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Abstract 
 
Retrieving the parameters of a seismic source from seismograms involves deconvolving 
the response of the medium from seismic records. Thus, in general, source parameters are 
determined from both seismograms and the Green functions describing the properties of 
the medium in which the earthquake focus is buried. The quality of each of these two 
data sets is equally significant for the successful determination of source characteristics. 
As a rule, both sets are subject to contamination by effects that decrease the resolution of 
the source parameters. Seismic records are generally contaminated by noise that appears 
as a spurious signal unrelated to the source. Since an improper model of the medium is 
quite often employed, due to poor knowledge of the seismic velocity of the area under 
study, and since the hypocentre may be mislocated, the Green functions are not without 
fault. Thus, structures not modelled by Green functions are assigned to the source, 
distorting the source mechanism. 

To demonstrate these effects, we performed a synthetic case study by simulating 
seismic observations in the Dobrá  Voda area of the Little Carpathians region of Slovakia. 
Simplified 1-D and 3-D laterally inhomogeneous structural models were constructed, and 
synthetic data were calculated using the 3-D model. Both models were employed during a 
moment tensor inversion. The synthetic data were contaminated by random noise up to 
10 and 20% of the maximum signal amplitude. We compared the influence of these two 
effects on retrieving moment tensors, and determined that a poor structural model can be 
compensated for by high quality data; and that, in a similar manner, a lack of data can be 
compensated for by a detailed model of the medium. For examples, five local events from 
the Dobrá  Voda area were processed. 
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1. Introduction and motivation 
 
The mountain region of the Little Carpathians in western Slovakia, especially within the 
zone surrounding Dobrá  Voda, suffers from moderate seismicity and is now one of the 
most seismically active zones within Slovakia. The strongest known earthquake in the 
Dobrá  Voda area was felt on January 9, 1906 with an intensity of I0 = VIII-IX, according 
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to the EMS98 (magnitude of M ~ 5.7), and was followed by an aftershock of 
approximately the same magnitude (M ~ 5.1). The historical catalogue (Ká rník, 1968, 
1971) reports evidence of other felt earthquakes in 1890 (M ~ 4.5), 1914 (M ~ 5.1), 1964 
(M ~ 4.2), and 1976 (M ~ 4.7). The local seismic network, Malé Karpaty (MKNET) 
operated by ProgSeis, has instrumentally monitored seismic activity in the region since 
1985. In recent years the MKNET network has been permanently upgraded and expanded, 
and is currently composed of 15 three-component stations deployed to ensure the best 
coverage of the Dobrá  Voda area. Today, events with a local magnitude of approximately 
zero are registered. Since 2001, the MKNET has produced data suitable for moment 
tensor inversion (i.e. it has detected earthquakes with good coverage of focal sphere for 
seismic stations and with a high enough signal-to-noise ratio). During this period the 
number of M ≥  1.5 earthquakes reached forty-nine, including eight events with M ≥  2.5. 
The largest number, 15, M ≥  1.5 earthquakes, were recorded in 2006. The strongest 
earthquake, with a local magnitude of M = 3.4, occurred on March 13, 2006. The events 
were located at depths between 2 and 17 km. 

The Little Carpathians are located within the transition zone between the Eastern 
Alps and the Western Carpathians (Figure 1). In the south-east they border the Danube 
Basin, characterized by thick sediments deposited on a thinned crust. The dominant 
brittle structures of the Dobrá  Voda area are ENE–WSW trending fault zones. The 
Brezová  fault zone forms the northern margin of the Brezová  elevation, while the 
southern border within the Dobrá  Voda depression is represented by the distinctive Dobrá  
Voda fault zone (e.g., Marko et al., 1991). 

 

 
Figure 1: A schematic tectonic map of the Western Carpathians region (modified after Ká čer et al., 2005). 
 

Knowledge of earthquake mechanisms within the complete moment tensor (MT) 
description is useful for the identification of active fault systems and for the 
determination of tectonic stress. Accurate moment tensor determinations are also very 
important for the study of non-shear faulting processes, especially for mining within a 
reservoir context or for volcanic areas. For such cases, the identification of real, non-
shear components contained in moment tensor is necessary. Moment tensors are sensitive 
to the mislocation of hypocentres, to low signal-to-noise ratios, to insufficient focal 
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sphere coverage, and, especially, to the quality of the structural model (Jechumtá lová  & 
Š ílený , 2005; Š ílený , 2009; Godano et al., 2011). A detailed 3-D laterally inhomogeneous 
model of the medium within the hypocentre area is commonly not available. Therefore, a 
simplified 1-D model is generally substituted. Additionally, an anisotropy is frequently 
present in geological structures, but is generally neglected when the source parameters 
are determined, resulting in the presence of spurious non-shear components within the 
MT (Š ílený  & Vavryčuk, 2002; Rössler et al., 2004). 

Fojtíková  et al. (2010) studied double-couple focal mechanisms and unconstrained 
moment tensors of selected earthquakes occurring in the Dobrá  Voda area from 2001–
2009. The authors applied three methods for moment tensor inversion and compared their 
accuracy and stability. A 1-D structural model was employed for all three methods. For 
the first method, the Focmec code (Snoke, 2003) was chosen. The code inverts double-
couple focal mechanisms by employing P-wave polarities. However, the Focmec code 
cannot be employed for studying the non-double-couple components of the moment 
tensor. The second method calculated the complete moment tensors from the vertical P-
wave amplitudes using the AMT computer code (Vavryčuk, 2009). Of the three methods, 
AMT appeared to be the most reliable, but required good focal sphere coverage. 
Unfortunately, many events located within the Dobrá  Voda area have coverage that is not 
sufficient. Finally, Fojtíková  et al. (2010) performed a waveform inversion using the 
ISOLA computer code (Sokos & Zahradník, 2009). Contrary to AMT, ISOLA is not 
sensitive to focal sphere coverage and can be employed using only a few stations. On the 
other hand, the code is very sensitive to the structural model. To obtain reliable results, a 
3-D structural model was required since a 1-D model was insufficient for the Dobrá  Voda 
area. 

Since the velocity data available for the Dobrá  Voda area (Geofyzika Brno, 1985) 
enabled us to construct a 3-D structural model, the effects of using 1-D or 3-D models on 
the resulting moment tensors could be studied. In this paper, available velocity data are 
presented and the process of compiling the 1-D and 3-D velocity models within the area 
is described. To show possible distortions of the resulting moment tensors caused using a 
1-D velocity model for calculating the response of the medium instead of the true 3-D 
model, we performed synthetic tests of the moment tensor inversion. The effect of 
inverting P- and S-wave amplitudes together, as compared to only inverting the P-wave 
amplitudes, and the influence of noise contamination in the data were also investigated. 
The ability to resolve the non-shear components was also analysed during the synthetic 
tests. 

We subsequently performed a moment tensor inversion of five real earthquakes 
occurring in the Dobrá  Voda area since 2009 that were strong enough to allow reliable 
determination of the source parameters. We compared the results obtained using 1-D or 
3-D velocity models and concluded that the mechanisms obtained using the 3-D model 
were closer to pure shear-slips than the mechanisms obtained using the 1-D model. 
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2.  The 1-D and 3-D velocity models of the Dobrá  Voda area 
 
2.1. Smoothing velocity models for ray tracing 
 
As described above, one of the steps of the moment tensor inversion method applied was 
the modelling of Green functions from earthquake hypocentres to stations of the seismic 
network. In calculating the Green functions, the construction of a velocity model of the 
area was the first step. We used the ray-theory Green function in our algorithm. For this 
case, if discrete values of the velocity are known they should be fitted by a continuous 
velocity model. To perform ray tracing successfully, proper smoothing of the velocity 
model is key. We constructed a velocity model by fitting given values of the velocity 
while minimizing the Sobolev norm of the model composed of second velocity 
derivatives (Bulant, 2002). Velocity in the constructed model was interpolated using B-
splines. The values of velocity in the prescribed spline points of the constructed model 
were calculated during smoothing, and were based on the given velocity data and the 
applied amount of smoothing. 
 
2.2. Data for the P- and S-wave velocities, the velocity model parametrization, and 
the amount of smoothing 
 
For the Dobrá  Voda area, P- and S-wave velocity data were available in the form of a 
very sparsely sampled 3-D model created by Geofyzika Brno (1985) that consisted of 
7 x 8 x 8 discrete values of the P- and S-wave velocities. The data grid was rectangular 
but irregular, namely in the vertical direction where six levels of 7 x 8 grid points were 
available for depths from 0 to 4.8 km, with the two remaining levels of grid points 
located at depths of 25 and 50 km. The values at depths of 0 to 4.8 km displayed lateral 
variation of the velocity, whereas the velocity at the remaining two depths was laterally 
invariant, see Figure 2. Vertically, the data consisted of two very different parts, the 
upper densely sampled part with a strong velocity gradient and strong lateral variation 
and the lower sparsely sampled part with a weak gradient. 

Slowness in the velocity model was interpolated by B-splines. As an input for 
velocity smoothing, parameterization of the velocity model, i.e. the number and depths of 
the spline points, must be manually specified. Values of velocity at the prescribed spline 
points were calculated during smoothing based on the velocities at the data points and on 
the applied amount of smoothing. The objective function y was defined as follows: 
 ( )[ ] [ ] ( )( )∑ +∆−=

−

α

ααα uuSOBMULuuxuy ~,~~ 222  ,                         (1) 

where ( )xu~  indicates the model being constructed and αu∆  is the standard deviation of 
value αu  at point αxx =  (Bulant, 2002). The amount of smoothing is controlled by a 
numerical multiplicative parameter that we call SOBMUL, an acronym for the 
MULtiplication of the SOBolev norm ( )( )uu ~,~  of the model. This free parameter of the 
objective function was also manually prescribed. To keep the objective function unitless, 
the units of SOBMUL are opposite those of the Sobolev norm. 
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Figure 2: 1-D P-wave (left plot) and S-wave (right plot) velocity models of the Dobrá  Voda area. The 
vertical axis indicates the depth, and the horizontal axis indicates the P-wave or S-wave velocity. Crosses 
indicate the value of the velocity at the 3-D data grid. The solid line shows the velocity within the 
constructed smooth 1-D velocity models. 
 
2.3. The 1-D model of the Dobrá  Voda area 
 
In 1-D, the exact solution of simultaneous least-squares fitting of discrete data and the 
minimization of the square of the Sobolev norm composed of second derivatives yields 
natural cubic splines with a spline grid equal to the data grid. Consequently, we chose the 
1-D velocity model parameterized using eight spline points located at the same depths as 
those of the data points (i.e. at depths of 0.0, 0.5, 1.9, 2.5, 3.0, 4.8, 25.0, and 50.0 km). 
We then performed an inversion with various amounts of smoothing beginning with 
minimum smoothing and gradually increasing the amount of smoothing by increasing the 
parameter referred to as SOBMUL. The resulting P-wave velocity models are shown in 
Figure 3. 
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(a) SOBMUL=1 

 
(b) SOBMUL=1,000 

 
(c) SOBMUL=10,000 

 
(d) SOBMUL=100,000 

 
(e) SOBMUL=1,000,000 

 
(f) SOBMUL=10,000,000 

 
Figure 3: The 1-D P-wave velocity models obtained for various amounts of smoothing. The vertical axis 
indicates the depth, and the horizontal axis indicates the P-wave velocity. Crosses provide the values of the 
velocity of the data points. The solid line indicates the velocity in 1-D velocity models. The amount of 
smoothing applied ranged from SOBMUL=1 km3s-1 to SOBMUL=10,000,000 km3s-1. At depths of 0 to 5 
km, the velocity model approximately fit the data for lower values of SOBMUL, and considerably diverged 
from the data for values of SOBMUL larger than 100,000 km3s-1. At depths of approximately 12 km, we 
observed the development of a low-velocity channel for SOBMUL=1 km3s-1 and the development of a 
high-velocity channel for SOBMUL from 1,000 km3s-1 to 100,000 km3s-1. At depths of approximately 30 
km, we observed the development of a low-velocity channel for SOBMUL from 1,000 km3s-1 to 100,000 
km3s-1. The high- and low-velocity channels disappeared for values of SOBMUL higher than 1,000,000 
km3s-1. From these observations we concluded that an optimum value of smoothing must be sought 
between SOBMUL = 1 km3s-1 and SOBMUL = 1,000 km3s-1. 

 
Our aim was obtaining a velocity model that reasonably fit the data within the upper 

part of the velocity model at depths of 0 to 5 km, and whose lower part followed the low-
velocity gradient suggested by two data points available at depths of 25 and 50 km. In 
Figure 3, one can see that with increasing SOBMUL the velocity model rapidly changed 
from a velocity model with a low-velocity channel at depths of approximately 12 km to 
velocity models with a high-velocity channel at these depths, and that the smooth velocity 
models obtained using the high SOBMUL did not sufficiently fit the data. Therefore, we 
sought an optimum value of smoothing in the range between SOBMUL=1 km3s-1 and 
SOBMUL=1,000 km3s-1. 
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Let us note that such behaviour differed from our previous experience with 
smoothing. For example, the behaviour differed from that experienced when smoothing 
the velocity models Marmousi, Hess, or the SEG/EAGE Salt Model (Bulant 2002, 2004; 
Žá ček 2002). For lower values of SOBMUL, these velocity models were insufficiently 
smooth and fit the data well. The models were reasonably smooth and reasonably fit the 
data for optimal SOBMUL, and were even smoother and slowly diverging from the data 
for higher values of SOBMUL. In other words, when we increased SOBMUL the models 
first became smooth and reasonably fit the data. Only after a further increase of 
SOBMUL did they became very smooth and begin to diverge from the data. As the 
velocity model for the Dobrá  Voda area shown in Figure 3 (e) was quite stable and 
smooth, had we accepted the divergence of the velocity model from the data in the 
shallow part of the velocity model, we would have likely chosen a value of SOBMUL of 
approximately 1,000,000 km3s-1. However, since we considered this divergence to be too 
high, we looked for an optimal SOBMUL within the range mentioned above. 

The velocity models obtained for the five values of SOBMUL within the above 
mentioned range are shown in Figure 4. As indicated by Figure 4, the range of optimal 
values of SOBMUL was quite narrow. Since the available data indicated that neither a 
low- nor high-velocity channel was present at depths between 5 and 25 km, we 
considered a value of 350 km3s-1 as an optimal value of SOBMUL. 

 
 
 

 
 
Figure 4: The 1-D P-wave velocity models obtained for values of SOBMUL=200 km3s-1 (cyan), 
SOBMUL=300 km3s-1 (red), SOBMUL=350 km3s-1 (black), SOBMUL=400 km3s-1 (green), and 
SOBMUL=600 km3s-1 (blue). For the upper part of the velocity model at depths of 0 to 5 km the velocity 
remained almost unchanged. In the lower part of the velocity model, at depths of roughly 12 km, a quick 
change from a low-velocity channel for SOBMUL less than 350 km3s-1 to a high-velocity channel for 
SOBMUL higher than 350 km3s-1 was observed. 
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Once we chose an optimal 1-D P-wave velocity model, we checked the model using 
ray tracing. Figure 5 provides examples of initial-value ray tracing within the 1-D P-wave 
velocity models displayed in Figure 4. A low-velocity channel at depths below 5 km 
within the two velocity models obtained with SOBMUL lower than 350 km3s-1 caused 
unacceptably large geometrical spreading between the rays that emerged at the surface at 
distances larger than 50 km from the source. For the velocity model obtained with 
SOBMUL=350 km3s-1, the velocity under 5 km was almost constant and rays emerged at 
the reference surface quite regularly with the maximum distance between neighbouring 
rays being approximately 20 km for rays emerging at the surface at distances of up to 250 
km from the source. Therefore, if the distance of the rays traced with a step of 0.0002 rad 
was shorter than 20 km, and considering that we were able to trace rays with a step of 
0.000001 rad, we estimated that it was always possible to find two-point rays (rays 
connecting a given source with a given receiver) that emerged less than 50 m from the 
receivers. Therefore, the velocity model obtained with SOBMUL=350 km3s-1 was 
suitable for two-point ray tracing, although at the limit of acceptable velocity models. We 
were also able to determine that the high-velocity channel under 5 km within the two 
velocity models obtained with SOBMUL higher than 350 km3s-1 caused large 
geometrical spreading for rays emerging on the surface at distances larger than 250 km. 

The 1-D S-wave velocity model was constructed in a similar fashion as the P-wave 
velocity model. Here, the reader is again referred to the right plot in Figure 2. 

 

 
SOBMUL=200 

 
SOBMUL=300 
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SOBMUL=350 

 
SOBMUL=400 

 
SOBMUL=600 

 
Figure 5: Rays calculated by initial-value ray tracing in the velocity models shown in Figure 4. The 
seismic source was located at a depth of 1 km. The first ray was shot from the source in a horizontal 
direction.  Subsequent rays were traced with a constant step of 0.0002 rad in a vertical shooting angle. The 
last ray was shot under an angle of 0.82 rad from horizontal. The ratio of the horizontal to the vertical scale 
in the figure is 1:3. 
 
2.4. A comparison of local 1-D velocity models 

 
As mentioned above, data for the velocity model were available on a 3-D grid of 7 x 8 x 8 
points. We viewed the data as a set of 56 vertical profiles, each consisting of eight data 
points, and attempted to construct 1-D velocity models for individual profiles. Figure 6 
provides the constructed velocity models for two of the 56 profiles. In Figure 6, one can 
see that the value of SOBMUL (i.e. the amount of smoothing applied), differed 
considerably between the two cases. Therefore, is was obvious that finding a single value 
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of SOBMUL that would enable applying the smoothing algorithm with a constant 
smoothing weight to creating a smooth 3-D velocity model of the Dobrá  Voda area was 
not possible. 
 

 
(a) 

 
(b) 

 
Figure 6: The 1-D velocity models obtained by an inversion of individual vertical profiles consisting of 
eight data points. Two of the 56 profiles obtained are shown in the figure. 

In the profile shown in (a), the five velocity models correspond to the values of SOBMUL=100 km3s-1 
(cyan), SOBMUL=200 km3s-1 (red), SOBMUL=220 km3s-1 (black), SOBMUL=300 km3s-1 (green), and 
SOBMUL=350 km3s-1 (blue).  An optimal model was obtained for SOBMUL=220 km3s-1. 

In (b), the velocity models corresponding to the values of SOBMUL=350 km3s-1 (cyan), 
SOBMUL=1,000 km3s-1 (red), SOBMUL=2,200 km3s-1 (black), SOBMUL=2,500 km3s-1 (green), and 
SOBMUL=3,000 km3s-1 (blue) are shown.  An optimal model was obtained for SOBMUL=2,200 km3s-1. 

Therefore, the optimal value of SOBMUL was ten times higher for the r.h. profile than for the l.h. 
profile. 
 
2.5. A 3-D model of the Dobrá  Voda area 
 
When using the above described method of fitting the given values of velocity while 
minimizing the Sobolev norm of the model composed of second velocity derivatives, 
construction of the 3-D smooth velocity model should be, in principle, very similar to 
construction of the 1-D model. However, for the Dobrá  Voda area, since the data 
consisted of two very different parts, construction of the 3-D model based solely on 
velocity data was impossible, mainly due to an abrupt change in the vertical velocity 
gradient in the data at a depth of 4.8 km combined with a lack of data at depths under 4.8 
km. The lack of data caused unacceptable low- and high-velocity channels to appear at a 
depth of approximately 12 km. 

As previously discussed in Section 3.2, the velocity channels can be eliminated by 
higher smoothing of the velocity models which, however, result in high deviation of the 
velocity models from the data for the shallow part of the models, refer to Figure 3 (e) and 
(f). In constructing the 1-D velocity model, we decided not to accept such a deviation of 
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the model from the data. For constructing the 3-D velocity model, such a high amount of 
smoothing was even more unacceptable since it would cause considerable distortion of 
the 3-D features of the data. Therefore, we needed to apply only a reasonably small 
amount of smoothing when constructing the 3-D velocity model. In Section 3.3, we 
demonstrate that individual vertical profiles required a different amount of smoothing and 
that the data did not allow us to apply the smoothing algorithm with a constant smoothing 
weight in 3-D. 

One of the reasons for the above-mentioned problem was a lack of data at depths 
below 4.8 km. A possible solution was to complement the data using values of velocities 
obtained from the 1-D velocity model at depths of 5 to 45 km. Complementing the data 
may be justified by the fact that the original data below 4.8 km were available only at 
depths of 25 and 50 km and laterally invariant. Forcing the 3-D velocity model to be 
similar to the 1-D model below 4.8 km thus seemed reasonable. 

We discretized the P-wave velocity in the 1-D model at depths of 5 to 45 km using a 
vertical step of 2 km, and added calculated values to the original velocity data. We then 
constructed the 3-D smooth velocity model using the above described method of fitting 
given velocity values while minimizing the Sobolev norm of the velocity model 
composed of second velocity derivatives. The amount of applied smoothing, described by 
parameter SOBMUL = 400 km3s-1, was selected in order to avoid a velocity model that 
differed significantly from the data in the shallow parts, similar to construction of the 1-D 
velocity model. The data added for depths of 5 to 45 km stabilized the velocity model 
being constructed and prevented the formation of low-velocity channels for the lower 
values of smoothing, see Figure 7 as compared with Figures 3, 4, and 6. The suitability of 
the velocity model for two-point ray tracing was again checked by initial-value ray 
tracing, in a manner similar to the 1-D case. 
 

 
Figure 7: Vertical P-wave velocity profiles of the 3-D velocity model for Dobrá  Voda are shown for 
comparison with Figures 3, 4, and 6. Twenty vertical profiles are shown, including the two profiles 
corresponding to Figure 6. In most cases, the behaviour of the velocity was reasonably smooth with no 
high- or low-velocity channels. The 3-D behaviour of the velocity field given by 3-D data for the first 5 km 
of the model continued until a depth of approximately 10 km. From this depth the model became more or 
less one-dimensional. 
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(a)  

(b)  

(c)  
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Figure 8: The upper part of the 3-D P-wave velocity model of the Dobrá  Voda area from a depth of 0 to 10 
km. Plot (a) provides the velocity sections for the west (left), north (back), east (right), and bottom of the 
velocity model together with the horizontal velocity section at a depth of 2.5 km. Plot (b) provides four 
vertical velocity sections through the model. Plot (c) provides the two-point rays, calculated from the 
hypocentre of the earthquake that occurred at 16.3.2013 at a depth of 9.8 km, to the seismic stations of 
network MKNET. The positions of the seismic stations are marked by black squares with the station names 
shown in white. 
 

Several cross-sections of the resulting 3-D P-wave velocity model are shown in 
Figures 8 (a) and (b). The basic features of the area, such as higher velocities within the 
Little Carpathian Mountains in the SW-NE direction from station MODS to station PVES, 
and lower velocities within the sedimentary basin surrounding the River Vá h in the area 
of stations SPAC and JABO, were clearly described by the model. However, artificial 
artefacts such as the extremely high-velocity spot close to station MODS also appeared. 
The two-point rays, calculated from the hypocentre corresponding to the most recent 
earthquake of 16.3.2013 to stations of the seismic network, are displayed in Figure 8 (c) 
and illustrate that the 3-D model is suitable for calculating ray-theory Green functions for 
the purpose of moment tensor inversion. 

The 3-D S-wave velocity model was constructed analogously to construction of the 
3-D P-wave velocity model, and, in general, displayed similar behaviour to the 3-D P-
wave velocity model. 
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3.  Source mechanism determinations 
 
3.1. Methodology 
 
The description of an earthquake mechanism using a complete moment tensor (MT) 
allowed us to search for general dipole sources (i.e. not only for a double couple, but also 
for non-shear components of the source). Moreover, MT inversion is a linear inverse 
problem. The MT could be retrieved from the complete waveforms (e.g., Š ílený  et al., 
1992, 1996), the amplitudes of seismic waves (e.g., Š ílený  & Milev, 2008), or even from 
their ratios (e.g., Snoke, 2003; Jechumtá lová  & Š ílený , 2005). If the structural model 
does not contain sufficient detail, the waveforms may not be correctly modelled by the 
synthetic seismograms and the results of the waveform inversion may be significantly 
biased. The impact of medium uncertainty may be partly reduced using only amplitudes 
instead of complete waveforms, as demonstrated by Š ílený  & Milev (2008). Therefore, 
we employed an amplitude inversion. The first peak displacement amplitude of the P and 
S wave was estimated manually from vertical and horizontal traces of the three-
component seismograms. Rarely, we observed not a single linearly polarized S wave but 
two linear S waves oriented perpendicular and mutually delayed. To remove shear wave 
splitting from the record, we merge both waves together using their vector summation 
(Š ílený  & Milev, 2008). The response of the medium to elementary dipole excitation (i.e. 
the Green functions) with regard to the amplitude of direct P- and S-waves was 
constructed with the ray method using software packages MODEL and CRT (Č ervený  et 
al., 1988). To solve the linear system of equations within the MT inversion, we employed 
the singular value decomposition method and applied the library routine from Numerical 
Recipes (Press et al., 1992). 

The complete MT is commonly split into the volumetric (V) component that can be 
either explosive or implosive, and the deviatoric component. Decomposition of the 
deviatoric component is not unique, but is traditionally split into a double-couple (DC) 
and a compensated linear-vector dipole (CLVD) that can either be oriented along a 
tension axis (T-axis) or a pressure axis (P-axis). We applied an evaluation of the 
percentage of individual components defined by Vavryčuk (2001). 

Parallel to the MT solution, we also searched for a pure DC source. Contrary to the 
MT inversion, which is linear, the description of a pure DC source implies a non-linear 
inversion. We sought the dip, strike, and rake angles, as well as the scalar moment in a 
grid search using the full definition range with a step of 3° for the three orientation angles 
and within (0; 2M0) using a step of 0.05M0 as the scalar moment (where M0 is the value 
determined while searching for the MT solution). 

The MT solution has two more degrees of freedom than the pure DC solution, and, 
therefore, was a better fit for the data. The noise in the data, mismodelling of the Green 
functions, and other uncertainties of the MT inversion manifested themselves mainly 
within the non-DC part of the MT solution. Therefore, we needed to estimate the 
significance of the retrieved non-DC components to reveal whether or not a better match 
of the data for the MT model than for the DC model was not achieved by chance. We 
quantified the confidence of the MT model with respect to the pure DC model using an F-
test by comparing the fit achieved using unconstrained MT and pure DC models. A value 
of 100% indicated the same confidence for the two solutions. If the probability in the F-
test dropped below 50% then the MT solution was more confident than a pure DC model. 
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A F-test is most often employed when comparing statistical models that have been 
fitted to a data set using least squares in order to identify the model that best fits the data. 
The test is named after Sir Ronald A. Fisher who initially developed the statistic as the 
variance ratio. The test statistic in an F-test is the ratio of two scaled sums of the squares 
reflecting different sources of variability. The sums of the squares are constructed such 
that the statistic tends to be greater when the null hypothesis is not true. In order for the 
statistic to follow the F-distribution under the null hypothesis, the sums of squares should 
be statistically independent, and should follow a scaled chi-squared distribution. The 
latter condition is guaranteed if the observational errors are uncorrelated and normally 
distributed with a common variance. Since we inverted the amplitudes of direct P- and S-
waves, not the waveforms, we did not need to take into account the data correlation as we 
did when inverting the filtered waveforms. The normal distribution was the issue and 
may be satisfied concerning ambient noise. However, errors due to hypocentre 
mislocation and velocity mismodelling likely violated the assumption. Therefore, 
applicability of the F-test was limited. 

To estimate the reliability of the retrieved unconstrained moment tensors we 
computed confidence zones describing the distribution of the model parameters that 
yielded a good match to the data. The size and shape of the confidence zones told us how 
certain the parameters were determined. For example, if the confidence zone with a 
parameter was large it was poorly resolved; whereas if it was small and compact, the 
parameter was well constrained. We considered the confidence zone of the model 
parameters, m, using the probability content, p, to be the set of points m satisfying the 
following: 
 ( ) 2

p
2 m χ<χ                                                             (2) 

where χp
2 was determined from the following condition: 

 ( ) p
dmPPD

dmPPD

m

m 2
p

2

=
∫

∫
χ<χ  ,                                                    (3) 

that specifies the ratio of the cumulative probability in the region to the integral of the 
posterior probability density (PPD) across the entire model space (Tarantola, 1987). The 
PPD was considered as follows: 
 ( )2

2
1expPPD χ−=  .                                                  (4) 

That is, having the function χ2(m), we determined a particular confidence zone as the 
region limited by the contour χp

2 and possessing the probability content requested. We 
defined the confidence zones for the principal T, P, and N axes and for the MT 
decomposition in terms of the percentage of the DC, V, and CLVD components. 
 
 
3.2. Synthetic tests of the moment tensor inversion  
 
For assessing the resolution power of the monitoring network, it is reasonable to perform 
synthetic experiments. We designed a series of synthetic tests simulating the real 
configuration of the MKNET seismic network, with the aim of testing the importance of 
the structural model employed. The synthetic event has the same location as for the 
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earthquake of August 5, 2006 with a depth of 5.24 km and a local magnitude of 3.0 
(Figure 9-a). Its epicentre was situated within the seismic array and therefore it has good 
coverage of the focal. The focal mechanism of this event (a pure double-couple source 
mechanism with a dip of 43°, a strike of 80°, and a rake of 10°) is displayed in Figure (9-
b). For this real tectonic event the synthetic three-component P- and S-wave amplitudes 
were computed for the 3-D structural model. As stated previously, we used ray-theory 
Green functions so the P- and S-wave amplitudes were directly computed (Aki & 
Richards, 1980). To study the importance of the quality of the data, the amplitudes were 
then contaminated by artificial random white noise with a maximum amplitude equal to 
10 and 20% of the respective amplitude. A total of 100 data sets were generated for each 
level of noise. All of the P- and S-wave amplitude datasets, the P-wave amplitude 
datasets, and the vertical P-wave amplitude only datasets were then inverted using the 
Green functions calculated using both the 3-D and 1-D structural models. We checked the 
resolution of the DC orientation, especially the DC/non-DC content known to be 
sensitive to inexact modelling of the velocity within the crust. 

 
Figure 9: The source model of the tectonic event for the synthetic experiment. (a) The location of synthetic 
event within the MKNET seismic network; red squares –  seismic stations. (b) The mechanism in the 
traditional fault plane solution (i.e. equal area projections of the lower hemisphere; black lines - nodal lines 
of the DC part; red triangle up - T axis; red triangle right - P axis; red triangle left - N axis; green zone –  
compressions). The projections of stations are shown as black triangles on the fault plane solution. 
 

The results of the synthetic test, where we inverted the synthetic three-component P- 
and S-wave amplitudes using the Green functions computed for the 3-D and 1-D 
structural models (i.e. the correct and the simplified ones), are displayed in Figure 10. 
The moment tensors obtained by inverting the noise-free data are depicted in traditional 
fault plane solutions. The resultant mechanisms of noisy data were split into two separate 
pictures, the first for displaying the shear component and the second for displaying non-
shear components. The shear part of the derived source mechanism is shown by using the 
principal T, P, and N axes retrieved by MT inversion. The source type plot (Hudson et al., 
1989) is used to distinguish the shear and non-shear components of the moment tensor. 
The plot, shaped like a diamond, is a two-dimensional, equal-area graphical display 
showing the relative position of the source mechanism to the positions of the fundamental 
source types. Pure-shear is located in the middle of the diamond, whereas the volumetric 
(V) source is displayed at the top (expansion) or bottom (implosion). Cracks, dipoles, and 
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the compensated linear-vector dipole (CLVD) are located on straight lines crossing the 
centre of the diamond. 

 

 
Figure 10: The synthetic experiment of the moment tensor inversion of P- together with the S-wave 
amplitudes using correct (3-D) and simplified (1-D) velocity models for calculation of the responses of the 
medium. Upper row –  noise-free input data; middle row –  random noise up to 10% of the maximum 
amplitude added to the input data; bottom row –  random noise up to 20% of the maximum amplitude added 
to the input data. Left column –  the response of the medium calculated using the 3-D velocity model; right 
column –  the response of the medium calculated using a 1-D velocity model. The MT of noise-free data - 
displayed as traditional fault plane solutions; red colour –  the MT solution; and black colour –  the synthetic 
model. The MT of noisy data are displayed in the following two ways: the shear part is shown using the 
principal T (red), P (blue), and N (green) axes in equal-area, lower-hemisphere projections, and the non-
shear part is shown using a Hudson plot, black colour –  synthetic model. 
 

Not surprising, we obtained the exact seismic source for noise-free input data when 
the 3-D velocity model was used to calculate the responses of the medium. For this case, 
we only observed the effect of the network configuration, which is very good; and, 
therefore, distortion of the reconstructed MTs was negligible. We would not have 
obtained the exact seismic source even for noise-free input data had we used the 1-D 
structural model. The orientation of the double-couple part of the mechanism was slightly 
shifted and some non-shear components appeared. 

The orientation of the double-couple part of the mechanism was well retrieved only if 
the random noise, up to 10% of the maximum amplitude, was added; and if a 3-D 
structural model was used. We observed a larger uncertainty within the orientation of the 
T, P, and N axes for the rest of the inversions where random noise was added to the data. 
However, as for the DC/non-DC content of the resulting MTs, a rather large distortion 
appeared. Decompositions for the complete moment tensor are summarised in Table 1. 
The average values for each component, together with their standard deviations, are 
provided for noisy datasets. The components of the MT were not independent of one 
another, but the expression, at least, provided an estimate of the statistical scatter. 
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The noise was mainly converted into the CLVD component and, considerably less, 
into the V component. Decomposition of the moment tensor was retrieved in a more 
precise manner using the 3-D velocity model rather than the 1-D velocity model, 
implying that for the case of structural mismodelling or noisy data, the procedure creates 
spurious non-double-couple components of the unconstrained MT in an effort to fit the 
data. 
 

 3-D model 1-D model 

noise- 
free 

DC 100.0% 
V 0.0% 
CLVD 0.0% 

DC 94.7% 
V 3.6% 
CLVD 1.7% 

10% 
noise 

DC 88.0±7.6% 
V -0.7±2.7% 
CLVD -1.7±12.1% 

DC 77.8±12.7% 
V 1.3±5.0% 
CLVD 1.4±21.7% 

20% 
noise 

DC 70.6±18.2% 
V 0.0±7.3% 
CLVD 2.6±29.1% 

DC 64.3±19.9% 
V 1.6±9.2% 
CLVD 6.6±33.5% 

Table 1: Decomposition of the moment tensors of synthetic tests, where we inverted the three-component 
P- and S-wave amplitudes using the Green functions computed for 3-D and 1-D velocity models into the 
percentage of the double-couple (DC), the volumetric component (positive for an explosion and negative 
for an implosion), and the compensated linear-vector dipole (positive if oriented along the tension and 
negative if oriented along the pressure axis). 
 

Inverting both the P- and S-wave amplitudes, as compared to the inversion of P-wave 
amplitudes only, is known to markedly improve the resolution of the mechanism’s 
orientation (Jechumtá lová  et al., 2013; Š ílený  et al., 2013). Nevertheless, the amplitudes 
of the S-wave are not always easily recognized because the S-wave can be covered by the 
P-wave coda. Therefore, we performed the same synthetic tests for P-wave amplitude 
datasets and vertical P-wave amplitude only datasets (the case when uniaxial sensors 
were employed). The amplitudes were again contaminated by artificial random white 
noise, with the maximum amplitude equal to 10 and 20% of the respective amplitude. A 
total of 100 data sets were generated for each level of noise. In total, the 10 and 20% 
noise contaminations of P-waves were smaller than those for the case of P- and S-waves, 
a consequence of the noise being constructed as a percentage of the maximum amplitude 
within the dataset. Since S-waves are generally stronger than P, the noise amplitudes 
were related to the percentage from S-waves, with the noise contamination of P-waves 
being larger for cases when the P- and S-waves were inverted together than if the P-
waves were treated alone. The process of noise contamination indicates that the noise 
experiments incorporating both P- and S-waves, on the one hand, and the experiments 
with P-waves only, on the other hand, were not comparable. 

The results of the synthetic tests where we inverted the synthetic three-component P-
wave amplitudes and the vertical P-wave amplitude using only the Green functions 
computed for the 3-D and 1-D structural models (i.e. the correct and the simplified ones) 
are exhibited in Figure 11. The MTs obtained by inverting noise-free data are depicted in 
the traditional fault plane solutions. The resultant mechanisms of the noisy data are 
shown using the principal T, P, and N axes and with a Hudson plot. The decomposition 
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of the resulting MTs is expressed in the percentages provided in Table 2. The average 
values for each component together with their standard deviations are also provided for 
noisy datasets. 
 

 
Figure 11: The synthetic experiments of moment tensor inversion for the P-wave amplitude and for the 
vertical P-wave amplitude obtained using correct (3-D) and simplified (1-D) velocity models for 
calculating the responses of the medium. Upper row –  noise-free input data; middle row –  random noise up 
to 10% of the maximum amplitude added to the input data; bottom row –  random noise up to 20% of the 
maximum amplitude added to the input data. The columns from left to right: the inversion of the P-wave 
amplitude using 3-D and 1-D models, and the inversion of the vertical P-wave amplitude using 3-D and 1-
D models. For details see the caption of Figure 10. 
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 P wave P wave vertical 
 3-D model 1-D model 3-D model 1-D model 

noise- 
free 

DC 100.0%
V 0.0%
CLVD 0.0%

DC 94.7%
V 3.6%
CLVD 1.7%

DC 100.0%
V 0.0%
CLVD 0.0%

DC 94.7%
V 3.6%
CLVD 1.7%

10% 
noise 

DC 90.1±6.2%
V -1.5±0.8%
CLVD -7.7±6.7%

DC 86.9±7.5%
V 2.5±1.4%
CLVD -4.8±12.2%

DC 88.4±6.4%
V -1.2±1.0%
CLVD -9.7±7.1%

DC 83.0±10.8%
V 4.1±1.5%
CLVD 9.6±13.5%

20% 
noise 

DC 84.4±10.7%
V 0.2±2.0%
CLVD 0.9±17.3%

DC 79.5±12.7%
V 3.6±2.3%
CLVD 2.4±20.7%

DC 82.4±11.1%
V 0.1±2.5%
CLVD 0.1±18.9%

DC 72.5±18.6%
V 5.0±2.4%
CLVD 17.6±22.8%

Table 2: Decomposition of the moment tensors of synthetic tests, where the P- wave amplitudes and the 
vertical P-wave amplitudes were inverted using the Green functions computed for the 3-D and 1-D velocity 
models, for the percentage of the double-couple (DC), for the volumetric component (positive for an 
explosion and negative for an implosion), and the compensated linear-vector dipole (positive if oriented 
along the tension and negative if oriented along the pressure axis). 
 

The results are very similar to the previous case. For noise-free input data, we 
obtained the exact seismic source when the 3-D velocity model was used to calculate the 
responses of the medium, but a slightly inexact source (more than 5% of the non-shear 
component appeared) when we used the 1-D velocity model. 

The effect of noise contamination had a character similar to that when the P- and S-
wave amplitudes were inverted. The noise was largely converted into the CLVD 
component and, considerably less, into the V component. However, the ratio between the 
CLVD and V components was even higher. No large differences between the inversion of 
the three-component P-wave amplitudes and the vertical P-wave only amplitudes were 
determined. Decomposition of the moment tensor could be retrieved more precisely using 
the 3-D velocity model as compared to the 1-D velocity model. We also performed a 
synthetic test using a non-shear source. The deviations between synthetic and retrieved 
source parameters were very similar. 

Synthetic experiments with correct and simplified velocity models demonstrated that 
the more exact the structural model, the more accurate the results obtained. Thus, we 
could determine reliable source parameters even for smaller events if we were able to 
construct Green functions using a 3-D laterally inhomogeneous model. 
 
 
3.3. Dobrá  Voda sample events 
 
During the year 2010, the MKNET network was significantly upgraded. Since that time, 
several microearthquakes have occurred in the mountain region of the Little Carpathians. 
The five strongest events (Table 3), as recorded by a number of stations, were suitable for 
a moment tensor inversion. We processed these five events and included into the 
inversion all of the stations that recorded these events, (i.e. also the stations of 
neighbouring networks). The seismic viewer "OP" developed for an interactive data 
inspection was used as the basic tool for visualizing and analysing local seismic data 
(Kolá ř, 2007). The velocity records were integrated into the displacement records, and 
the P- and S-wave amplitudes were measured using particle-motion diagrams. 
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Date Origin time 
[UTC] 

Latitude 
[°] 

Longitude 
[°] 

Depth 
[km] ML 

20.7.2011 18:30:58.0 48.62 17.87 16.0 2.1 
21.10.2011 15:58:39.3 48.53 17.17 8.0 2.5 
5.3.2012 22:56:57.1 48.55 17.12 14.0 3.1 

18.11.2012 21:23:31.0 48.58 17.61 5.2 1.9 
16.3.2013 09:38:38.9 48.54 17.57 9.8 1.5 

 
Table 3: Events suitable for MT inversion. Data provided by ProgSeis. 
 

The seismograms allowed reliable P- and sometimes S-wave amplitude estimations 
that contributed to the confidence of the reconstructed MTs demonstrated in the synthetic 
modelling. We inverted the ground-displacement peak amplitudes of both P- and S-waves 
in order to retrieve the moment tensors of selected microearthquakes together with pure 
DC sources (Figure 12). For each event, we inverted both the full MT model and the pure 
DC model using 1-D and 3-D structural models for calculating the responses of the 
medium. Only for the event of November 18, 2012 did the probability in the F-test drop 
below 50% (to exactly 31%) when using the 1-D structural model in the inversion. This 
result indicates that the unconstrained moment tensor satisfied the data better than a pure 
DC model. Nevertheless, when the 3-D velocity model was used to calculate the 
responses of the medium the probability in the F-test again increased up to 91%, 
indicating that the non-shear components were not significant even for this event and that 
they were caused by mismodelling. It is necessary to point out, that this event occurred at 
the depth of 5.2 km, and neglecting the 3-D structure in the upper 5 km of crust was not 
suitable. The other two events displaying differences between the 1-D and 3-D model in 
Figure 12 were the events of 21/10/11 and 16/03/13 located at depths of 8 and 9.8 km; the 
deep events of 05/03/12 and 20/07/11 located at 14 and 16 km displayed less differences 
between the 1-D and 3-D models. The decomposition of the MTs are presented in Table 4. 
The resultant MTs indicated a dominance for the DC components in almost all cases, 
with the non-DC part remaining low. Moreover, the value of non-DC was smaller for the 
inversion when the 3-D velocity model was used as compared to the 1-D model, with the 
effect being well pronounced especially with regard to the CLVD component. Since the 
sensitivity of the non-DC is related to noise contamination, mislocation, irregular focal 
sphere coverage, the accuracy of structural modelling, as demonstrated in the synthetic 
experiments, as well as the results of the F-test, the non-DC components were likely 
insignificant for this case. 
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Figure 12: The full MT model and pure DC model inversions of sample events from Dobrá  Voda. 
Leftmost column –  focal sphere coverage. Left two coloured columns –  the 1-D model used to calculate the 
responses of the medium; right two coloured columns –  the 3-D model used to calculate the responses of 
the medium. Each row represents a different seismic event from the mountain region of the Little 
Carpathians. The F-test probability (as a percentage) comparing the unconstrained MT and the pure DC 
model is displayed for each case. 

 
 20/07/11 21/10/11 05/03/12 18/11/12 16/03/13 

1-D 
model 

DC 95.9% 
V -0.5% 
CLVD -3.6% 

DC 64.2% 
V -8.2% 
CLVD -27.6% 

DC 75.9% 
V 6.2% 
CLVD -17.9% 

DC 23.6% 
V -10.1% 
CLVD 66.3% 

DC 77.8% 
V -6.9% 
CLVD -15.3% 

3-D 
model 

DC 99.5% 
V -0.1% 
CLVD 0.4% 

DC 75.2% 
V -6.9% 
CLVD -17.9% 

DC 86.9% 
V 7.1% 
CLVD -6.0% 

DC 59.4% 
V -3.4% 
CLVD 37.2% 

DC 88.5% 
V 2.5% 
CLVD 9.0% 

Table 4: Decomposition of the moment tensors of sample events from the Dobrá  Voda area to the 
percentage of the double-couple (DC), the volumetric component (V, positive for explosion and negative 
for implosion), and the compensated linear-vector dipole (CLVD which is positive if oriented along the 
tension and negative if oriented along the pressure axis). 
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Positions of the event locations and the positions of the seismic stations within the 

MKNET network are displayed in Figure 13, which also provides the moment tensors 
retrieved using the 3-D model to calculate the responses of the medium. The mechanisms 
retrieved were in good agreement with present-day tectonic stress within the Dobrá  Voda 
area as determined by Fojtíková  et al. (2010), who applied the slip shear stress 
component criterion within the stress inversion. Principal stresses were orientated 
(azimuth/plunge) as follows: σ1 = 210– 220°/5– 25°, σ2 = 70– 105°/55– 75°, and σ3 = 305–
315°/15– 25°, and the shape ratio was R=0.45– 0.60. The azimuth was measured 
clockwise from the north and plunged downward from the horizontal plane. The retrieved 
maximum compression rests along the belt of the Little Carpathians. 
 

 
Figure 13: A schematic geological-tectonic map of pre-Tertiary bedrock within the south-west segment of 
the Little Carpathians (adapted from Mahel', 1986 and Hók et al., 2009), with the locations of the sample 
events from the Dobrá  Voda area (red dots) and the positions of the seismic stations of the MKNET 
network (yellow squares) - shown together with fault plane solutions of the full moment tensor inversions 
using the 3-D model to calculate medium responses. The basement geological units are covered by 
sediments with lower velocities. Blue arrows indicate the direction of maximum compression and 
maximum extension within the Dobrá  Voda area according to Fojtíková  et al. (2010). 
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3.4. A detailed analysis of the strongest event  
 

A discrepancy in the depth of the strongest event on March 5, 2012 appeared. Two 
institutes assessed two different locations, as follows: (a) ProgSeis used records from the 
local MKNET seismic network and fixed its epicentre at 48.55N, 17.12E with a depth of 
14 km; and (b) the Geophysical Institute of the Slovak Academy of Sciences used 
stations within the Slovak national network and the global structural model IASP and 
fixed the epicentre at 48.55N, 17.16E with a depth of 4.7 km. 

To verify the probable depth of the event, we decided to compare real waveforms 
with the synthetic seismograms corresponding to the event located at both depths. For 
this test we chose the nearest station to the epicentre - Lakšá r (LAKS). To calculate 
complete synthetic seismograms, modelling was performed using full-wave (complete) 
Green functions calculated using the discrete wave-number method (Coutant, 1990; 
Bouchon, 2003). The method required a layered velocity model of the crust. Therefore, 
we simplified our 1-D gradient model to seven layers (Table 5). Synthetic seismograms 
of strike-slip events with hypocentral depths of 4.7 and 14 km are displayed, in Figure 14, 
together with the ground displacement recorded at station LAKS. No filtering was used 
for real/synthetic waveforms. In the synthetic seismograms we observed some 
oscillations prior to P-wave arrival, caused by the choice of numerical method. A 
difference between P- and S-wave arrivals of approximately 1.6 s at station LAKS was 
seen on the seismograms. Synthetic tests indicated that this difference was 0.67 s for a 
hypocentral depth of 4.7 km, and 1.5 s for 14 km. Although a simplified velocity model 
was used and synthetic waveforms did not fit the real seismograms, it was clear that the 
location provided by ProgSeis was more probable. 

 
 

Depth of 
layer top 

[km] 

vP 
[km/s] 

vS 
[km/s] 

rho 
[g/cm3] QP QS 

0 4.100 2.320 2.140 225 100 
1.0 4.440 2.510 2.390 225 100 
2.0 5.220 2.950 2.444 225 100 
3.0 5.880 3.320 2.504 225 100 
4.0 6.130 3.460 2.570 225 100 
6.0 6.140 3.468 2.610 225 100 
20.0 6.142 3.470 2.620 225 100 

Table 5: The 1-D velocity model of the crust used for modelling full waveforms; vP and vS are the P- and 
S-wave velocities, respectively; rho is the density; and QP and QS are the quality factors of P- and S-waves, 
respectively. 
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Figure 14: Example of seismograms for the event on March 5, 2012, 22:56:57.1 UTC, from the nearest 
station LAKS. The seismograms depicted represent (from the top panel to the bottom panel) the recorded 
ground displacement, synthetic seismograms for a hypocentral depth of 4.7 km, and synthetic seismograms 
for a hypocentral depth of 14 km. 
 

To make sure we chose the correct location depth, we performed another test. Since 
the event location significantly affects the ray paths, we computed the responses of the 
medium using a 3-D structural model for different hypocentral depths and analysed the 
impact of depth variations on moment tensor solutions (Figure 15). The source 
mechanisms retrieved for different focal depths, the MT decomposition, and the values of 
the normalized root mean squares (NRMS) are presented in Table 6. The fit of the data 
improved with increasing focal depth. The orientation of the shear part of the MT 
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changed smoothly. The higher the focal depth, the higher the content of the DC included 
in the MT. On the basis of these results, we again determined that the ProgSeis ś location 
was more reliable. 
 

 
Figure 15: Source mechanisms for the actual event on March 5, 2012, retrieved using a general moment 
tensor and different focal depths. The traditional fault-plane solution and the principal T, P, and N axes are 
displayed. 

 
 

depth 
[km] NRMS strike 

[°] 
dip 
[°] 

rake 
[°] 

DC 
[%] 

V 
[%] 

CLVD 
[%] 

4 0.398 163/1 79/11 -94/-72 42.2 -19.9 -37.9 
5 0.330 153/329 82/8 -90/-93 44.7 -15.9 -39.4 
6 0.284 155/336 86/4 -90/-89 52.6 -12.6 -34.8 
7 0.252 154/64 90/2 -92/0 57.9 -10.0 -32.1 
8 0.229 331/119 4/87 57/92 61.0 -7.5 -31.5 
9 0.215 145/326 6/84 89/90 61.3 -4.8 -33.9 
10 0.205 162/319 10/81 112/86 61.1 -1.9 -37.0 
11 0.199 173/310 16/79 133/79 62.1 1.0 -36.9 
12 0.196 177/300 22/77 145/72 66.1 3.8 -30.1 
13 0.195 176/292 28/77 151/66 75.2 6.1 -18.7 
14 0.194 174/286 32/77 154/61 86.9 7.1 -6.0 

Table 6: Source mechanisms for the actual event on March 5, 2012, retrieved for different focal depths. 
The decomposition of the moment tensors of the sample events from the Dobrá  Voda area to the percentage 
of the double-couple (DC), the volumetric component (V) and the compensated linear-vector dipole 
(CLVD). 
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We also performed a detailed error analysis of the unconstrained moment tensor 
inversion by constructing confidence zones for the strongest event on March 5, 2012 
(Figure 16). The shape of the confidence zone provided more insight into the resolution 
of the source mechanism, namely on the principal axes orientation and the content of the 
non-shear components. We defined the confidence zones for the principal T, P and N 
axes (red, blue and green, respectively), which provided us with information regarding 
the uncertainty for a determination of the orientation. In Figure 16, these zones are 
presented in an equal-area, lower-hemisphere projection together with the traditional 
fault-plane solution. Histograms of the individual components of the decomposed MT 
solution, namely the double-couple (DC), volumetric (V), and compensated linear-vector 
dipole (CLVD) are also shown to provide information on the shear vs. non-shear content. 
The colour shades (dark, medium and light) represent confidence zone areas with a 
different probability content (90%, 95%, and 99%). 
 

 
Figure 16: The source mechanism for the actual event on March 5, 2012 retrieved using a general moment 
tensor. The traditional fault-plane solution and the principal T, P, and N axes are displayed together with 
the histograms of the individual components of the decomposed MT (DC, V, and CLVD). Different colors 
represent the confidence zones of different probabilities. Dark, medium, and light colors correspond, in turn, 
to probabilities of 90%, 95%, and 99%. 
 

The confidence zones of the principal T, P, and N axes were well constrained such 
that the orientation of the double-couple part of the mechanism was likely correctly 
retrieved. However, the DC histogram was wide, indicating uncertain determination for 
the shear-slip component. The V histogram was quite narrow and symmetrical around a 
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value of zero, suggesting a mechanism without volumetric changes. On the contrary, the 
CLVD histogram was very wide which could be a result of noise contamination, as 
demonstrated in previous synthetic tests. The confidence intervals of both the V and 
CLVD components included a value of zero, indicating that pure shear could well be the 
actual solution. 
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4. Conclusions 
 
The data quality and the accuracy of the velocity model for an area of interest are very 
important for moment tensor inversions. The velocity data available for the Dobrá  Voda 
area enabled the construction of both 1-D and 3-D smooth structural velocity models. The 
models were suitable for ray tracing and enabled us to calculate the response of the 
medium, which was then used for MT inversion. The 3-D model realistically described 
basic structural features of the locality. 

We performed a synthetic case study by simulating seismic observations for the 
Dobrá  Voda area in order to demonstrate the effects of using a 1-D approximation of the 
structure or an exact 3-D structural model during the MT inversion. In the 3-D model, we 
generated synthetic P- and S-wave amplitudes which were then altered by artificial 
random white noise with maximum amplitude equal to 10 and 20% of the maximum 
amplitude within the dataset. A total of 100 datasets were generated for each level of 
noise. We then inverted the data using both the 3-D and 1-D models. We found that using 
the inexact velocity model generates more spurious non-DC components within the 
mechanism. This fact should be taken into account during the interpretation. Using the 
exact 3-D model enabled to use less data or data of lower quality for the MT inversion 
and to still obtain reasonable results. Nevertheless, the double-couple component 
appeared to be sufficiently accurate to properly identify the fault plane orientation, even 
from noisy data, with a simple structural model. If a complete reading of P- and S-wave 
amplitudes of high quality is available, a coarse structural model (even 1-D) may be 
sufficient. 

Source mechanisms of five strong events observed over the last few years were 
retrieved using an unconstrained moment tensor and pure DC inversions of the peak 
amplitudes of direct P- and S-waves extracted from seismograms of the MKNET network. 
Using the 3-D laterally inhomogeneous model in the MT inversion provided smaller non-
DC components of the mechanisms as compared to the 1-D model. Retrieved 
mechanisms of the events indicated that all five microearthquakes were nearly pure 
shear-slips. 
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