A Exploration Geophysics, Remote Sensing and Environment XXV.2 (2018)

DOI: 10.26345/EGRSE-001-18-201

PRELIMINARY STUDY ON SEISMIC ACTIVITY OF THE CARPATHIAN ARC FOR
DIFFERENT HYPOCENTRE DEPTHS

UVODNI STUDIE SEISMICKE AKTIVITY KARPATSKEHO OBLOUKU PRO HYPOCENTRA
V RUZNYCH HLOUBKACH

Agnieszka Braclawska', Adam F. ilip Idziak’

Abstract

The most seismically active area in Central Europe — The Carpathian Mountains Arc is the very interesting region for seismologists
because of having non-homogeneous distribution of the earthquakes. Until now, the Central European seismologist community has been
focused predominantly on analysing the seismicity of individual regions and countries within the Carpathian Arc. In this research we
analysed the entire region in terms of the depth range and seismic activity between years 1976 to 2016. This work is intended to point out
significant differences between the seismic activities of the different part of the Carpathians Arc, especially in the Southern part, where the
seismic activity is much bigger than in the northern part of the arc. The results suggest that localization of the earthquakes is very important
in terms of tectonic, because the earthquakes are located in a restricted area in the bending zone between the Eastern and Southern
Carpathians where at least three units are in contact: The East European plate, Intra-Alpine and Moesia sub-plates (Marmureanu et al.,
2011). In most cases the seismic events are immediately related to the movements on existing fault surfaces (Kovac et al., 2004). The
results suggest that the hypocentres distribution strongly depends on the depth range of the earthquakes.

Abstrakt

Nejvice seismicky aktivni oblast ve Stiedni Evropé, Karpatsky oblouk, je velice zajimava pro seismology, z divodil existence
nehomogenniho rozdéleni zemétieseni. AZ dosud komunita stiedoevropskych seismologl se zaméftila prevazné na analyzovani seismicity
jednotlivych regioni a zemi, kterymi prochazi Karpatsky oblouk. Pfi tomto zkoumani jsme analyzovali cely region z hlediska hloubkovych
dosaht a seismické aktivity v letech 1976-2016. Tato prace chce poukéazat na vyznamné rozdily mezi seismickou aktivitou riznych casti
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Karpatského oblouku, zejména v jeho jizni ¢asti, kde je seismicka aktivita mnohem vétsi nez v severni ¢asti oblouku. Vysledky naznacuji,
ze lokalizace zemétieseni je velice dilezitd z pohledu tektoniky, nebot’ zemétteseni se lokalizuji ve vymezené oblasti v ohybové zoné mezi
Vychodnimi a Jiznimi Karpaty, kde se stykaji minimalné tii geologické jednotky: Vychodni Evropska deska, déle Intra-alpinské subdeska
a Moesinska subdeska, MARMUREANU et al., (2011). Ve vétsing ptipada seismické jevy maji bezprostfedni vztah k pohyblim po
plochach existujicich zlomil, KOVAC et al., (2004). Vysledky ukazuji, ze rozd€éleni hypocenter siln€ zavisi pasu hloubek zemétieseni.
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Fig.1 Earthquakes observed inside and out of the Carpathian basin from
456 up to 2015 years. Symbols are proportional to Richter
magnitude.
Source:http://www.seismology.hu/index.php/en/seismicity/seismicity-
and-seismic-hazard/22-seismicity-of-hungary)
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1 Introduction

The Carpathians Mountain Arc is part of the Alpine Mediterranean Belt. This region is the seismically most active area in Central
Europe. The Carpathians are usually divided into three major sections: Western Carpathians (north-eastern Austria, eastern Czech Republic,
southern Poland, western Slovakia, and northern Hungary), Eastern Carpathians (south-eastern Poland, eastern Slovakia, southwestern
Ukraine, and northern Romania), Southern Carpathians (Romania, Serbia). The Western Carpathians region characterise a moderate
earthquake activity, KOVAC et al., (2004).

Our research area is located between the seismically active Mediterranean area and the nearly aseismic East European platform. For
this reason, the spatial distribution of the earthquake epicentres within the studied area is not homogeneous. There are significant
differences between the seismic activity of the southern and the northern part of the Carpathians Arc, see fig.1. Tremors are mostly
observed in the Vrancea zone (the southern end of Eastern Carpathians) in Romania, see fig.2.There, the earthquake epicentres are
restricted to an area of the bending zone between of the Eastern and Southern Carpathians where at least three tectonic units come into
contact, MARMUREANU et al., (2011): The East European plate, Intra-Alpine and Moesia sub-plates, fig.3. In most cases the seismic
events are immediately related to the movements on existing fault surfaces - KOVAC et al., (2004).

In order to determine the variability of seismic activity in the area of the Carpathian Arc, a unified catalogue of shocks from this area
from 1976 to 2016 was created. This catalogue was built on the base of data from regional seismic catalogues supplemented with data from
seismic platform IRIS and EMSC.

2 Tectonic frameworks of Carpathians Arc

The Carpathians were formed in the Alpine—Carpathian—Pannonian (ALCAPA) region during the Alpine orogenesis, see fig.4. They
record a complex tectonic history, involving extrusion of microplates (ALCAPA, Tisza-Dacia and Adria), ocean closure, subduction, slab
rollback, slab detachment and asthenospheric upwelling, see BIELIK et al., (2004).

ALCAPA region consists of the Carpathian Orogen and Pannonian Basin which are a result of the Neogene evolution. The
Pannonian Basin system is through to have been formed as a back-arc system due to lithospheric extension and mantle upwelling behind
the Carpathian Arc, in HORVATH, (1993). The tectonic evolution and present-day structure of the ALCAPA region is still a matter of
discussion; TASAROWA et al., (2009). At least two hypotheses of tectonic evolution are known. The first of them, presented by KNAPP
et al., (2005) and too Gemmer and Houseman, (2007) interprets evolution of the Carpathian-Pannonian Basin region in terms of
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gravitational collapse of the continental lithosphere. In their works the existence of the subduction underneath the Carpathian Mountains
was excluded. In turn, the second interpretation includes the subduction of oceanic lithosphere as a key process during the tectonic
evolution of the ALCAPA region. Considering all known geological and geophysical evidences the last interpretation of tectonic evolution
1s more commonly accepted.

Nowadays, the still active Vrancea seismic zone located in the bend region of the South-eastern Carpathians is seen as the latest stage
of the subduction underneath the Carpathian Mountains; SPERNER et al., (2004) and MARTIN et al., (2006). This interpretation is well
supported by the volcanic activity in the region.
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Fig.3 Map of the main thrusts and faults in Europe, after
WOTEL and SPAKMAN, (2000). Major tectonic units:
East European Plate — EEP, Moesia Plate — MP, Tisza-
Dacia Plate — TDP, Car — Carpathians, Din — Dinares,
Vra — Vrancea zone.
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Fig.2 Topographic map of the Eastern and Southern
Carpathian Mountains; RUSSO et al. (2005)
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Fig.4 ALCAPA, Tisza—Dacia and Adria microplates and their division into geological superunits after KOVAC,
(2000); in: TASAROV A et al., (2009)

3 Characteristics of the depth of shock hypocentre

Throughout the entire Carpathian Arc, earthquakes occur at relatively shallow depths, up to 33 km below the earth surface. The
exception to this is the Vrancea area in Romania (southern Carpathians), where tremors occur at both small and big depths, even up to more
than 200 km below the earth surface. Geologically, the Vrancea zone of Romania is characterized by a laterally restricted, steeply NW-
dipping seismogenic volume (30 x 70 x 200 km) situated beneath thickened continental crust within the highly arch region of the
Carpathian orocline and miscorrelation of hypocentres with the position of known or inferred suture zones in the Carpathian orogenic

system; KNAPP et al., (2005).
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Fig.5 Depth distribution of seismic events from the whole
research area — The Carpathians Arc

Analysing the depth distribution of events in the Carpathian Arc,
fig.5, we will see that almost all of the shocks have hypocentres in the first
50 km, with the exception of intermediate depth earthquakes in Vrancea
zone. Our seismic catalogue included 23 137 events from which 1214
(70 %) are located in the first 50 km of depth: 3 348 (14.47 %) are below
5 km of depth, 6 347 (27.43 %) are in the depth range of 5-15 km, 3 766
(16.3 %) are between 15-30km depth and 2753 (11.9 %) between
30-50 km of depth. Shocks whose depth was between 50-100 km were
1971 (8.5 %): in the range 100-150 km was 4 398 (19 %) and above
150 km of depth were 553 (2.4 %). Only two shocks were above 200 km of
depth.

We studied the Carpathians Arc in terms of seismic activity and
depth distribution in the Western, Eastern and Southern Carpathians.
Territory of the Western Carpathians characterizes moderate earthquake
activity; see KOVAC et al., (2004). Tremors were located in the shallow
depths do not exceed 20 km; fig.6. There were 241shocks from the area of
Western Carpathians with local magnitude being in interval 1.6 to 5.3. One
can observe a small increase in seismic activity, fig.7, in this region during
last years.

The number of tremors from the area of Eastern Carpathians was 3641 about local magnitude being in interval being in interval 1.6 to
5.0. Shocks originated mostly up to 60 km of depth; in fig.8. Besides, in the depth range 60—140 km tremors are group near the Vrancea
area. Seismic activity of the Eastern Carpathians was relatively stable up to year 2005; fig.9. In 2005, the number of events significantly
increased and since 2006 a clear upward trend is observed. In this sudden increase we can distinguish several increases in seismic activity
repeated a few times after which were a small decrease in the number of shocks.

We noted 19 256 shocks about local magnitude range in interval 1.6-7.8 in the Southern Carpathians. The strongest tremors were
located in this region. The events were mostly located up to 60 km of depth, see fig.10, similar as in the Eastern Carpathians. Furthermore,
in the depth range between 60-149 km shocks epicentres are groups into relatively small limited area named the Vrancea region
(45°—46°N, 25.5°-27.5°E). Moreover, in interval 149—-150 km of depth tremors extend beyond the area of Vrancea reaching up to the
Pannonian Basin. Below 150 km of depth events again grouped only in the Vrancea area.

Seismic activity in the Southern Carpathians is similar to Eastern Carpathians; fig.11. There was also a sudden increase in seismic
activity after 2003. However, this increase was much larger than in the eastern part of the Arc.
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Fig. 10 Spatial distribution of seismic events from
southern part of the Carpathians Arc
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Fig.7 Seismic activity of the western part of the Carpathians Arc
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Fig.9 Seismic activity of the eastern part of the Carpathians Arc
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Fig.11 Seismic activity of the southern part of the Carpathians Arc
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4 Discussions

If we look at the comparison of seismic activity of the
individual regions of the Carpathians Arc, see fig.12, we could see
that biggest increase of the number of shocks became in the
Southern Carpathians after 2003 y. This could be caused by the
fact, that the only active Benioff zone in the Carpathian arc related
to the subduction process is situated in the Vrancea area, at
a junction of the Eastern and Southern Carpathians in Romania; in
KOVAC et al., (2004). In our study we classified Vrancea zone to
the Southern Carpathians. A sudden increase in seismic activity
also occurs in Eastern Carpathians after 2005.

In the Western Carpathians, despite generally low seismic
activity, more or less every 11 years (1990-1992, 1999-2004,
2009-2014) activity increases several times in comparison for its
mean value. However, in the Southern Carpathians until 2004 the
level of seismic activity was relatively low, around 200-300
events per year. An abrupt increase in seismic activity in 2005
was to about 800 events per year, which then went into a strong
upward trend obtaining 1700 events per year in 2013.

A similar character of changes in seismic activity was
observed in the Eastern Carpathians; however, here the seismic
activity was much about 3 times lower than in the Southern
Carpathians. In comparison of changes in seismic activity at
different depth intervals in the Southern Carpathians, fig.13, it can
be clearly seen that the increase in seismic activity after 2004 is
mainly due to shocks occurring shallowly, up to a depth of 40 km.
Activity of these shocks increased 13-fold between 2004 and
2013. In the case of events from intermediate depths this increase
in seismic activity was only 2-fold. The number of events in the
depth range 40-55 km during the years 2007-2011 decreased
3-fold and then it was systematically growing again.



This is a different situation than for other depth ranges in the Southern Carpathians, where after 2013 seismic activity decreases. In
turn, in comparison of changes in seismic activity at different depth intervals in the Eastern Carpathians, fig.14, there is seen very clear
upward trend in the seismic activity of shallow shocks — up to 40 km in depth, but it concerns mainly shallower shocks, with a depth of up
to 20 km. In the Eastern Carpathians, similar to the Southern Carpathians, the number of events in the depth range 40-55 km decreased
5-fold in the period 2008-2014 and then it was systematically growing again. This situation is different from other depth ranges, where
after 2014 seismic activity decreases.
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Fig.12 Comparison of seismic activity of the Western, Eastern and Southern part of the
Carpathians Arc.
NW — number of tremors from the Western Carpathians,
NE — number of tremors from the Eastern Carpathians,
NS — number of tremors from the Southern Carpathian

S Conclusions

Throughout the entire Carpathian Arc, earthquakes occur at relatively shallow depths, up to 33 km below the earth surface; 58 % of
all shocks. The exception to this is the Vrancea area in Romania, in Southern Carpathians, where tremors occur at both small and big
depths, even up to more than 200 km below the earth surface. 70 % of shocks registered in Carpathians Arc are located in the first 50 km of
depth.

In the Southern Carpathians a high increase in seismic activity after 2004 was found in all depth ranges. However, it stands out
particularly increases trend; it concerns shocks, which have hypocentres relatively shallowly, up to 40 km of depth. The most significant
seismicity in the Carpathians Arc is located in a relatively small area — in the Vrancea zone in the Southern Carpathians.
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Both in the Eastern and in the Southern
Carpathians a decrease of seismic activity in 2009—
2014 and arenewed increase of activity after this
period was observed, while the seismic activity of
shocks occurred in the shallow depth is decreasing
in recent years. In the Western Carpathians a small
number of shocks were observed which may result
from the relatively low seismic activity of this
region. Despite generally low seismic activity, it
increases several times more or less every 11 years.

References
BIELIK, M. et al. The Western Carpathians — interaction of

Hercynian and Alpine processes. Tectonophysics 393 (1—4),
2004, p.63-86.

GEMMER, L. and HOUSEMAN, G., A. Convergence and
extension driver by lithospheric gravitational instability:
evolution of the Alpine—Carpathian—Pannonian system.
Geophys. J. Int. 168, 2007, p.1276—1290.

HORVATH, F. Towards a mechanical model for the
formation of the Pannonian basin. Tectonophysics 226, 1993,
p.333-357.

KNAPP, J.,, H., KNAPP, C. C. RAILEANU, V.,
MATENCO, L., MOCANU, V. and DINU, C. Crustal
constraints on the origin of mantle seismicity in the Vrancea
Zone, Romania: the case for active continental lithospheric
delamination. Tectonophysics 410, 2005, p.311-323.
KOVAC, M. et al. Seismic activity and neotectonics
evolution of the Western Carpathians (Slovakia), EGU
Stephan Mueller Special Publication Series, 3, 2004, p.167—
184.

MARMUREANU, G., CIOFLANC, C., O. Intensity seismic
hazard map of Romania by probabilistic and
(neo)deterministic  approaches, linear and non-linear
analyses, Romanian Reports in Physics, 63, No. 1, 2011,
p.226-239.



MARTIN, M., WENZEL, F. and CALIXTO Working Group. High-resolution teleseismic body wave tomography beneath SE-Romania — II. Imaging of a slab
detachment scenario. Geophys. J. Int. 164, 2006, p.579-595.

RUSSO, R., M. et al. Seismic attenuation in the Carpathian bend zone and surroundings. Earth and Planetary Science Letters, 237, 2005, p.695-709

SPERNER, B., IOANE, D. and LILLIE, R., J. Slab behaviour and its surface expression: new insights from gravity modelling in the SE-Carpathians.
Tectonophysics 382, 2004, p.51-84.

WORTEL, M. J. R. et al. Subduction and Slab Detachment in the Mediterranean-Carpathian Region. Science 290, 1910, 2000, DOI:
10.1126/science.290.5498.1910.

TASAROVA, A. et al. The lithospheric structure of the Western Carpathian — Pannonian Basin region based on the CELEBRATION 2000 seismic experiment and
gravity modelling. Tectonophysics, 475, 2009, p. 454—469.

Authors
'Agnieszka Braclawska, University of Silesia, Faculty of Earth Sciences, Department of Applied Geology, 60 Bedzinska, Sosnowiec, Poland,
abraclawska@us.edu.pl

?Adam Filip Idziak, University of Silesia, Faculty of Earth Sciences, Department of Applied Geology, 60 Bedzinska, Sosnowiec, Poland, adam.idziak@us.edu.pl

-11 -



