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Abstract. Seismic activity in the Western Carpathians is ing the Miocene as low-angle extensional faults. The seismic
closely related to the crustal rheology and combined strucevents (e.g. Ko@rno area) are most probably generated on
tural pattern within the brittle upper crust. The structural these low-angle surfaces.

pattern is a combination of three structural levels. The deep- )

est level is represented by the Paleo-Alpine suture zonegey words. Western_ Carpthla_ns, rhe_ology_, str_uctural pat-
dissected by neo-Alpine fault structures, above all strike-lerns, recent stress field, seismic activity, seismic hazard
slip fault zones (second level). The recent tectonic regimes
are controlled by the contemporary stress field and vertical

movements (third level). Following the analyses of structures

and various geophysical data, the principal seismo-tectonid Introduction
zones of the Western Carpathians are defined.

The most remarkable and important first-order tectonicseismicity, as one of the important environmental hazards, is
structure in the Western Carpathians is the zone of theosely related to the stress release in the crust, often bound
Pieniny Klippen Belt, which represents the contact of theg the brittle fault deformation. Therefore prevention of pos-
Western Carpathian internides and the stable European Plagjpe catastrophic consequences of earthquakes needs a good
form. seismotectonic model of the investigated area based on, in

The Mur-Murz-Leitha fault zone in the area of the Vienna 4qgition to seismological studies, a complex research of fault
Basin represents the contact of the Eastern Alps with thestryctures by all available means of geological and geophys-
block of Western Carpathian internides. Both these tectoniGeg| methods.

lines represent subvertical boundaries with Tertiary tectonic Seismic activity of Slovakia is closely related to crustal

activity., rheology and structural pattern. In most cases the seismic

th Th? (llertov;tiﬁ f?/ult Z?”&.'Sk ak§urfa(;:ehpr(1jectlo?h ofrtt:e_ events are immediately related with the movements on fault
rustpiane ottne veporic thick-skinned sneet over the 1atrCy,  t1 a5 Therefore it is possible to correlate more or less
unit. Based on geological and geophysical data it is as

- . . . _““successfully the earthquake hypocenters with the fault struc-
sumed that theCertovica zone is recently active due to its y d yp

tensional tivation. Earthauak ¢ I dh tures, which are in an appropriate anglular relationship with
extensional reactivation. Earthquake events are release ertﬁajor elements of the stress field.

mostly along the Hron fault system of the ENE-WSW direc- , i i
The present paper gives an overview of the research in

tion. L .
seismic hazard assessment, in order to document the present

The next important tectonic structure is the Hurbanovo- . ;
Dibsjerd line, which is most probably the continuation of the stage of knowledge about the neotectonics of the Slovakian
territory. Based on the geological structure, tectonic de-

Raba line into the Slovak territory. Based on reflection seis- _ localised hauak : q hvsical
mic interpretations, there are several low-angle fault surfaceformation, localised earthquake epicenters and geophysical

dipping to the SE. These thrust planes were reactivated dur(-:h‘?‘r"’ICter'.St'C.S we have_ tr led to identify th? geological struc-
tures, which in our opinion could potentially generate the

Correspondence tayl. Kovat (kovacm@nic.fns.uniba.sk)  seismic events.
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Fig. 1. Map of epicentres of macroseismically observed earthquakes for the period 1034-19%804hdlBrogek, 1996)

2 Seismic activity tral Slovakia, Kondrno and Slangkvrchy Mts. Doba Voda
is the best spatially defined focal zone. This is thanks to the

Territory of the Western Carpathians and the whole Slovakiaconsistent clustering of the macroseismically and instrumen-
can be characterised by a moderate earthquake activity. Thislly localized earthquake epicenters.

is documented by descriptive €khly, 1952; Karrik et al., Epicentral intensities of the three largest documented
1957) and parametric catalogues if8s et al., 1988 and earthquakes, the June 5, 1443 Central Slovakia earthquake,
Labak and Brogek, 1996) as well as several case studies28 June 1763 Koérno earthquake and 9 January 1906
(e.g. Szeidovitz, 1986; Braek et al., 1991; Lakk et al.,  Dobra Voda earthquake, all with epicentral intensity @t
1996). More than 590 macroseismically felt earthquakess—9° MSK, allow for the lower bound estimate of the maxi-
with epicentres on the territory of Slovakia since 1034 aremum magnitude of M=5.7. The recent estimate of the max-
documented in the L&tk and Brogek's (1996) catalogue. imum magnitude in the Western Carpathians of Ms = 6.2—6.8
Given the fact that more than 550 of them occurred afterwas determined by Latk et al. (1997) who performed the
the 28 June 1763 Koamno earthquake, it is clear that the integrated seismic hazard analysis for the Bohunice nuclear

real number of the macroseismically felt earthquakes duringoower plant site.

the documented period should be considerably larger than

590. In addition to the macroseismic catalogues, the seismic

activity is documented by seismometrically localised earth-3  Depth of the earthquake foci and rheology

quakes. 35 earthquakes with local magnitude larger than ap-

proximately 2.5 have been localised for the whole territory Earthquake hypocenters deeper than 20-30km are known

of Slovakia since 1956. Data on microseismic activity is, in only from the marginal parts of the Carpathians and/or from

fact, restricted to the DolrVoda focal zone. Since 1987, the southeastern margin of the Pannonian Basin. The only

more than 60 earthquakes with local magnitude greater thaactive Benioff zone in the Carpathian arc related to the sub-

or equal to 1 have been recorded and localised by a local netduction process is situated in the Vrancea area, at a junc-

work there. tion of the Eastern and Southern Carpathians in Roma-
Data indicate the existence of several earthquake focahia. Hypocenters are in depths 10-180km there, with an

zones (Fig. 1) — Ma& Karpaty Mts., Dok Voda Zilina, Cen-  enigmatic seismic gap, which can be observed between 40
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Fig. 2. Yield-strength contour plot for compressional deformation for NW-SE cross-section of Central Europe from the Bohemian Massif via
the Western Carpathians to the Pannonian basin, at a strain-eateldf-1°s~1 (modified after Lankreijer et al., 1999). A clear rheological
stratification of the lithosphere is visible. The Moldanubicum core of the Bohemian massif indicates a strong keel. The strength rapidly
decreases away from the strong center towards SE and NW. The Carpathian foreland is relatively strong, too. The Vienna basin shows &
remarkably strong lithosphere owing to the fact we did not correct for the insulation effect of thermal blanketing of the over 6 km fill of the
basin. The Pannonian basin typically only displays lithospheric strength in the uppermost parts of the crust.

and 60km (Onescu, 1984). The other earthquakes in thahallow crustal earthquakes.
Carpathian-Pannonian region are shallow and their origin is

related probably to processes different from subduction. Based on extrapolation of failure criteria, lithology and

temperature models, Lankreijer et al. (1999) predicted rheol-
For about 10% of the total number of the macroseismi-ogy of the lithosphere for two sections through the Western
cally located earthquakes in Slovakia, macroseismic focalCarpathians and surrounding regions. Yield-strength con-
depths were determined. They range from several kilometresour plot for compressional deformation for NW-SE cross-
down to approximately 15-18 km. The focal depth interval is section of Central Europe from the Bohemian Massif via
confirmed by seismometric hypocenter locations. The recenthe Western Carpathians to the Pannonian basin is shown in
study of the 5 June 1443 Central Slovakia earthquakegkab Fig. 2. The lithological model was defined by means of grav-
et al., 1996) shows that the previously reported focal depthty and geothermal interpretations, together with deep seis-
of about 25 km is doubtful and available data do not allow mic profiling on the structure and composition of the crust
reliable focal depth determination. The Western Carpathiangnd subcrustal lithosphere. They adopted a five-layer litho-
and surrounding region can be, therefore, characterised bipgical model for the calculation of yield strength profiles.
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Fig. 3. Map of suture and major shortening zones of the Western Carpathiasge(®a et al., 1997a) in comparison with the epicenters of
macroseimically observed earthquakes on the territory of Slovakia for the period 1034-198R éirabBrogek, 1996). Hachured areas
outline depth extent of lower units up to approximately 5 km below the pre-Tertiary surface.

The model consists of a sedimentary layer, a quartzite layeim the Central Western Carpathians. The Pannonian rheolog-
(representing the sedimentary nappes and volcanic rocks)cal structure is characterised by one relatively thin strong
a granite layer (for the upper crust), a diorite layer (for the layer in the uppermost 10 km of the crust and complete ab-
lower crust), and a dunite layer representing the lithosphericsence of strength in the lower crust and lower lithosphere.
mantle. The strengths for both brittle and ductile deformationThe extreme weakness of the lithosphere is a direct result
were calculated, with the lesser of these representing the limef the high heat flow density and the extremely shallow as-
iting strength (yield strength) of the lithosphere at that par-thenosphere in the Pannonian Basin. The EET is estimated
ticular depth interval (Beekman, 1994). A bulk lithospheric to 1-10 km (Lankreijer et al., 1999; Bielik et al., 2001).
strain rate ot = 10~ 1°s1 and the yield strength of 260MPa  The distribution of earthquake focal depthsif@s et al.,
(after Ord and Hobbs, 1989) were used for calculations. The1988; Lalak and Brogek, 1996; Schenk et al., 2000) com-
lithospheric strength profiles thus indicate strong and weakpares very well to the predicted yield envelopes (Lankreijer,
rheological layers in the lithosphere. 1998). While the Pannonian basin is characterised by shal-
The rheology predictions (Lankreijer et al., 1999) indicate 0w earthquakes<10 km), the marginal parts of the Western
horizontal rheological stratification of the lithosphere in the Carpathians and peripheral Pannonian Basin areas by earth-
foreland of the Western Carpathians. Mechanically strongduakes at intermediate crustal deptks2Q km). The distri-
behaviour is predicted for the upper part of the crust, the up-bution of deep seismicity in the Vrancea area still forms one
permost part of the lower crust and the uppermost part ofof the key-questions in the Carpathian tectonics.
the mantle. The weak lower parts of the upper crust and
the lower crust are supposed to be the most obvious de-
tachment levels. The effective elastic thickness (EET) of4 Combined structural pattern of seismo-tectonic zones
13-33km was indicated by these strength predictions. The
Central Western Carpathians represent a transition zone sefhe seismo-tectonic zones that possibly generate earth-
arating the regions of mechanical strong lithosphere of thequakes in the brittle upper crust of the Western Carpathians
European Platform zone and region of extremely mechaniare considered here as a combination and joint effect of three
cal weak lithosphere of the Pannonian Basin. In contrast tdevels of crustal inhomogeneities commonly forming weak
the platform units, the lower crustal strength completely dis-zones, which were formed during various stages of the geo-
appears here as a result of crustal thickening and increasediynamic evolution of the orogen. All three levels are mu-
crustal temperatures. The predicted EET reaches 15-23 knually related, tied by multiple reactivation. It is reasonable



M. Kov&C et al.: Seismic activity and neotectonic evolution of the Western Carpathians (Slovakia) 171

Czech Republicj,, L £\

e

—

Slovakia .

Austria
\
)
"‘Ukraine \ — N

2
Bratislava

Hungary

LINE 2T

MAGURA
(RHENODANUB.) |PK CENTRAL (WESTERN CARPATHIANS
FLYSCH

2T/83,84 2 AT/84 2 7T/85
( |7 Certovica Line SSE

90

T O O N T T T A B

o =2

TWT (s)
TWT (s)

M1,M2 - Moho discontinuity reflectors \ low angle normal faults

Fig. 4. Line drawing interpretation of the 2T seismic time cross-section (Tomek et al., 1989, modified) from the Carpathian Flysch Belt to
the Rimava Basin.

to think, that these inherent zones of relatively low brittle  The suture and shear zones were defined bgiétaa et
strength are the preferential sites of crustal stress release. Tlad. (1997a), the most important of them are (from the north to
deepest level is represented by the Paleo- and Meso-Alpinthe south, Fig. 3): the oceanic Penninic-Vahic suture (formed
deep-seated sutures and low-angle, crustal-scale shear zorig8-60 Ma before), the intracontinentaértovica fault zone
that originated during the subduction or underthrusting of thebetween the Tatric and Veporic thick-skinned thrust sheets
oceanic and/or attenuated continental crust. The middle leveflocked 90 Ma before), the Meliata and related oceanic suture
of the combined multifloor structural pattern is represented(closed at 120-140 Ma) and the overthrust of Transdanubian
by the Neo-Alpine brittle, high-angle, dominantly wrench- units over Austroalpine and Slovakocarpathian units. The
type fault zones. Some of them reach the uppermost parts afourses of the shear zones, or of their parts at least, are fol-
the Earth’s crust where these fault zones and newly generatddwed by earthquakes, mainly in areas that are dissected by
shallow faults were activated during the neotectonic period,younger fault systems at the surface.
hence representing the third structural level.
(a) The Penninic-Vahic suture zone principally represents
the boundary between the Outer and Central Western
5 Early Alpine shear zones of the Western Carpathian Carpathians. In the north, it is limited by the Pieniny
orogen Klippen Belt. This zone consists of several sectors: the
western follows the seismoactiveal river valley as far
The crustal weakness zones that are interpreted as the zones asZilina, the central part is relatively quiet and the east-
of extensive shortening of presumably oceanic and/or attenu-  ern seismoactive part occupies a broader area of the East
ated continental crust have been identified on the basis of sur-  S|ovakian Basin.
face geology, reflection seismic and magnetoteluric sound-
ings and paleotectonic reconstructions. In particular, their (b) TheCertovica shear zone represents an intracontinental-
high conductivity indicates either the presence of ultramy- type suture between the Tatric and Veporic basement
lonites, zones with deep-generated fluids, or some otherrock  sheets. Along the 2T deep seismic profile, some zones
masses containing clays and/or black shales. A metamorphic  of very low resistivities are observable in the deeper
process with graphite coating on mineral grains is not ruled parts (Fig. 4), besides the distinct reflection bunches
out either. Nevertheless, all these environments should have inclined to the SE (Tomek et al., 1989). The high re-
a decreased coefficient of inner friction. flectance may, however, indicate probable extensional
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reactivation of the overthrust, which generates seismicKovat et al., 1997a). We consider the beginning of this last
events on the crossing of the Paleo-Alpine overthrustmegacycle, starting at the end of Miocene, as the neotectonic
with younger brittle faults. period, which represents the last stage of the development of

. ) the Western Carpathian combined structural pattern.
(c) The Meliata oceanic suture zone occurs at the southern

margin of the Central Western Carpathians. Itis steeplys 1  Principal fault systems on the territory of Slovakia

inclined towards the SE, is relatively poorly known and

seems to be seismically inactive. Map of fault systems with verified Neo-Alpine activity

. . (Fig. 6) is based on data about the orientation of paleostress

(d) The s_urf|C|aI expression Of. the COT“aCt between the ALIS1‘ields, geotectonic position, character of sedimentation, as
trp alpine (Slovgkoca_\rpatman) un_|ts am_j t_h_e Transdanu-we” as it is based on the geological and geophysical criteria.
bian Range units (with South Alpine aff|n|t|_(_as . Haas et The names of the individual faults were given by several au-
al., 1995) is the Rba and the Hurbanovo-88jert fault thors (e.g. Hk et al., 1997). During the compilation of the

zones. The .ENE'WSW running Hurbanovoesjero .. map we used mainly structural-geological map of Czechoslo-
fault s_yster_n s related to the earthguakes mainly at Syakia (based on remote-sensing interpretations in the scale
crossing with smaller transverse brittle fault structures. ;.c54 500 Reichwalder, 1984), geological map of Slovakia
1:500 000 (Biely ed., 1996), map of the pre-Tertiary base-

It is important to note, that the whole tectonic body of ment of the Central and Inner Western Carpathiansgfres

the Trapgdgnubmn Range is underlam by the zones of .Verydl., 1987) and regional geologic maps of Slovakia in the scale
low resistivity at 5 to 20 km depths (Fig. 5, after Nemesi et 1:50000. The map contains also data and facts from works

al., 1997). Seemingly, they represent originally incompetentb Marko (1986), Mahel (1986), Csontos et al. (1991, 1992)
shear zone and the Transdanubian Range represents an upper ' ' ' '

thrust unit (Tari, 1996). and Maglay etal. (1993)'

Among the mentioned fault systems the wrench zones
are of special importance for the Neogene evolution of the
Western Carpathians. The most important of them leaves
the Eastern Alps (Mur-Nirz line), which continues as the
The Neo-Alpine evolution of the Western Carpathians is re-Pericarpathian lineament (Leitha faults) northeastward. This
lated to an oblique collision with the European Platform andfault zone represents the boundary between units of the East-
subsequent extrusion of litospheric segments (belonging t@rn Alps and the Western Carpathians.
the ALCAPA megaunit) from the East Alpine collision area  Two further fault system strongly affecting the Central
(e.g. Ratschbacher et al., 1991a, b; Csontos et al., 1992). Thé/estern Carpathians are the Central Slovakian fault system
whole process was associated with compression and gener@Kovat and Hok, 1993) and the Eastern Slovakian Haan
tion of diachronous overthrust of nappes in front of the oro- fault system representing from the geophysical point of view
gen (Jiicek, 1979), rotation of crustal segments of the in- a transition from the Western Carpathian crustal structures
ternides (cf. Csontos, 1995; Ka¥ and Marton, 1998) and into the Eastern Carpathian ones. Both fault systems are as-
continuous change from transpression, transtension to extersociated with voluminous Neogene volcanism.
sion in the orogen hinterland (cf. K& and Baath, 1995).

The back-arc basin formation on the overriding plate and (1) The Pericarpathian fault system — Leitha faults. Along

6 Neo-Alpine brittle fault zones

subduction of the slab below the Outer Carpathian flysch
troughs was associated with voluminous acid and interme-
diate calc-alkaline volcanism (Lexa et al., 1993; Royden,
1993a, b).

During the Neogene, the orientation of the stress field
was influenced by the geodynamic position of the rotating
Western Carpathian internides (e.gaitbn and Fodor, 1995;
Kovat etal., 1997a, b; Nebok et al., 1998). The recent pale-
ostress fields measurements document NW-SE oriented com-
pression for the Early Miocene, and NE-SW compression for
the Middle Miocene with NW-SE oriented extension in the
western and NE-SW oriented extension in the eastern part
of the orogenic hinterland (K@é et al., 1997b). From the
Pliocene onward, the compression was oriented almost iden-
tically with the recent stress field (Bada, 1999).

In agreement with paleostress field data, the basin
development shows several tectonic-sedimentary megacy-
cles, where the beginning of the last one corresponds to
the Miocene/Pliocene boundary (Kavand Baath, 1995;

the 3T seismic profile crossing the Vienna Basin, dal
Karpaty Mts. and the Danube Basin, deep-seated zones
of very low resistivity were sporadically registered by
MTS method (Varga and Lada, 1988). The first one,
seismically reflected as a flower-structure, occurs in the
vicinity of Schrattenberg fault at the western margin of
the basin Cerv et al., 1994); the second zone of very
low resistivity was recorded in the SE part of the Vi-
enna Basin (in the SE continuation of the &larpaty

Mts. to Austria). Similarly as the first zone it is repre-
sented by a seismically identified flower-structure along
the 8 HR and 3T reflection seismic profiles (Tomek and
Thon, 1988) close to the MalKarpaty Mts. (Fig. 7)
Based on the coincidence of the mentioned phenomena,
as well as on the knowledge of the pull-apart opening
of the Vienna Basin during the extrusion of the West
Carpathian lithospheric fragment from the Alpine colli-
sion zone in the Early Miocene (Royden, 1988; Cson-
tos et al., 1992; Ko&€ et al., 1993; Fodor, 1995), the
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low-resistivity zones can be reasonably considered as
first-order, crustal-scale shear zones. The activity of
Leitha faults from the Neogene up to the Quaternary,
besides the seismic data (Gutdeutsch and Aric, 1987,
1988), is well documented also by the young Quater-
nary structure of the Zohor-Plavecktvrtok graben sit-
uated above the Leitha faults (Fig. 7).

The Central Slovakian fault system (CSFS) forms an
approximately 20-25 km wide, N-S trending fault zone

(Fig. 6). However, the tectonic character of the CSFS is
different from the Pericarpathian lineament mentioned
above. Firstly, it does not represent a boundary be-
tween different geotectonic units, and secondly, it is sit-
uated within the Western Carpathian internides (sensu
MiSik et al., 1985). From the tectonic point of view, it

is a transtensional fault zone active since the Neogene.

Interpretation of the geophysical data reveals that the
western border of the CSFS between the Turiec Basin

situated above the northern part of the CSFS and the
Hurbanovo-Dosjer® line reaches the MOHO disconti-
nuity, and the other faults of the CSFS reach lower parts
of the crust (Kvitkov€ and Platar, 1977). Depending

on the changing paleostress field, the CSFS can be char-
acterised as a dextral (in the Early Miocene) and later as
a sinistral transtensional fault zone with predominance
of obliqgue horizontal movements of small amplitude.
The activity of the CSFS influenced the spatial distribu-
tion of the Neogene and Quaternary volcanic centres in
Central Slovakia$tohl, 1976; Ko@t and Baath, 1995;
Kovat et al., 1997bSimon and Halouzka, 1996). Cur-
rently the CSFS separates areas with subsiding tenden-
cies of crust in the west from stabilised areas in the east
(Figs. 6 and 10). Furthermore, these blocks differ also
in crustal thickness, heat-flow intensity and distribution
of Neogene and Quaternary sediments.
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(3) The Horrad fault system (HFS) represents the easterrtion of the results. It is comparable to the works of Hativ
boundary of the uplifted Central Western Carpathiansand Cloetingh (1996) and Bada (1999). The main com-
against the subsiding East Slovakian Basin. Similarly pression axis is oriented perpendicularly to the Carpathian
to the CSFS, the faults represent a transtensional zonarc in the area of the Outer Carpathians and Vienna Basin
with oblique-slip horizontal movements of minor am- (Jarosiski, 1997; Bada, 1999). We explain this as an ef-
plitude during the Neogene. Additionally, the Miocene fect of continuing convergence of the stable European Plat-
volcanic centres of the Slanskrchy Mts. are bounded form and the Western Carpathian block. Orientation of the
to this fault zone. Comparison between locations of compressional component of the recent stress field varies be-
the fault structures and earthquake hypocentres (Fig. 6)ween W-E to NW-SE in the western part of the orogen, up
documents only a weak seismic activity along the HFS.to N-S in eastern Slovakia.

However, the neighbouring parallel Ondava and La- e can characterise the central parts of the Western
borec faults situated within the East Slovakian Neogenecarpathians on the basis of only one existing data of earth-
Basin, above the subsurface elevation of the Penninicquake focal mechanism (next to BaasBystrica; Fig. 9).
type InaCovce-Krichevo Zone (Sak etal., 1994; Bielik  The stress field determines a sinistral oblique-slip with ex-
etal., 1998), seem to be seismically much more activeiension oriented NW-SE (Pdifl et al., 1992). We correlate
(Fig. 3). this regime with an extensional reactivation of a thrust plane
between the Veporic and Tatric units (cfoklet al., 1997;
Sefara et al., 1998). Projection of this thrust plane to the sur-
7 Neotectonic fault activity face coincides with th€ertovica line. This idea is in a good
agreement with data on the crustal thickness in Central Slo-
The term neotectonics for the territory of Slovakia and thevakia (e.g. Horath, 1993;Sefara et al., 1996), geophysical
Western Carpathians was defined by $ira (1998) as on- interpretations (e.g. Bék et al., 1993, 1995, 1998gfara et
going tectonic events and processes, which started in posgl., 1998), as well as with data on recent vertical movement
Miocene times. The neotectonic period corresponds approx¢Vanko, 1988; Jo, 1992).

imately to the last 5.4 Ma and is characterised by a stress field |t is possible to correlate these data with the extensional
with similar characteristics to the present one. tectonic regime that causes faulting of the Pliocene deposits
in the eastern to north-eastern part of the Danube Basin.
In the north-western part of the Danube Basin (Béaémd

The orientation and size of the present stress field in theRlsnovce Depressions), the orientation of extension was de-

Western Carpathians is determined by the main stress sourcé'ged from tectonic deformations of Pliocene sequences, ge-

in the whole Alpine-Carpathian-Pannonian-Dinaric System.omorphological interpretations_ (Stankoviansky, 1993, 1994)
B .~ "and earthquake focal mechanism (B&tet al., 1997). Ex-
Based on the Bada’s finite element model calculatlonstension is oriented in the NE-SW direction
(1999), the first-order source (several tens to hundreds MPa ) T )
for the EET of about 10 km) is the counterclockwise rotation e cannot explain the youngest changes in the stress field
of the Adriatic microplate (“Adriatic push”). Its Euler-pole of orientation in the area of the Danube Basin satisfactorily, be-
rotation is located at the coordinates’#§ 6° E. Sources of ~ cause of shortage of exact data about the character, age and
second-order stresses come from the convergence and corffistribution of the Upper Miocene, Pliocene and Pleistocene,
pression in the Vrancea area (perpendicular to the Easterfpctonically deformed sediments and an absence of stress
Carpathian arc) and slight compression generated by the Bddata and earthquake focal mechanisms and recent “in situ”
hemian Massif (perpendicular to the boundary of the Bo-Stress measurements. There is a possibility that the stress
hemian Massif with the Western Carpathians). The Moesiarfield changes are influenced by the extensional reactivation
Platform is supposed to be stable (Bada, 1999). In additionOf the Certovica line, Which is assumed to continue in this
the recent stress field is relatively weakly influenced by vari-area of the Danube Basin basement.
ability EET of the lithosphere. Even the topography-related Another important assumption for the changes of the
sources can have a local significance. stress regime is the reorientation of the main stress com-
We attempt to establish recent stress field in the Westponents from the zone of continuing convergence in the
ern Carpathians mainly on the basis of published works (e.gOuter Carpathians with a dominant thrust faulting character,
Gerner, 1992; Zoback, 1992;Mer et al., 1992; Gerner et through wrench zones (strike-slip faults) immediately behind
al., 1995; Honath and Cloetingh, 1996;dke and Coblentz, the area of convergence (e.g. transpression in the Pieniny
1996; Peresson and Decker, 1996; Bada, 1999), from availKlippen Belt), transtension in the area of Central Slovakian
able, though scarce focal mechanism data (Bidset al.,  fault system, up to extension and ongoing subsidence in the
1992; Lalak et al., 1997; Jarasski, 1997) and from data of central part of Danube Basin (Figs. 8, 9). This spatial change
our own geological and structural analyse$kiét al., 1995, is most clearly pronounced in Western Slovakia where it is
1997, 1998). documented by focal mechanisms derived from earthquakes
The presented map (Fig. 8) shows a compilation of the acin the Vienna Basin, DolarVoda Depression and NW border
tual stage of knowledge with a minimum amount of correc- of the Danube Basin (BlagnDepression).

7.1 Contemporary stress field
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andSefara et al., 1996) and heat — flow values (after Franko et al., 1995).
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7.2 Recent vertical movement tendencies gin of the Mak Karpaty Mts. The Pieniny Klippen Belt
represents a topographic contact of the block of the Central
For a compilation of the map of recent vertical movementsWestern Carpathians and the stable European Platform. The
(Fig. 10) we used results acquired by geodetic methods durMur-Murz-Leitha line in the area of the Vienna Basin repre-
ing the last decades. We mainly based our study on the worksents topographical dissection of contact of the Eastern Alps
by Kvitkovi€ and Plagéar (1975, 1977), Maék et al. (1976),  units with the Western Carpathians (=t al., 1998). Both
Vanko and KvitkovE (1980), Vanko and Vyskil (1987),  these tectonic lines represent subvertical boundaries with a
Vanko (1988), KvitkovE and Vanko (1990) and 8q1992).  probable Tertiary tectonic activity (e.g. Ratschbacher et al.,
During the compilation we also took into account the work 1991a, b; Kot and Hok, 1996; Kowat et al.,, 1997a). In
of Kvitkovi€ (1993) who definitely excluded the previously our opinion the increased seismic activity in the Dibbbda
assumed possibility of positive movement tendencies of theDepression is a result of merging of the above discussed
area of the Gatikovo Depression, because of thick accu- two tectonic lines, since an existence of the NW-SE oriented
mulations of Quaternary sediments there (more than 400 m):Dobra Voda Fault”, supposed by Rarset al. (1987), has not
The constructed map of recent vertical movement tendenciebeen proved (cf. Marko et al., 1991, 1995; Marko and &pv
of Slovakia depicts the most lately published isolines of ver-1996). We consider the earthquakes with epicentres concen-
tical movements (Vanko, 1988;301992), isolines of crustal  trated mainly in the area E and SE of cities Bam$lystrica
thickness deduced from maps of Hatlr (1993) andSefara  and Brezno to be related to tkrtovica line (Fig. 11). The
et al. (1996) and isolines of heat-flow density (Franko et al.,Certovica line is a surface projection of the thrust plane of the
1995). The map enables to recognise clearly the close cotveporic basement sheet over the Tatricum. Based on geologi-
respondence of crustal thickness and vertical movement tereal data, earthquake focal mechanisms (lsgt al., 1992),
dencies. Maximum values of heat-flow in the Danube Basingeophysical data (Bék et al., 1993, 1995Sefara et al.,
(Mili cka et al., 1994, 1996) are partly shifted towards the1998) and structural analysesdket al., 1997, 1999, 2000)
area of the Central Slovakian neovolcanics where they arave consider this sector of ti@ertovica Line as a recently ac-
interpreted to be related to the residual volcanic heat flowtive due to extensional collapse of the orogene. Earthquake
The central part of Slovakia shows weak uplift tendencies inevents are released mostly on the Hron fault system of ENE-
contrast to relative subsidence of its western and eastern parySW direction (Fig. 11). It is noteworthy that this system,
(Fig. 10). like the Doba Voda system, is distinctive in the recent mor-
The rising tendency of the Outer Western Carpathians angbhology and can be well traced by remote sensing methods
especially their foreland can be related to a flexural bulge of(Janki et al., 1984). This SE-inclined source zone can be also
the European Plate loaded by the flysch nappes and the Cenelated to the earthquake events released on the N-S trending
tral Western Carpathian units (Karner and Watts, 1983; Roy-brittle fault deformations surrounding the Turiec Basin (with
den, 1993a, b; Bielik, 1995, 1998; Krzywiec and Jochym, less data, ik et al., 1998), as well as along the continuation
1997; Zoetemeijer et al., 1999). Recent uplift tendencies inof these faults to the Central Carpathian Neogene volcanic
the area of the Flysch Belt, documented also by its signifi-area.
cant erosion, were quantified in the work of Zoetemeijer etal. A third important geological structure is the Hurbanovo-
(1999). The total post-collision rise of the European forelandDiosjer® fault zone (Fig. 11), which is most probably the
varies from about 300 m near Brno, 450 m in the Rhenoher-continuation of the Bba line (sensu Szafi, 1999) on the
cynian units east of the Bohemian Massif up to 225-300 m inSlovakian territory. The Rba line in Hungary is of NE-SW
the area of the Flysch Belt of the Outer Western Carpathiansorientation. Based on reflection seismic interpretations (Tari,
1994), there are several low-angle displacement surfaces dip-
ping to the SE in the basement of the Hungarian part of the
8 Discussion and conclusions Danube Basin. Therefore théBa line cannot be interpreted
as a “megatectonic” wrench line and we agree with $rafi
In most cases the seismic events are related to movemen{3999) to call it Raba overthrust, which separates the Aus-
along the fault surfaces. Therefore it is possible to correlateroalpine nappes in the NW and units of the Transdanubian
earthquake hypocentres with the fault structures, which areRange in the SE. In the territory of Slovakia, this line con-
from the genetic point of view of seismic events in an ap-tinues as the mentioned HurbanovcdBierd line of E-W
propriate angular relationship with the principal stress axesto ENE-WSW orientation, which also represents a surface
Based on the geological structure, tectonic deformation, loprojection of the original thrust planes of the Transdanu-
calised earthquake epicentres and geophysical characterisian units. These thrust planes were reactivated during the
tics, we have tried to identify geological structures, which, Miocene as low-angle extensional faults dipping to the SE
in our opinion, could generate seismic events (Fig. 11). (Tari et al., 1992; Hor&th, 1993; Haas et al., 1995; Nemesi
The most remarkable and important, first-order tectonicet al., 1997; Szadin, 1999). The seismic events are gener-
structure in the Western Carpathians is the zone of theated along these low-angle surfaces and are only indirectly
Pieniny Klippen Belt (Fig. 11) in the wider surroundings of related to the subvertically dipping boundariéae(ara etal.,
the DobéA Voda depression coinciding with the Murkikk- 1998; Dudko et al., 1990). These assumptions were proved
Leitha Line or with the Pericarpathian fault on the NW mar- by several industrial, as well as deep seismic profiles cor-
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related with drillings (Tari, 1994, 1996) and with density Biely, A. (Ed.): Geological map of Slovakia 1:500 000. Geol. Surv.
modelling (Szafin, 1999), which presumed the formation of ~ Slov. Rep., Bratislava, 1996.
the Danube Basin to be primarily controlled by a system ofBroucek, I, Eisinger, U., Farkas, V., Gutdeutsch, R., Hammerl, C.,
low-angle normal faults. The&ba line (overthrust) is neo- and Szeidovitz, G.: Reconstruction of building damages caused
tectonically reactivated as a fault system which sole out in Y 3763 e?tr:lhquake m_tKoamr:joé Danube fro? ccintimpg)rary dd‘?'
the lower crust. Such interpretation i _pictions o € same Site and rrom respective texts. Froceedings
P 1S Corroporated by re of the ESC XXII General Assembly, Barcelona, 353—-360, 1991.
sults of Ratschbacher et al. (1990, 1991a, b), dtr¢1993),

. , Csontos, L.: Tertiary tectonic evolution of the Intra-Carpathian
Lankreijer etal. (1997, 1999) and Lankreijer (1998) who pro- ... 4 review. Acta Vulcanologica, 7, 1-13, 1995.

posed that the rheology of the lower crust in the Pannoniancsonios, L., Tari, G., Bergerat, F., and Fodor, L. Evolution of the
region is significantly different from that of the upper crust  stress fields in the Carpatho-Pannonian area during the Neogene.
and is characterised by ductile shear deformation. The loca- Tectonophysics, 199, 73-91, 1991.

tion of the low-angle normal faults seems to be largely con-Csontos, L., Nagymarosy, A., Haxth, F., and Ko&, M.: Tertiary
trolled by the presence of Cretaceous thrust planes, since nor- evolution of the Intra-Carpathian area: a model. Tectonophysics,
mal faults affecting the Middle Miocene syn-rift strata of the _ 208, 221-241, 1992.

Danube Basin filing usually merge with older compressionalCerv. V., Pek, J., ha, B., Praus, O., and Toiowa, M.: Mag-
detachment planes at mid-crustal depths. netotelluric models of inhomogeneity zones, in: Bucha, V. and

Blizkovsky, M. (Eds): Crustal structure of the Bohemian Mas-
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