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We have analyzed 44 micro-earthquakes with magnitudes between 1.2 and 3.4, which occurred in the Dobrá
Voda area, Slovakia, in the period 2001–2009. The epicentres of the micro-earthquakes form a cluster
elongated in the ENE–WSW direction. This direction coincides with the orientation of the main fault systems
in the area: Dobrá Voda and Brezová faults. The depths of the hypocentres vary from 1 km to 14 km. Three
different methods were used to calculate the focal mechanisms: (a) a method using the polarities of Pg and
Pn waves, (b) the P-wave amplitude inversion of moment tensors, and (c) the waveform inversion of
moment tensors. The majority of the analyzed micro-earthquakes have a left-lateral strike-slip focal
mechanism with weak normal or reverse components. The full moment tensors comprise significant non-
double-couple (non-DC) components. The non-DC components are partly numerical errors of the inversion
but might be also of a physical origin. The most accurate values of the non-DC components are obtained from
the P-wave amplitude inversion. For this inversion, the isotropic component (ISO) and the compensated
linear vector dipole component (CLVD) are mostly positive and well correlated. This might indicate tensile
faulting. Adopting the model of tensile faulting, we estimated the mean ratio of P to S wave velocities in the
focal area from the values of ISO and CLVD, vP/vS=1.5–1.6. The three different datasets of the focal
mechanisms have been inverted for the present-day tectonic stress in the Dobrá Voda area. The slip shear
stress component criterion was applied in the stress inversion. The results of the three inversions are well-
consistent and point to a high reliability and good accuracy of the inverted stress. The orientations of the
principal stresses are (azimuth/plunge): σ1=210–220°/5–25°, σ2=70–105°/55–75°, and σ3=305–315°/
15–25°, and the shape ratio is R=0.45–0.60. The azimuth is measured clockwise from the north and the
plunge downwards from the horizontal plane. The retrieved maximum compression lies along the belt of the
Malé Karpaty Mts. The local tectonic stress reflects complex tectonic conditions in the area. The presence of
tensile faulting might point to an extensional stress regime in the area.
l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

The Dobrá Voda area is one of the most seismically active zones on
the territory of Slovakia (see Fig. 1). It is situated in the transition zone
between the Eastern Alps and the Western Carpathians (Šefara et al.,
1998; Lenhardt et al., 2007), specifically, at the northernmargin of the
Malé Karpaty Mts., between the Pieniny Klippen Belt (PKB) in the
west and the Danube Basin in the east (see Fig. 2). On the surface, the
PKB reflects the principal boundary between the stable European
Platform and theWestern Carpathians structures. The Danube Basin is
characterized by thick Neogene to Quaternary sediments deposited on
a thinned crust (the Moho depth is between 26 and 30 km). The
dominant brittle structures of the Dobrá Voda area are ENE–WSW
trending fault zones (see Fig. 2). The Brezová fault zone forms the
northern margin of the Brezová elevation, while its southern border
with the Dobrá Voda depression is represented by the distinctive
Dobrá Voda fault zone (e.g. Marko et al., 1991).

In the last century, the strongest earthquake occurred in the Dobrá
Voda area on January 9, 1906 (see Fig. 2) with a magnitude of 5.7 and
was followed by an aftershock of magnitude 5.1 on January 19, 1906
(Réthly, 1907; Kárník, 1968; Zsíros, 2005). In 1904, 1930 and 1967,
other earthquakes with magnitudes between 4.0 and 5.0 were
observed. The seismic activity is instrumentally monitored by the
local seismic network MKNET, installed in this area in 1985, and
additionally by the Slovak National Seismic Network (Cipciar et al.,
2002). The seismic activity is monitored also by the micro-
displacement monitoring network (Briestenský et al., 2007). The
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strongest earthquake recorded by networkMKNET occurred onMarch
13, 2006 with a magnitude of 3.4.

In this paper, we study the double-couple focal mechanisms and
full moment tensors of selected earthquakes that occurred in the
Dobrá Voda area in the period 2001–2009. As input data we use Pg, Pn
and local P-wave polarities, local P-wave amplitudes or complete
waveforms observed at local stations. Using different input seismic
data and applying different approaches, we try to estimate the
accuracy and reliability of the retrieved focal mechanisms. We
decompose the moment tensors into the double-couple (DC) and
non-double-couple (non-DC) components in order to get more
detailed information on the fracture process and on the local
properties of the medium in the focal area (Frohlich, 1994; Julian
et al., 1998; Miller et al., 1998; Vavryčuk, 2001, 2005; Vavryčuk et al.,
2008). Finally, we invert the obtained focal mechanisms for the
present-day tectonic stress in the region. Knowledge of the tectonic
stress is crucial for further tectonic interpretations because existing
studies on stress in the region are contradicting.
2. Data

2.1. Seismic observations

The seismic activity in the Dobrá Voda area is monitored by the
Malé Karpaty seismic network (MKNET). The MKNET is a local
network (see Fig. 1) which consists of 11 three-component seismic
stations equipped with short-period SM-3, Lennartz Le3D or Guralp
CMG-40T-1 seismometers. The corner frequency depends on the type
of the seismometer installed at each station and ranges from 0.65 Hz
(SM-3) to 1 Hz (Le3D, CMG-40T-1). The sampling frequency is
100 Hz. For some of events, data from other adjacent local networks
and from regional short-period and broad-band stations were also
available.
Fig. 1. Map of stations and epicentres of earthquakes. The red full circles show
epicentres of the earthquakes under study. The full black and grey triangles mark the
positions of the stations of the local seismic network MKNET and the Slovak National
Seismic Network, respectively. The full line shows the border between Slovakia, Austria
and the Czech Republic. The positions of two strongest earthquakes V03 and V14 with
magnitudes of 3.4 and 3.0, respectively, are marked by arrows.
We have processed 44 micro-earthquakes with magnitudes
between 1.2 and 3.4 that occurred in the period 2001–2009 (see
Fig. 1 and Table 1). The Seisbase code developed for an interactive data
inspection was used as the basic tool for visualizing and analyzing the
local seismic data (Fischer and Hampl, 1997). The regional broad-
band data were analyzed by the Seismic Handler code (Stammler,
1993). The velocity records were integrated to the displacement
records to simplify the analyzed waveforms and to filter out high-
frequency waves reflecting mostly local structural inhomogeneities
(see Figs. 3 and 4). The records were further pre-processed by
frequency filtering. The parameters of the filtering depended on the
inversion method used to calculate the focal mechanisms and
moment tensors. For measuring the P-wave polarities and the P-
wave amplitudes, a high-pass filter with a corner frequency of 1 Hz
was applied to remove low-frequency noise. In the waveform
inversion, a band-pass filter with corner frequencies of 0.8 Hz and
1.6 Hz was used to extract the low-frequency content of the S waves
and surface waves.
2.2. Locations

The locations of micro-earthquakes were calculated using the
Fasthypo code (Herrmann, 1979). In the location procedure, we used
the arrival times of P and S waves observed at local seismic stations.
The structure was approximated by a 1-D layered velocity model (see
Table 2). The vP/vS ratio was fixed and equal to 1.75. Stations for which
the subsurface structure significantly deviated from the average
velocity model were excluded. This concerned namely stations
installed on the sedimentary rocks of the Danube Basin (stations
JABO and SPAC).

The epicentres of micro-earthquakes are scattered over an area
50 km EW by 30 km NS in size (see Fig. 1) and form a cluster
elongated in the ENE–WSW direction. This direction roughly coin-
cides with the orientation of the main fault systems in the area: the
Dobrá Voda and Brezová faults (see Fig. 2). The depths of the
hypocentres are the less accurate location parameter and vary from
1 km to 14 km. If the vP/vS ratio is increased to 1.80, the depth
decreases by about several hundred metres to 1.5 km. Independently
of the vP/vS ratio, the cluster of hypocentres is dipping in the EWE
direction. A rather large scatter of epicentres over the whole area
indicates that several faults were probably activated.
3. Focal mechanisms and moment tensors

Focal mechanisms and full moment tensors of selected events
were calculated using three different inversion methods: (1) the
inversion from polarities of Pg, Pn and local P waves, (2) the
amplitude inversion from the vertical components of local P waves,
and (3) the waveform inversion from the complete three-
component seismograms observed at local seismic stations. The
inversion from polarities utilizes information from local as well as
regional P waves. It requires a good station coverage but it is
insensitive to calibration of stations. The amplitude inversion
utilizes mainly high-frequency local P waves and requires well-
calibrated stations. The waveform inversion is based on the
inversion of the low-frequency content of the S waves and local
surface waves. This method requires high-quality data and accurate
knowledge of the crustal model.

Since the three inversions utilize different frequency bands,
different types of waves and different methods of calculating the
Green functions, the inversions can be considered as independent.
Hence, a comparison of the focal mechanisms and moment tensors
produced by the three methods allows us to estimate the reliability of
the results and the efficiency and accuracy of the inversion methods.



Fig. 2. A simplified geological sketch of the Eastern Alp –Western Carpathians region together with a detailed tectonic map of the Dobrá Voda seismic zone and the surrounding area
(modified after Began et al., 1984; Marko et al., 1991). The red full circles show the approximate epicentres of the strongest earthquakes that occurred in this area during the last
century.
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3.1. Inversion from polarities of P waves

Double-couple focal mechanisms of the analyzed events were
calculated using the Focmec code (Snoke, 2003). We inverted the
polarities of P waves observed at local stations and the polarities of Pg
and Pn waves observed at some of the nearest regional stations. The
angles of incidence were calculated by ray tracing. In order to
calculate also the rays of refracted Pg waves, the layered velocity
model (see Table 2) was smoothed in depths above the Moho
discontinuity into a gradient model (see Fig. 5). Satisfactory double-
couple solutions defined by the strike, dip and rake angles were
sought in the grid over the whole range of angles in steps of 5°. We
accepted a different number of erroneous polarities for each event
(see Table 3). In most cases, we accepted 1–2 errors in polarities in
dependence on the total number of measured polarities and on the
complexity of the P waveforms. For events with polarities measured
also at regional stations and for events with a complex waveform, the
focal distribution of polarities was less consistent (indicated by
presence of some randomly distributed opposite polarities in the
same area of the focal sphere) and the number of erroneous polarities
had to be increased. This applies, for example, to the strongest event
(V03) with anomalously complex waveforms (see Fig. 3). For each
event, we obtained a family of satisfactory solutions. The number and
scatter of the solutions depended on the coverage of stations on the
focal sphere. For a less favourable coverage, the focal mechanisms
were not sufficiently constrained and the event had to be discarded
(see Fig. 6). In this way, we obtained 16 events with well-constrained
sets of focal mechanisms. The optimum solution of each well-
constrained set of focal mechanisms was calculated as the average
over the satisfactory solutions (see Table 3 and Fig. 13). The accuracy
of the optimum solution was roughly estimated by an average
deviation of P and T axes of each set of focal mechanisms.

3.2. Inversion from amplitudes of P waves

The P waves amplitudes were measured from the displacement
records observed at local stations with epicentral distance up to
80 km. The amplitudes of P waves observed at more distant stations
were excluded, because their ray-theoretical modelling is complicat-
ed. For example, the amplitudes of the Pn waves cannot be calculated
by the standard ray theory and their modelling requires a very
accurate knowledge of the crustal model.

The analyzed records were filtered by applying a high-pass filter
with the corner frequency of 1 Hz to remove low-frequency noise.
The first maximum of the vertical component of the P wave was
measured (see Fig. 7), The amplitudes of P waves measured at the
horizontal components were not utilized in the inversion because
they were more noisy and did not bring any new information into
the inversion. The Green functions were calculated using the ray
method (Červený, 2001). In order to calculate also refracted waves,
the layered velocity model (see Table 2) was smoothed into a
gradient model (see Fig. 5) similarly as in tracing rays in the
inversion from P-wave polarities. The ray amplitudes also incor-
porate the effects of the Earth's surface.

The moment tensors were calculated using the AMT computer
code written in Matlab (Vavryčuk, 2009). The code combines ray
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Table 1
List of events.

ID Focmec AMT Isola Date Time Mw Latitude
[°]

Latitude error
[km]

Longitude
[°]

Longitude error
[km]

Depth
[km]

Depth error
[km]

Q01 x 21.1.2001 05:30:03.51 1.8 48,667 0.7 17,438 0.6 1.1 0.5
Q02 x 1.3.2001 23:09:31.49 2.2 48,465 0.8 17,242 1.2 6.7 2.2
Q05 x 12.5.2001 18:24:24.91 1.8 48,692 0.6 17,523 0.3 8.1 0.6
Q08 x x 4.6.2001 03:51:25.57 2.0 48,681 1.5 17,780 0.8 12.3 0.7
Q09 x x 6.6.2001 20:33:12.02 2.4 48,647 1.5 17,801 0.9 11.5 1.1
Q11 x x 28.6.2001 02:00:06.12 2.4 48,650 1.0 17,788 0.8 10.6 0.8
Q12 x 28.6.2001 02:36:17.56 2.4 48,649 1.5 17,814 1.1 8.8 1.7
Q13 x x 8.9.2001 13:37:16.51 1.7 48,448 0.2 17,308 0.3 6.7 0.6
Q14 x x 9.9.2001 17:05:00.87 1.8 48,540 0.3 17,630 0.3 1.6 0.2
Q15 x x 10.9.2001 01:17:49.62 1.6 48,534 0.3 17,633 0.2 1.6 0.2
Q16 x x 22.9.2001 07:48:39.73 1.8 48,571 0.1 17,454 0.2 7.2 0.3
R01 x x 15.5.2002 13:57:23.27 1.9 48,578 0.7 17,729 0.9 1.2 0.4
R02 x x 8.8.2002 20:05:49.71 2.2 48,578 0.5 17,127 0.4 6.5 0.8
R03 x x x 15.12.2002 11:04:48.46 2.6 48,522 0.2 17,490 0.1 5.6 0.2
S01 x x 28.2.2003 16:04:08.74 1.7 48,432 0.5 17,354 0.5 3.1 0.2
S02 x x x 5.4.2003 20:21:39.11 2.6 48,561 0.5 17,426 0.3 7.3 0.6
S03 x x x 17.6.2003 08:58:16.21 2.8 48,592 1.2 17,718 1.3 12.1 1.3
S04 x 26.8.2003 10:28:36.49 2.0 48,340 1.9 17,139 2.8 9.3 3.8
T01 x x 29.4.2004 07:47:11.31 1.5 48,518 0.4 17,582 0.3 2.2 0.4
U01 x x 16.11.2005 08:27:13.39 1.9 48,574 0.2 17,516 0.2 9.1 0.3
V03 x x x 13.3.2006 08:28:38.39 3.4 48,550 0.6 17,694 0.5 10.2 0.7
V04 x x x 14.3.2006 09:09:48.82 2.3 48,555 0.8 17,711 0.6 12.3 0.8
V05 x x x 14.3.2006 09:18:43.52 2.1 48,555 0.9 17,704 0.7 13.2 0.9
V06 x x x 14.3.2006 11:42:13.19 2.3 48,553 0.7 17,708 0.6 12.4 0.8
V07 x x x 14.3.2006 11:47:20.41 2.0 48,558 0.8 17,707 0.7 12.4 0.9
V08 x x x 19.4.2006 00:01:32.09 2.0 48,543 0.5 17,707 0.4 9.8 0.6
V09 x x x 20.4.2006 13:15:48.15 2.4 48,556 0.7 17,672 0.6 7.9 1.0
V20 x x 5.8.2006 08:57:34.51 2.2 48,520 0.2 17,475 0.2 4.3 0.5
V13 x x 5.8.2006 08:58:49.56 2.3 48,511 0.6 17,473 0.4 5.3 0.9
V14 x x x 5.8.2006 09:00:08.63 3.0 48,516 0.7 17,468 0.4 5.2 1.1
V15 x x 5.8.2006 09:03:49.61 1.5 48,515 0.3 17,473 0.2 4.8 0.5
V16 x 5.8.2006 09:58:56.20 1.5 48,510 1.0 17,472 0.5 4.6 1.5
V17 x x 5.8.2006 23:43:18.38 1.2 48,522 0.1 17,476 0.1 4.7 0.2
V18 x x 13.10.2006 01:01:15.09 2.5 48,591 0.8 17,190 0.8 9.3 1.0
V19 x x x 25.10.2006 23:54:13.09 2.1 48,571 0.7 17,720 0.5 11.1 0.6
W01 x x x 10.1.2007 21:43:17.25 1.9 48,478 0.8 17,329 0.3 3.0 0.2
W02 x x 11.1.2007 22:50:21.40 1.9 48,568 1.9 17,283 1.1 5.1 3.6
W03 x 27.2.2007 17:11:41.01 2.6 48,339 3.3 17,171 1.4 13.4 5.4
W05 x x 4.8.2007 02:39:19.79 2.4 48,581 0.5 17,565 0.4 10.3 0.7
X01 x x x 27.3.2008 21:51:47.22 2.1 48,539 0.5 17,624 0.4 8.8 0.6
X02 x x 30.3.2008 07:36:56.91 2.7 48,519 0.4 17,349 0.3 2.6 1.1
X03 x x 25.2.2008 14:27:43.17 1.3 48,522 0.3 17,465 0.2 3.7 0.6
X04 x x 25.6.2008 14:25:52.38 2.1 48,559 1.0 17,418 1.2 9.1 2.0
Y01 x x 19.4.2009 10:16:56.08 2.6 48,549 0.2 17,374 0.2 6.1 0.3
Total 16 36 43

ID is the identification code of the events, the 2nd, 3rd and 4th columns indicate which events have been inverted using the Focmec, AMT and Isola codes, respectively, Mw is the
moment magnitude.

216 L. Fojtíková et al. / Tectonophysics 492 (2010) 213–229
tracing in a smooth velocity model, calculation of the ray-theoretical
Green functions (Červený, 2001) and the generalized linear inversion
(Lay and Wallace, 1995). The stability of the moment tensors was
tested by a repeated inversion of data contaminated by artificial noise.
We calculated the moment tensors of 100 random realizations. The
maximum noise level was 25% of the measured P-wave amplitude at
each station. The probability distribution was uniform. In estimating
the stability of the moment tensors, we focused on evaluating the
percentage of the DC component of the optimum solutions inverted
from noise-free data and on the scatter of the P/T axes and the nodal
lines of the 100 solutions inverted from the random realizations of
noisy data. The low percentage of the DC component and the high
scatter of the P/T axes and of the nodal lines were an indicator of
probably unstable and less accurate inversion (see Fig. 8). Based on
the stability of the inversion we classified the moment tensors as
reliably or unreliably determined. The reliable moment tensors were
selected using the two following criteria: (1) The percentage of the DC
component was required to be higher than 40%, and (2) the mean
deviations of the P/T axes of the 100 random realizations from the P/T
axes of the optimum solutions obtained from the noise-free data did
not exceed 5°.
The results for the whole dataset of 36 analyzed events are
summarized in Table 4, where the reliably determined moment
tensors are highlighted. The table presents the root mean square
(RMS) value of amplitude errors calculated by the following formula:

RMS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i=1
AðiÞ
obs−AðiÞ

teor

� �2

s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i=1
AðiÞ
obs

� �2
s ;

where Aobs and Ateor are the observed and theoretical P-wave
amplitudes, superscript i is the number of the station, and N is the
total number of stations at which the amplitudes were measured for
the respective earthquake. The table lists also the ratio of theminimum
to maximum eigenvalues of the inverted matrix (min/max ratio), the
percentage of the non-DC components and their errors calculated as
standard deviations of the 100 solutions inverted from random
realizations of noisy data. The reliably determined focal mechanisms
are also shown in Fig. 13.



Fig. 3. Velocity (left-hand plots) and displacement (right-hand plots) records of the strongest analyzed event V03 recorded at stations PVES, KATA and LANC.
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3.3. Inversion from waveforms

The waveform inversion was performed using the Isola computer
code developed by Sokos and Zahradník (2009). The Isola code
combines a user-friendly interface written in Matlab with an
inversion engine written in Fortran. The inverse problem is formu-
lated after Kikuchi and Kanamori (1991). The match between the
observed and best-fitting synthetic data is characterized by the overall
variance reduction. The code allows inverting for complex rupture
histories with multiple point-source sub-events. Applications of the
Isola code to the retrieval of moment tensors of regional earthquakes
can be found, for example, in Zahradník et al. (2005, 2008a,b) and
Adamová et al. (2009).

We inverted for full moment tensors from the displacement
records from 3 to 5 nearest local stations. The stations at small
epicentral distance were chosen because they displayed simplest
waveforms thus being less affected by structural complexities than
the far distant stations. The inverted records were pre-processed by
high-pass filtering with a corner frequency of 0.4 Hz to remove
microseisms and offset. Subsequently, the records were re-sampled
from a frequency of 100 Hz to 33 Hz and corrected for the transfer
function of the seismometer. The seismograms were checked to have

image of Fig.�3


Fig. 4. Velocity (left-hand plots) and displacement (right-hand plots) records of the second strongest analyzed event V14 recorded at stations SMOL, JABO and SPAC.

Table 2
1-D velocity model of the crust.

Layer Depth
[km]

vP
[km/s]

QP QS

1 0.0 4.0 200 100
2 1.9 4.8 200 100
3 2.5 5.6 300 150
5 4.5 6.0 300 150
6 10.0 6.2 500 250
7 30.0 8.2 800 400

vp is the P-wave velocity, QP and QS are the quality factors of P and S waves.
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a sufficiently high signal-to-noise ratio. The theoretical and observed
waveforms were further filtered by a band-pass filter with corner
frequencies of 0.8 Hz and 1.6 Hz. This rather narrow-band filtering
was used to extract a low-frequency content of the S waves and
surface waves. These waves are less sensitive to the complexities in
the seismic structure and yield more stable results compared with the
inversion of the high-frequencywaveforms. The Green functionswere
calculated using the discrete-wave-number method (Coutant, 1990;
Bouchon, 2003). In calculating the Green functions, the positions of
epicentres were fixed (see Table 1). Since the depths of foci are the
most uncertain parameter, the depth was allowed to deviate from the

image of Fig.�4


Fig. 5. P-wave velocities in the 1-D layered (dashed line) and gradient (solid line)
models. The layered model is used in the location procedure and for calculating
synthetic waveforms using the wave-number method. The gradient model is used in
ray tracing and for calculating synthetic ray-theoretical P-wave amplitudes in the
amplitude inversion.

Fig. 6. Examples of reliable and unreliable focalmechanisms determined from the P-wave
polarities The reliable focal mechanism is shown for event X01 (left-hand plots) and the
unreliable focal mechanism is shown for event V20 (right-hand plots). (a–b) Nodal lines
and P/T axes for the satisfactory solutions, (c–d) focal sphere coverage and the optimum
focal mechanism. The scatter of solutions for event V20 prevents from determining the
optimum solution. The P axes are marked by red circles and the T axes by blue plus signs.
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optimum depth found in the location procedure by up to ±2.5 km in
steps of 0.5 km. For shallow foci with depths less than 3.0 km, the
depth ranged from 0.5 km down to 5.5 km. Similarly, the origin
(centroid) time of the earthquake was allowed to vary up to ±1 s
from that found by the location procedure. The time step in the grid
search was identical with the sampling interval of 0.03 s. The
inversion was performed at each depth and for each time shift, and
the optimum solution was found as the solution with the best fit over
all depths and times.

As an example, we show the results of the inversion for two
events: event V14withMw=3.0 (Figs. 9 and 10) and eventW01with
Mw=1.9 (Figs. 11 and 12). The figures show a comparison of
observed and the best-fitting synthetic seismograms at four inverted
stations, and the correlation coefficient between the observed and
synthetic seismograms as a function of the position of the hypocentre
and of the time shift.

The comparison of seismograms indicates that the fit between
synthetic and observed waveforms is low, only the main features of
the waveforms are fitted. As expected, the synthetic seismograms
have simpler waveforms than the observed seismograms (see Figs. 9
Table 3
Focal mechanisms determined from the P-wave polarities.

No ID Total number
of polarities

Number of
erroneous
polarities

Number of
solutions

Optimum

Strike
[°]

1 R03 20 0 5 242
2 S02 12 0 12 87
3 S03 20 2 6 255
4 V03 33 8 92 241
5 V04 16 1 18 92
6 V05 12 1 71 286
7 V06 12 1 99 98
8 V07 8 0 35 271
9 V08 9 0 12 127

10 V09 13 1 88 308
11 V14 17 2 27 58
12 V18 15 2 17 330
13 V19 17 2 54 277
14 W01 8 0 55 284
15 W05 16 2 44 87
16 X01 15 1 21 264
and 11). In particular, the synthetic and observed waveforms differ at
later times when observations become complex due to secondarily
generated waves which cannot be produced in a simple velocity
model. The low fit at later times is expressed by low numbers of
variance reduction (see Table 5) and points to presence of a complex
laterally inhomogeneous structure in the target area. Fortunately, a fit
of waveforms at early times is more important for the success of the
inversion. The misfit at later times decreased probably the accuracy of
the results but did not lead to failure of the inversion.
solution Mean P-axis deviation
[°]

Mean T-axis deviation
[°]

Dip
[°]

Rake
[°]

81 −36 7.8 7.5
67 69 5.7 7.1
59 −13 6.4 6.6
82 18 15.4 8.3
77 37 8.3 7.7
78 −42 8.0 9.9
75 49 9.1 12.1
73 −40 6.8 7.1
84 −117 5.1 5.1
74 −76 10.4 13.7
84 82 5.2 5.6
81 58 7.3 16.3
72 8 12.4 10.2
68 9 18.5 15.8
78 −21 10.0 14.9
85 −20 5.2 4.8
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Fig. 8. Examples of reliable and unreliable focal mechanisms determined from amplitudes
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The correlation coefficient depends on depth of the focus and is
periodical with respect to the time shift (see Figs. 10 and 12). The
dependence on depth is rather slight, so the procedure cannot be used
to increase the depth accuracy of the focus. However, the periodicity
with respect to the time shift is more pronounced. This is caused by
inverting seismograms of a rather narrow frequency band. The
optimum solutions corresponding to the maxima of the correlation
coefficient are mutually very similar; they just differ in the sign of the
moment tensor. This indicates that the waveform inversion is usually
capable to retrieve a stable mechanism but it cannot safely retrieve its
sign. Since rather narrow frequency-band waveforms are inverted,
the inversion is almost insensitive to the actual first-motion polarities
and it can producemoment tensors of an incorrect sign. Therefore, the
plus/minus signs of the resultant moment tensors were checked after
the inversion and corrected to predict the true first-motion polarities
of the local P waves. In checking the sign of the moment tensors, we
required the number of the correctly predicted P-wave polarities to be
higher by at least 2 than that of the incorrectly predicted polarities.
The moment tensors which did not satisfy this polarity criterion were
considered as unreliable and were discarded.

Similarly as in the amplitude inversion, we tried to assess the
stability of the inversion and to estimate the reliability of the retrieved
moment tensors. We used the following criteria for selecting the
reliably determinedmoment tensors: (1) similarly as in the amplitude
inversion, the percentage of the DC component was required to be
higher than 40%, and (2) the min/max eigenvalue ratio of the inverted
matrix had to exceed the value of 0.019. This value has been used to
select approximately the same number of the reliably determined
moment tensors as in the moment tensor inversion from amplitudes.
Since the waveform inversion was more computationally demanding
than the amplitude inversion, we did not perform repeated inversions
with noisy input data as we did in the amplitude inversion.
Fig.7. Picking of P-wave amplitudes for event V14 recorded at stations SMOL and PLAV.
The vertical lines at the displacement records (left-hand plots) delimit the time interval
shown in particle motions (right-hand plots). The arrow marks the P-wave amplitude
used in the inversion.

of P waves. The reliable focal mechanism is shown for event V09 (left-hand plots) and the
unreliable focal mechanism is shown for event Q13 (right-hand plots). (a–b) Nodal lines
and P/T axes for 100 solutions obtained from the inversion of P-wave amplitudes
contaminated by random noise. (c–d) Focal sphere coverage and the optimum
focal mechanisms. The dashed area shows the directions of the positive P axes polarity.
The P axes are marked by red circles and the T axes are marked by blue plus signs.
We inverted 43 events in total (see Table 5) but 8 events did not
satisfy the polarity criterion and had to be discarded. From 35 events
which fulfilled the polarity criterion, the 15 events were selected as
those with reliably determined moment tensors. These events are
highlighted in the Table and their focal mechanisms are shown in
Fig. 13.

3.4. Comparison of the results

Fig. 13 shows individual reliably determined focal mechanisms
calculated using: (1) polarities of the Pg, Pn and local P waves, (2)
amplitudes of local P waves, and (3) complete waveforms observed at
local stations. Fig. 14 shows the nodal lines and the P/T axes of the DC
parts of the respective three sets of the focal mechanisms. While the
individual focal mechanisms determined by different methods can
differ for some of events, the three sets of the nodal lines and the P/T
axes display a statistically similar pattern. In all three inversions, the
majority of mechanisms have the P axes clustered in the SW-NE
direction close to the horizontal plane. The T axes are more scattered
but still predominantly in theNW-SEdirection andmostly incline from
the horizontal plane. Since the three sets of the focalmechanismswere
calculated using different methods with different input data, they can
be considered as independent and their overall consistency validates
the correctness and good accuracy of the inversions.

The predominant focal mechanisms are strike-slips with a small
normal or reverse component with strikes around 0° or 180°. Some
mechanisms have strikes around 60° or 240° corresponding to the
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Table 4
Moment tensor inversion from the P-wave amplitudes.

The highlighted events are classified as events with reliably determined moment tensors.
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direction of the main fault system in the region (see Fig. 2). They are
oblique strike-slips or normal events.

4. Non-DC components

Non-DC components of moment tensors can be spurious or of true
physical origin. The spurious non-DC components are numerical errors
of the inversion being usually a product of a limited amount of inverted
data, of the simplification of the velocity model, of a mislocation, a
simplification of the rupturing process, or of noise present in the data
(Šílený and Vavryčuk, 2002; Šílený, 2009; Adamová and Šílený, 2010).
However, the non-DC components may also be physical reflecting the
properties of the earthquake source or of the medium in the focal area
(Frohlich, 1994; Julian et al., 1998; Miller et al., 1998; Vavryčuk, 2001,
2005; Vavryčuk et al., 2008). The true physical non-DC components can
be manifested, for example, by a positive correlation between the ISO
and CLVD. The positive correlation between the ISO and CLVD can be an
indicator of the presence of tensile faulting (see Vavryčuk, 2001). In this
model, the positive values of ISO and CLVD are produced by opening of
faults, while the negative values of ISO and CLVD are produced by
closing of faults. The model of tensile faulting predicts a linear
dependence between the ISO and CLVD percentages, the ISO/CLVD
ratio being a function of the local value of the vP/vS ratio in the source
area (see Vavryčuk, 2001, Eq. (17)).

The reliably determined moment tensors retrieved using the
amplitude and waveform inversions were decomposed into their
double-couple (DC) and non-double-couple (non-DC) components
according to formulas of Vavryčuk (2001, Eqs. (8a–c)) or Vavryčuk
(2005, Eqs. (15–17)). The histograms of the non-DC components are
shown in Fig. 15. A significant part of the non-DC components is
probably caused by numerical errors generated by the moment tensor
inversions. This is evident, particularly, for the waveform inversion
(see Fig. 15, right-hand plots) which produced highly scattered values
of the non-DC components. Moreover, the ISO and CLVD are not well
correlated. The correlation coefficient is 0.48 (see Table 6) which
cannot be considered as significant. However, the amplitude inversion
produces non-DC components with a significantly less scatter (see
Fig. 15, left-hand plots) and also the correlation between the ISO and
CLVD is higher attaining a value of 0.74 (see Table 6). The majority of
events display positive ISO and CLVD, which is consistent with a
model of tensile faulting during which the faults are slightly opening.
Only 3 of 14 events have a significant negative ISO and CLVD having
probably an anomalous or erroneous mechanism. From this view-
point, the amplitude inversion seems to be more accurate than the
waveform inversion, producing the non-DC components, which are
probablymore reliable and less affected by numerical errors. Adopting
the model of tensile faulting, the vP/vS ratio is estimated to be 1.5,
which is a reasonable value.

5. Tectonic stress

Tectonic stress is determined from focal mechanisms by applying
the Angelier inversion method (Angelier, 2002). This method is a
modification of the Gephart and Forsyth (1984) method and it is
based on maximizing the so-called slip shear stress component
(SSSC). Using the SSSC criterion is advantageous, because it avoids the
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Fig. 9.Waveform inversion for event V14: a comparison of synthetic (red line) and observed (black line) waveforms at stations BUKO, DVOD, KATA and SMOL. The numbers at traces
show their scale in metres.
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necessity to identify the fault plane with one of the two nodal planes
of each focal mechanism in the inversion. The SSSC function is
maximized using the robust grid search inversion scheme. The
approach recovers four parameters of the stress tensor: three angles
defining the directions of the three principal stresses, σ1, σ2 and σ3,
and the shape ratio R, R=(σ1−σ2)/(σ1−σ3). The approach is unable
to recover the trace of the stress tensor σISO=σ1+σ2+σ3 and the
magnitudes of the principal stresses.

We inverted for the tectonic stress in the Dobrá voda area from
three different datasets: (1) DC focal mechanisms calculated using
the P-wave polarities (Focmec, 16well-constrainedmechanisms, see
Table 3), (2) the DC parts of the moment tensors calculated from the
P-wave amplitudes (AMT, 14 reliably determined moment tensors,
see Table 4), and (3) the DC parts of the moment tensors calculated
from the completewaveforms (Isola, 15 reliably determinedmoment
tensors, see Table 5). The inversion was performed using a 5° grid in
searching for the principal stress directions and a 0.02 increment in
searching for σ2. The trace of the stress tensor was assumed to be zero
andσ1was set to be 1. The results of the inversion are shown in Fig. 16
and summarized in Table 7. All three inversions yield similar results:
the orientations of the principal stresses are (azimuth/plunge):
σ1=210–220°/5–25°, σ2=70–105°/55–75°, and σ3=305–315°/
15–25°, and the shape ratio is R=0.45–0.60. The azimuth is
measured clockwise from the north and the plunge is measured
downwards from the horizontal plane. The consistency and low
scatter of the results obtained using different data sets indicate that
the principal stress directions are retrieved reliably and with high
accuracy.

6. Tectonic implications

Comparing the tectonic sketch of the Dobrá Voda area (Fig. 2) with
the predominant directions of the nodal lines of the focal mechanisms
(Figs. 13 and 14), we conclude that some of the analyzed earthquakes
occurred along the ENE–WSW trending fault system, This concerns
particularly the strongest analyzed earthquakes (V03, V14, R03 and
S03). However, a significant number of earthquakes occurred on faults
or subfaults differently oriented than the main fault system. This
indicates that the area is tectonically complex. The predominant
faulting is the left-lateral strike-slip with minor normal or reverse
components. The presence of non-DC components with prevailingly
positive CLVD and ISO components revealed in the amplitudemoment
tensor inversion indicates that some earthquakes were not pure shear
but probably combined shear and tensile faulting. It would point to
high pore fluid pressure or to an extensional stress regime in the area.

Fig. 17 shows the orientation of the present-day tectonic stress
calculated from the focal mechanisms under study together with other
stress measurements in the Western Carpathians region and adjacent
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Fig. 10. Waveform inversion for event V14: the correlation coefficient and the corresponding focal mechanism as a function of (a) the time shift and source depth, and (b) the time
shift at the optimum source depth. The correlation coefficient and the DC percentage in the corresponding focal mechanism are colour-coded. The origin time found using the
location procedure has value 30 s. In the upper plot, the optimum solution is shown in red colour.
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areas, downloaded from the World Stress Map web site (Müller et al.,
1992; Heidbach et al., 2008). As indicated in the figure, the area under
study lies in the transition zone between the Western Carpathians and
Eastern Alps and is probably characterized by a complicated stress
pattern (Drimmel and Trapp, 1982; Jarosinski, 1998; Reinecker, 2000;
Kováč et al., 2002; Jarosinski, 2005). The retrieved maximum compres-
sion in the Dobrá Voda area has an azimuth of 210–220°NE and lies
along the strike of the Malé Karpaty Mts. (see Fig. 17). The maximum
compression direction is in coincidence with the measurements of the
paleo-stress performed in the Malé Karpaty Mts. corresponding to the
late Miocene to Pliocene periods (Nemčok et al., 1989). However, the
paleo-stress analyses also show that the evolution of tectonic stress in
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the region was complex having been rotated, for example, during the
Miocene period (Marko et al., 1991; Fodor, 1995). The complexity of the
stress interpretations in the Malé Karpaty Mts. and adjacent areas is
manifested also by the fact that some authors predict a character of the
present-day stress field in this area (Hók et al., 2000; Kováč et al., 2002)
opposite to that found in our analysis. These interpretations are mainly
based on analysis of non-seismic data or focal mechanisms of a few
single earthquakes.
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Table 5
Moment tensor inversion from waveforms.

The highlighted events are classified as events with reliably determined moment tensors. The ratio min/max denotes the ratio of the minimum to maximum eigenvalues of the
inverted system matrix (see Zahradník et al., 2008a).

Table 6
Non-DC components.

Method Number of events Mean DC
[%]

Mean CLVD
[%]

Mean ISO
[%]

Mean |CLVD|
[%]

Mean |ISO|
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Correlation CLVD-ISO Ratio vP/vS

AMT 14 61.4 13.9 7.4 21.9 16.7 0.74 1.46
Isola 15 59.7 −5.4 3.3 24.1 16.2 0.48 1.57

The vP/vS ratio is calculated according to Vavryčuk (2001, Eq. (17)).
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Inversion for stress.
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Pl2
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Az3
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Pl3
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Shape ratio

Focmec 16 220 25 72 61 316 14 0.60
AMT 14 210 25 78 55 311 23 0.61
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Az1, Pl1, Az2, Pl2, Az3, and Pl3 are the azimuths and plunges of the principal stress
directions σ1, σ2 and σ3, respectively.
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Fig. 14. Nodal lines and P/T axes of: 16 reliable focal mechanisms determined from the P-wave polarities (left-hand plots), 14 reliable moment tensors determined from P-wave
amplitudes (middle plots), and 15 reliable moment tensors determined from complete waveforms (right-hand plots). The lower-hemisphere equal-area projection is used.

}

Fig. 15. Non-DC components of the moment tensors calculated using the amplitude (left-hand plots) and waveform (right-hand plots) inversions. Upper plots — histograms of the
CLVD component, middle plots — histograms of the ISO component, and lower plots— the ISO component versus the CLVD component. The dashed line shows the linear regression
between the ISO and CLVD.
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Fig. 16. The inversion for stress using the Angelier (2002) method. Stress is inverted using the focal mechanisms calculated from: the P-wave polarities (Focmec), the P-wave
amplitudes (AMT), and the complete waveforms (Isola). The lower right-hand plot summarizes the results of the three inversions. The colour scale indicates the value of the SSSC fit
for the direction of the maximum compression (principal stress σ1). The optimum position of the maximum compression is at the maximum of the SSSC fit. The directions of the
principal stresses in the lower right-hand plot are marked by red circles for σ1, by black crosses for σ2, and by blue plus signs for σ3.

Fig. 17. Stress map in theWestern Carpathians region and adjacent areas. Red arrows show the retrieved direction of the maximum compression and the maximum extension in the
Dobrá Voda area. The other stress measurements are taken from the World Stress Map site (Heidbach et al., 2008).

229L. Fojtíková et al. / Tectonophysics 492 (2010) 213–229

image of Fig.�16
image of Fig.�17

	Focal mechanisms of micro-earthquakes in the Dobrá Voda seismoactive area in the Malé Karpaty Mts. (Little Carpathians), Sl...
	Introduction
	Data
	Seismic observations
	Locations

	Focal mechanisms and moment tensors
	Inversion from polarities of P waves
	Inversion from amplitudes of P waves
	Inversion from waveforms
	Comparison of the results

	Non-DC components
	Tectonic stress
	Tectonic implications
	Acknowledgements
	References




