, and dispersion analyses, allows one to con-
struct a hierarchical (tree) structure of multivariate data
represented at observation points by a set of numerical
indicators. A main technique of specifying the structure
is the examination of the dependence of the intercluster
distance on the number of clusters. Division is per-
formed by using a jump of the major rank alone, which
ensures stable identification of the smallest number of
most general, extensive clusters. The structural analysis
of indicators converts observed indicators describing
objects of study into the space of new generalized indi-
cators, classes. In the space of new indicators, objects
are divided into subsets related to the original set as
species to a genus. The resulting classes represent the
structure of the object at the first hierarchical level. The
subsequent division of the species as genera of the
lower level leads to the construction of a developed
multilevel structure. The quality criteria of the struc-
tural solution are estimated in terms of a dual approach,
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statistical and cartographic. In the statistical aspect, the
quality of the resulting structure is represented by the
intergroup variability of initial indicators in end classes
relative to the whole-group variability in the root class.
The cartographic structure of the region studied is illus-
trated in Fig. 5 by a fragment of a map showing classes
(subsets) of homogeneous data. A map of classes
reveals images characteristic of complex buried geo-
logical objects.

At the second stage, we applied a method called by
its authors “wavelet transforms with physical meaning”
[Shtokalenko and Alekseev, 2007]. It is based on inte-
gral transformations of physical fields in which kernels
are represented by functions describing an anomaly
from an elementary source of the transformed field. As
a result, the depth distribution of potential fields was
calculated on the 54.87°N profile (Fig. 5).

At the third stage, the application of structural anal-
ysis to the inferred structure provided a detailed struc-
ture of the upper crust (to a depth of 8 km) in the sup-
posed area of the source zone (Fig. 6). Unfortunately,
due to the small volume of initial data, the study could
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Fig. 6. Results of geophysical modeling by the methods of structural and wavelet analyses. The position of the section is shown in
Fig. 5. The darkest shade relates to the lower hierarchical level 1 and the smallest class 9. The Roman numerals denote fault zones,

and the capital letters denote basement blocks.

not be extended to greater depths or in the eastern direc-
tion.

The results of the analysis show that at least the
upper 8 km of the crust in the region are divided into
blocks (Figs. 5, 6). The section clearly displays a sedi-
mentary cover and a complex basement surface broken
into blocks. A linear grabenlike structure is seen to exist
in the upper crust at a distance of 15-16 km from the
western shore of the Sambiiskii Peninsula (Fig. 6); the
eastern flank of this structure is a complex N-S trend-
ing fault zone of the strike-slip type up to 10 km wide
(I in the section), crossed by the Northern Sambiiskii
and Labsko-Sambiiskii E-W normal faults [Kanev and
Lyarskaya, 1992], extending from land. The zone is
complexly structured: its section displays numerous
smaller fractures with fault planes dipping vertically or
west- and eastward, as well as a great number of iso-
metric structures, intrusive bodies of a basic composi-
tion (Fig. 6). The composition of these formations is
constrained by large values of magnetization and den-
sity. Two faults (II and III in Fig. 6) parallel to zone I
are located nearer to the shore; possibly, they are
genetically related to zone I. These disturbances are
most interesting because the neotectonically active
zone of P. Suveizdis described above (Fig. 4) is con-
fined to them.

The first of the aforementioned NS trending strike-
slip faults is at a distance of 7 km (5 km along the base-
ment) from the Sambiiskii shore, with its strike-slip
deformation being realized on an inclined, rather than
vertical, plane. Moreover, the fault marks the contact of
two basement blocks (A and B) differing in composi-
tion and age, and block B is uplifted relative to A.
The fault plane dips eastward under the Sambiiskii
block. The dip changes from 56° near the seafloor to
90° at the basement depth (3 km); the fault flattens out
in the depth interval 4-7 km and becomes again subver-
tical at a depth of 8 km. In plan (Fig. 5), the Sambiiskii
block is a monolithic rounded structure of the third and
higher structural levels of possible intrusive origin and
a granitoid composition. The western boundary of the
block does not coincide with the shoreline, and its
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northern boundary marks the contact of the Northern
Sambiiskii uplift with the Kurshskii trough. Another
interblock contact with a subvertically dipping fault
plane is identified at a distance of 1 km from the shore-
line.

The source of the first shock might have been con-
fined to a tectonic node, namely, the intersection area of
an E-W fault disturbing the Sambiiskii block, a proba-
ble NW striking fault marked by the Pokrovskii inci-
sion, and one of the N-S trending faults revealed by the
structural analysis that cross the Northern Sambiiskii
block or bound it on the seaside (Fig. 5). Taking into
account specific macroseismic features, this fault must
coincide with inclined disturbance II in Fig. 5. If the
source depth is accepted to be 8—10 km, the projection
of the first event hypocenter will be 3 km west of Yan-
tarnyi. Comparing the morphology of disturbance II
and focal mechanism data pointing to a lateral slip on a
vertical fault plane, we should suppose that the fault
straightens with depth. On the other hand, the along-dip
component of deformations is somewhat larger than is
suggested by the fault plane solution [Gregersen et al.,
2007], and the real focal mechanism is of the nor-
mal(reverse)—strike-slip type.

According to [Gregersen et al., 2007], the source
radii of both shocks amounted to ~1 km. With a source
zone width of ~0.5 km, its length will be ~6 km, which
probably corresponds to the distance between the first
and second hypocenters. Taking into account the same
type of fault plane solutions for both shocks, the mac-
roseismic field (Fig. 2), and the macroseismic intensity
distribution pattern (an intensity increase at fault ends
inherent in the strike-slip type of deformations), we
may suggest that the source of the second event was
located to the north of the first on the same tectonic
fault. In maps of classes, this fault is distinctly observed
south of Yantarnyi and north of Bakalino but is poorly
resolved between these localities. In the geodynamic
respect, this local rigid crustal zone is fractured due to
a left-lateral deformation. In plan, the source position
coincides with the center of the area of maximum shak-
ings (Fig. 2). Taking into account the dip of the tentative
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seismotectonic fault, the hypocenter of the second
shock was also located in the offshore zone near the
shore. It is also seen that the source of the second shock
is confined to a tectonic contact marked by a gradient
zone on the pre-Quaternary surface (Fig. 4). As noted
above, the distribution density of Quaternary deforma-
tions in this region is high.

However, it is also likely that the second earthquake
occurred at a somewhat greater depth than 10 km (the
determination uncertainty of this parameter makes such
a suggestion possible) and was nearer to the first shock;
in this case, its source zone should have been located
directly beneath the Sambiiskii block to the northwest
(or west) from the first source. The geographic coor-
dinates of the shocks will then be close to the NEIC
determinations, but the second shock epicenter will
considerably deviate from the center of the maxi-
mum macroseismic intensity zone and the intensity
distribution described above will need to be addi-
tionally explained.

Thus, the coordinates of the first shock are (54.9°N,
19.9°E) and the second epicenter lay at a distance of
6 km to the north. The depth of the sources was suppos-
edly 8-15 km. The upper bound of this interval was
obtained from the localization of the events using data
of regional stations [Assinovskaya and Karpinsky,
2005]. The lower bound of the source depth interval
could be established from the position of the lower
boundary (15 km) of the brittle deformation zone
calculated from heat flow data [Assinovskaya,
2006].

DISCUSSION

The focal mechanism type of the Kaliningrad
earthquake source points to a setting of horizontal
compression oriented NW-SE in accordance with
the regional stress field. As is known, the major part
of the Fennoscandian Shield is also under conditions
of predominant horizontal compression of the same
orientation. This orientation and deformation type
are corroborated by numerous direct determinations
of the stress state type [Reinecker et al., 2005]. The
source of compressive stresses in this region is gen-
erally believed to be the nearby northern segment of
the Mid-Atlantic Ridge. The stress transfer mecha-
nism is related to the presence of a fluid-bearing
waveguide in the upper crust, and the stresses are
accommodated within the shield by deformations in
its weakened zones.

According to other ideas, sources of recent geody-
namic activity and higher seismicity are located not
only in the lithosphere, where plates and blocks are
moving, but also in deeper regions of the mantle
[Rundquist et al., 2001]. The extended Central Euro-
pean rift system, presently identified in Western
Europe, includes a number of tensile structures, for
example, Rhine grabens and the Oslo graben near the

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 44

725

Kaliningrad region. Developing rift systems a few hun-
dred thousand years old include the Eastern Baltic sys-
tem, consisting of the triple junction of the Bothnian,
Finnish, and Gotland rifts [Garetskii, 1999]. The Kalin-
ingrad earthquake occurred in the Gotland segment of
this system.

There are different opinions concerning recent rift-
ing processes in Western Europe. Some researchers
relate them mainly to movements in the Alpine—Hima-
layan collisional belt [Meyer and Foulger, 2007,
www.mantleplumes.org], while others believe them to
be controlled by plume tectonics [Rundquist et al.,
2001]. In any case, mantle convection, involving cold
and hot mantle flows, gives rise to large heterogeneities
in the sublithospheric mantle. Mantle motions increase
the energy of geodynamic processes in the crust, stim-
ulating the seismic process.

Thermal activity is noted ubiquitously in the Kalin-
ingrad region, particularly in the north of the Sambiiskii
Peninsula. Thus, the macroseismic inspection of the
Kaliningrad earthquake of September 21, 2004, estab-
lished that hot water appeared in the Lesnoi settlement
well (the Kurshskaya spit) in winter 2002 [Komso-
mol’skaya pravda, Mar. 1, 2002] and vapor was
observed in a shallow well in the settlement of Sos-
novka after the events of September 21. Researchers
also draw attention to local manifestations of mud vol-
canism on the seafloor off the northern coast. The
higher heat flow is suggested to be of mantle origin in
[Gordienko, 1993]. The water temperature in the
Gdansk and Kurshskii bays abruptly rose in the spring
of 2007; in our opinion, this rise could have been a pre-
cursor of the April 28, 2007, earthquake in the Bay of
Dover with M| = 4.2 and H = 2 km.

We should also note that detailed seismic tomogra-
phy studies provide increasing evidence of a crucial
significance of ancient weakened zones; thus, Variscan
structures are shown to play a decisive role in the seis-
mogenesis in the southern Rhine graben [Cardozo and
Granet, 2003] and seismic activity in the Skagerrak
area (southern Norway) is shown to relate to the ancient
Langust fault system, which previously was not identi-
fied at all [Sorensen et al., 2006, http://bora.uib.no/bit-
stream].

CONCLUSIONS

The study resulted in the construction of a new map
of the macroseismic field in the epicentral area of the
Kaliningrad earthquake with the use of the EMS-98
scale; the map revealed similarity between the maxi-
mum intensity isoseismals of the two strongest shocks.
This circumstance and the evidence for identical
parameters of focal mechanisms determined from
instrumental data indicate that the events occurred in
the same tectonic fault zone off the western shore of the
Sambiiskii Peninsula.
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Based on the available geological and geophysical

data and the structural analysis method developed in the
paper, a seismotectonic model consistent with mac-
roseismic and instrumental data was constructed. The
position of hypocenters of the two main shocks of the
Kaliningrad earthquake was determined.

1.

10.

11.

12.

13.

14.

REFERENCES

F. FE. Aptikaev, A. A. Nikonov, A. S. Alyoshin, et al.,
“Kaliningrad Earthquake of September 21, 2004, Dam-
age,” in Int. Conf. Earthquake Engineering, Skopje
2005. EE-21C. CONDITION: Topic 1: Lessons from
Past Earthquakes (2005), pp. 1-8.

B. A. Assinovskaya, “Thermal Activity in the Source
Zone of the Kaliningrad Earthquake,” Izvestiya GAO,
No. 218, 201-208 (2006).

. B. A. Assinovskaya and V. V. Karpinsky, “On September

21, 2004 Kaliningrad Earthquake Source Location,” in
The Kaliningrad Earthquake of September 21, 2004
Workshop Materials (Inst. Geol. Univ. Tartu, Geol. Surv.
Estonia, 2005), p. 10.

D. Banka, T. C. Pharaoh, and J. P. Williamson, “Potential
Field Imaging of Palacozoic Orogenic Structure in
Northern and Central Europe,” Tectonophysics 360 (1—
4), 2345 (2002).

A. L. Blazhchizhin, “Geological Structure of the Off-
shore Slope of the Sambiiskii Phenomenon,” in Regional
Geology of the Baltic Region and Belarus (Zinante,
Riga, 1974), pp. 161-168 [in Russian].

S. V. Bogdanova, E. V. Bibikova, and R. Gorbatscheyv,
“Palaeoproterozoic U-Pb Zircon Ages from Belorussia:

New Geodynamic Implications for the East European
Craton,” Precambr. Res. 68 (1-4) 231-240 (1994).

. Buried Surface Paleofractures of Pre-Quaternary Rocks

in the Southern Baltic Region, Ed. by A. 1. Gaigalis
(Moklas, Vilnus, 1976) [in Russian].

L. G. G. O. Cardozo and M. Granet, “New Insight in the
Tectonics of the Southern Rhine Graben—Jura Region
Using Local Earthquake Seismology,” Tectonics 22 (6),
45-53 (2003).

A. V. Chekunov, V. I. Starostenko, S. S. Krasovskii,
et al., “Eu-3 Geotransect,” Geofiz. Zh. 15 (2), 3-31
(1993).

Deep Structure and Seismicity of the Karelian Region
and Adjoining Areas, Ed. by N. V. Sharov (Karel’skii
NTs RAN, Petrozavodsk, 2004) [in Russian].

A. E. Dodonov, “Fractures in Cenozoic Deposits and
Their Relation to Neotectonics in the Kaliningrad
Region,” Vestn. Mosk. Gos. Univ., Ser. 4. Geol., No. 6,
78-82 (1971).

EUROBRIDGE'95 Seismic Working Group, J. Yliniemi,
T. Tiira, et al., “TEUROBRIDGE’95 Deep Seismic Profil-

ing within the East European Craton,” Tectonophysics
339 (1-2), 153-175 (2001).

European Macroseismic Scale, Vol. 15 of Cahiers du
Centre Européen de Géodynamique et de Séismologie
(1998).

L. P. Gabsatarova, O. E. Starovoit, and L. S. Chepkunas,
“The Kaliningrad Earthquake of September 21, 2004,” in

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 44

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Structure, Geodynamics, and Mineragenic Processes in
the Lithosphere (GEOPRINT, Syktyvkar, 2005), pp. 58—
60 [in Russian].

R. G. Garetskii, “Sedimentary Basins of Ancient Plat-
forms,” Vestn. OGGGGN RAN, No. 4(10)
(1999) [http://www.scgis.ru/russian/cp1251/h_dgggms/
4-99/garetskiy. htm#begin].

R. G. Garetskii, R. E. Aizberg, A. G. Aronov, et al.,
“General Seismic Zoning of the Belarus—Baltic Region,”
Dokl. NAN Belarus 41 (4), 98-102 (1997).

Geographic Atlas of the Kaliningrad Region, Ed. by
V. V. Orlenok (KGU, TsNIT, Kaliningrad, 2002) [in
Russian].

Geology and Geomorphology of the Baltic Sea. Explan-
atory Note to Geological Maps on a Scale of 1 : 500 000,
Ed. by A. A. Grigyalis (Nedra, Leningrad, 1991) [in Rus-
sian].

Geology of the Baltic Sea, Ed. by V. K. Gudelis and
E. M. Emel’yanov (Moklas, Vilnius, 1976) [in Russian].

V. V. Gordienko, “Tectonosphere of the Baltic Region,”
Geofiz. Zh. 15 (5), 16-23 (1993).

S. Gregersen, P. Wiejacz, W. Debski, et al., “The Excep-
tional Earthquakes in Kaliningrad District, Russia on
September 21, 2004,” Physics Earth Planet. Inter. 164
(1-2), 63-74 (2007).

S. V. Kanev and L. A. Lyarskaya, “Devonian Deposits in
the Water Area of the Baltic Syneclise,” in Paleontology
and Stratigraphy of the Phanerozoic in Latvia and the
Baltic Sea (Zinante, Riga, 1992), pp. 159-173 [in Rus-
sian]

A. A. Nikonov, “Inspecting Traces of the Kaliningrad
Earthquake,” Priroda, No. 3, 47-53 (2005).

A. A. Nikonov, “On the Focal Mechanism of the Septem-
ber 21, 2004 Kaliningrad Earthquake,” Dokl. Akad.
Nauk 407 (1), 102-105 (2006).

A. A. Nikonov, F. F. Aptikaev, A. S. Aleshin, et al., “The
Kaliningrad Earthquake of September 21, 2004, as a
Model Seismic Event for the East European Platform,”
in Geophysics of the 21st Century. The 7th Fedynskii
Workshop (March 3-5, 2005) (Nauchnyi Mir, Moscow,
2006), pp. 282-289 [in Russian].

V. V. Orlenok, “Seismoacoustic Structure of Cenozoic
Deposits on the Submarine Slope in the Southeastern
Baltic Region,” in Geography at the Century Threshold,
Ed. by V. V. Orlenok (Kaliningrad, 2001), pp. 65-75 [in
Russian].

M. K. Ovsov, “Structural Classification Analysis of
Geochemical and Geophysical Data,” in Applied
Geochemistry (IMGRE, Moscow, 2004), Issue 35,
pp- 135-143 [in Russian].

J. Reinecker, O. Heidbach, M. Tingay, et al., The 2005
Release of the World Stress Map [www.world-stress-
map.org].

G. I. Reisner and E. A. Rogozhin, “The Kaliningrad
Earthquake of 2004,” Nauka Tekhnol. Rossii, Nos. 2-3,
10-14 (2005).

D. V. Rundquist, Yu. G. Gatinskii, V. A. Bush, and
V. G. Kossobokov, “Territory of Russia in the Recent

Structure of Eurasia: Geodynamics and Seismicity,”
Vestn. OGGGGN RAN, No. 3(18) (2001)

No. 9 2008



31.

32.

33.

SEISMOTECTONIC POSITION

[http://scgis.ru/russian/cp1251/h_dgggms/3-2001/Rundquist.

htm#tbegin].

M. B. Shtokalenko and S. G. Alekseeyv, “Physical Insight
onto Wavelet Transforms,” in Theoretical and Applied
Problems of Geological Interpretation of Gravitational,
Magnetic, and Electric Fields. Proc. 34th Session of the
Uspenskii Int. Scientific Seminal (IFZ RAN, Moscow,
2007), pp. 293-297 [in Russian].

Tectonic Map of Lithuania. 1 : 500000, Ed. by P. Suveiz-
dis (Inst. Geol. Geogr., Riga, 2003).

V. I. Ulomov and L. S. Shumilina, An OSR-97 Set of
1:8000000 Maps of Seismic Zoning of the Russian

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 44

34.

35.

No. 9

727

Federation. Explanatory Note and the List of Towns and
Settlements Located in Seismically Hazardous Regions
(OIFZ, Moscow, 1999) [in Russian].

P. Wiejacz and W. Debski, “Kaliningrad Earthquakes of
September 21, 2004,” in The Kaliningrad Earthquake
September, 21, 2004 Workshop Materials (Inst. Geol.
Univ. Tartu, Geol. Survey of Estonia, 2005),
pp. 44-52.

V. V. Zagorodnykh, A. V. Dovbnya, and V. A. Zhamoida,

Stratigraphy of the Kaliningrad Region, Ed. by
G. S. Kharin (Kaliningrad, 2001) [in Russian].

2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


