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Abstract Extension of permanent seismic networks is
usually governed by a number of technical, economic,
logistic, and other factors. Planned upgrade of the net-
work can be justified by theoretical assessment of the
network capability in terms of reliable estimation of the
key earthquake parameters (e.g., location and focal
mechanisms). It could be useful not only for scientific
purposes but also as a concrete proof during the process
of acquisition of the funding needed for upgrade and
operation of the network. Moreover, the theoretical as-
sessment can also identify the configuration where no
improvement can be achieved with additional stations,
establishing a tradeoff between the improvement and
additional expenses. This paper presents suggestion of
a combination of suitable methods and their application
to the Little Carpathians local seismic network

(Slovakia, Central Europe) monitoring epicentral zone
important from the point of seismic hazard. Three con-
figurations of the network are considered: 13 stations
existing before 2011, 3 stations already added in 2011,
and 7 new planned stations. Theoretical errors of the
relative location are estimated by a new method, specif-
ically developed in this paper. The resolvability of focal
mechanisms determined by waveform inversion is ana-
lyzed by a recent approach based on 6D moment-tensor
error ellipsoids. We consider potential seismic events
situated anywhere in the studied region, thus enabling
Bmapping^ of the expected errors. Results clearly dem-
onstrate that the network extension remarkably de-
creases the errors, mainly in the planned 23-station
configuration. The already made three-station extension
of the network in 2011 allowed for a few real data
examples. Free software made available by the authors
enables similar application in any other existing or
planned networks.

Keywords Seismic network . Relative location
uncertainty . Focal-mechanism uncertainty .Waveform
inversion . Uncertaintymapping .Weak earthquakes .

Little Carpathians

1 Introduction

Little Carpathians (L.C.) belong to the seismically most
active zones on the territory of Slovakia. In spite cur-
rently observed weak events (Fig. 1), remarkable histor-
ical seismicity has been documented in this region. The
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strongest documented earthquake of magnitude 5.7 oc-
curred in the Dobrá Voda area on January 9, 1906, being
followed by an event of magnitude 5.1 on January 19
(Kárník 1968; Zsíros 2005). Other earthquakes with
magnitudes between 4.0 and 5.0 were observed in
1930, 1967, and 1976. Monitoring seismic activity of
this source zone and careful analysis of recorded earth-
quakes is therefore very important for seismic hazard

assessment of the region, especially due to vicinity of
nuclear power plant Jaslovské Bohunice (NPP
Bohunice). In particular, exact locations and focal mech-
anisms improve delineation of active faults.

Little Carpathians source zone is monitored by local
seismic network that has been operated by Progseis Ltd.
(operation funded by NPP) since 1985. Network con-
figuration and equipment have passed through several

Fig. 1 The studied region, seismic stations and earthquake epicen-
ters 3/1987–3/2013. The pre-2011 MKnet network consisted of 13
stations (red squares and triangles): two of them (stations ZST and
MODS, nos. 1 and 2) belong to the Slovak national network of
seismic stations. Three stations have been added in 2011 (nos. 14–
16, green triangles). A further extension by seven stations (nos. 17–
23, purple triangles) is under planning. The yellow, blue, and gray
circles symbolize earthquakes with magnitude ML>3, 1<ML<3,

and ML<1, respectively. The historical 1906 earthquake of magni-
tude 5.7 is shown by large yellow star. The earthquakes of magni-
tudes >5, which occurred in 1906 and 1930, are shown by small
yellow stars. Inset shows a broader region. The station numbers and
codes: 01-ZST, 02-MODS, 03-PLAV, 04-LAKS, 05-SMO, 06-
BUK, 07-KATA, 08-DVOD, 09-HRA, 10-LANC, 11-PVES, 12-
SPA, 13-JABO, 14-JALS, 15-BANK, 16-PODO. Station 13 is
inside the Jaslovské Bohunice power plant area
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significant changes from the very beginning of monitor-
ing. The latter-day form of local L.C. seismic network
has developed since 2001. Then, the sequence of the
earthquakes in 2006 with strongest event ML=3.4 (Lat
48.55, Lon 17.69; see Fig. 1; yellow circle in the north
part of the region) outside of the network pointed out
that the configuration of the local network should be
extended. The three additional seismic stations at its
northeastern side were built in 2011 in order to better
cover the active region there (Fig. 1). These three sta-
tions have been built and are operated in cooperation of
Geophysical Institute of Slovak Academy of Sciences,
Institute of Rock Structure and Mechanics of the ASCR
and Progseis Ltd. Most of the stations in L.C. area are
equipped with 10-s sensors CMG-40T and 24-bit digi-
tizers. The recordings are continuous with sampling
frequency of 100 Hz, and data are transmitted in real
time. Let us denote the virtual local network of all
seismic station that are in operation in the area of interest
as MKnet (MK is a shortcut from the Slovak name of
Little Carpathians). The network MKnet includes also
two stations of the national seismic network,MODS and
ZST (operated byGeophysical Institute of Slovak Acad-
emy of Sciences), equipped with instruments STS-2 and
SKD-30s, respectively.

Seismic activity of the region detected by the
network MKnet in the period 3/1987–3/2013, com-
prised more than 1000 events of ML from −0.5 to
3.4 (see also Fig. 1). Focal mechanisms and stress
field in the region have been studied by Fojtíková
et al. (2010). It can be clearly seen from Fig. 1 that
there is undeniable seismic activity also outside of
the current local network (including event ML=3.1;
yellow circle in the southwest part of the region).
Therefore, seven additional not yet existing station
sites have been proposed, based on several techni-
cal, logistic, and economic factors in order to fur-
ther improve capabilities of the network to monitor
seismic activity.

The aim of the present paper is to quantitatively
evaluate usefulness of the suggested future MKnet ex-
tension, demonstrating also the improvement obtained
by the already existing three-station extension (built in
2011). In other words, the problem to be solved is not to
calculate the optimum position of the new stations (i.e.,
to make a computer design of the network), but to
demonstrate and quantify improved capabilities of the
extended network in terms of the key earthquake param-
eters (location, magnitudes, and focal mechanisms of

weak earthquakes). Influence of seismic noise should be
also considered.

The location uncertainties have been studied for ex-
ample by Uhrhammer (1980) and McLaren and
Frohlich (1985). For example, focal mechanisms from
amplitudes of very weak events and the stability of focal
mechanisms have been studied for example by Stierle
et al. (2014), Staňek et al. (2013), Fojtíková et al.
(2010), and Šílený (2009). Focal mechanisms of weak
events from waveforms have been studied for example
by Šílený et al. (1996), Panza and Sarao (2000),
Benetatos et al. (2013), Wéber (2009), Vavryčuk and
Kuehn (2012), Zhao et al. (2014), and Fojtíková and
Zahradník (2014).

The paper is structured as follows. In Section 2, we
use real data recorded after adding the three new stations
in 2011 to illustrate the improvement of the location and
focal mechanism determinations of weak earthquakes.
In the next section, we study the intended seven-station
extension of the network, assuming an arbitrary position
of a seismic event within the source zone, and analyzing
the corresponding uncertainties of the relative locations.
To this goal, we apply a new location method developed
and presented in this paper (Appendix). Finally, we map
theoretical uncertainty of the moment-tensor determina-
tion using a recently developed methodology
(Zahradník and Custódio 2012) which has been applied
by Michele et al. (2014) to seismic network in Southern
Italy.

2 Location and focal mechanism improvement—real
data example

Since extension of the MKnet in 2011 by three stations
(BANK Banka, JALS Jalšové, PODO Podolie), five
events of 0.0<ML<1.1 have been recorded in the north-
eastern part of the network (Fig. 2 and Table 1). Due to
the small magnitudes, the events have been located
using P and S waves with stations up to epicentral
distance of 15 km only. The focal mechanism has been
calculated by the first-motion polarity method for event
2. In this section, we compare the locations and focal
mechanisms of recorded earthquakes for the two
cases—with and without the three additional stations.

Real data—location The location was made with
FASTHYPO code (Herrmann 1979), using crustal ve-
locity model of Table 2 (after Fojtíková et al. 2010). The
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two solutions are compared here using the pre-2011 and
present-day stations. By the term pre-2011 stations, we

mean JABO, KATA, LANC, and PVES, with two ex-
ceptions: (i) for events 3 and 4, JABO station was not

Fig. 2 Real data: location
improvement by adding three
stations in 2011. a Five recent
events (after 2011) located
without and with the three new
stations BANK, JALS, and
PODO are shown by red and
green circles, respectively. b–f
Error ellipsoids for events 1–5 of
Table 1, calculated without and
with the three new stations, are
plotted in red and black.
Confidence level of 68.3 % in
each single parameter is
considered. Note that the
individual events are located with
slightly different station sets,
according to data availability. The
event numbers, after Table 1, are
shown inside the circles.
Epicenter of event 4 located
without the three new stations is
out of range of e, and its large
error ellipse (red) was plotted
with 50 % reduction

Table 1 Location with the pre-2011 network (Lat 1, etc.) and with the present-day network (Lat 2, etc.)

No. Date Mag ML Lat 1 (°) Lon 1 (°) Depth 1 (km) Lat 2 (°) Lon 2 (°) Depth 2 (km)

1 20120405
06:05:03

1.0 48.5866 17.6644 12.5 48.5716 17.6783 12.3

2 20120503
09:34:40

1.1 48.6270 17.6707 6.9 48.6095 17.7197 6.0

3 20130323
17:01:03

0.8 48.5645 17.5142 8.7 48.5905 17.5775 11.0

4 20130615
22:10:06

0.0 49.020a 17.7731a 0.0a 48.6166 17.8450 1.1

5 20131211
22:43:57

1.0 48.5681 17.6472 6.4 48.5610 17.6814 7.8

The latter, being considered more accurate, is shown in bold; see also Fig. 2
a Ill-posed location
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available; (ii) for event 4, JABO and KATA were not
available, and DVODwas used instead. The present-day
stations include also the stations BANK, JALS, and
PODO. The locations using the nearest pre-2011 and
present-day stations are shown in Table 1 and Fig. 2a.
Event 4 could not be located without adding the three
new stations (the epicenter is falling out of the plotted
area and the formal errors out of printable bounds).
Except event 4, the use of three additional northeastern
stations resulted in a shift of epicenters by ~2–5 km,
basically to east.

The two solutions are accompanied in Fig. 2b–f by
their uncertainty assessment, using error ellipsoids (con-
fidence level of 68.3 % in each single parameter mar-
ginal distribution). The error assessment has been made
by standard methods based on singular vectors of line-
arized inverse problems (Chap. 15 of Press et al. 1997;
code LOCUNC by J. Zahradník, http://geo.mff.cuni.cz/
~jz/LOCUNC/). The ellipsoids depend only on the
assumed velocity model and source stat ion
configuration. They do not depend on the real arrival
time data. In practice, the ellipsoids are often plotted at
the real data location epicenter, although they can be
calculated for any source position. We believe that it is
correct to use the same source position for both
estimates, without and with the newly added stations;
thus, we plot the ellipsoids into the more likely
positions, those marked bold in Table 1. The uncertainty
estimate in Fig. 2 is relative; it means that the ellipsoids
can be compared to each other, but their absolute size (in
km) remains undetermined until the arrival data and the
velocity model errors are considered. Our method does
not take into consideration any errors due to velocity
model. To compensate for this simplification, we as-
sume the arrival time error to be much greater than the
picking error; in particular, we assumed the error of 0.
3 s. Doing absolute locations and assuming data error as
small as the picking error would provide nonrealistically
small error ellipsoids.

We show that the network extension has a notable
impact upon the improvement of the location error. For
example, event 3 is located considerably better in the
extended network because addition of the new station
JALS improved the resolution of the epicenter position
in the NW-SE direction. The most important reduction
of the location error is found for event 4. The uncertainty
estimate with the pre-2011 stations DVOD, LANC, and
PVES is huge. The condition number (the ratio of the
largest and smallest singular values) is greater than
1000. It is in agreement with complete failure of the
FASTHYPO code in the real data location of event 4.
When adding stations BANK, JALS, and PODO, the
error is reasonable and comparable in size to other
events. Similar results can be obtained for event 4 even
when assuming a larger depth (e.g., 5 km).

Real data—focal mechanism The result of focal mech-
anism analysis with FOCMEC code (Snoke 2003) based
on first-motion polarities, is illustrated in Fig. 3 for event
2. Twelve first-motion polarities of the MKnet and the
velocity model of Table 2 were used. Similarly to the
location analysis, we applied the method twice—with-
out and with the three new stations. To facilitate the
comparison, in both cases, we assumed the same source
position as the one marked bold in Table 1. As demon-
strated in Fig. 3, nodal lines are considerably better
clustered in the three-station extended network, hence
documenting an improved resolution of the focal
mechanism.

Despite currently limited availability of data (due to
small magnitudes and infrequent occurrence of events
during period of observation 2011–2013), these two
simple examples illustrate usefulness of the three-
station extension of the MKnet network in 2011. In the
following section, we analyze a theoretical improve-
ment for an arbitrary position of an event and consider
influence of next extension of the network by seven
planned stations.

3 Location improvement—theoretical analysis

The aim of this section is to theoretically analyze epi-
central and depth errors for a source situated anywhere
in a given network and thus enabling Bmapping^ of the
expected errors. Such a problem can be simply solved
by computing standard error ellipsoids (as those in the

Table 2 Velocity model
used in this study;
Vp/Vs=1.73

Layer top (km) Vp (km/s)

0.0 4.00

1.9 4.80

2.5 5.60

4.5 6.00

10.0 6.20

27.0 8.20
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preceding section) for any source position in a grid
covering the studied region. However, we assume that
important future application will be relative location of
earthquakes, because it reduces effects of limited knowl-
edge of the velocity model in our area of interest. For the
relative locations, to our best knowledge, the problem of
mapping theoretical uncertainties has not been solved in
literature yet. In this paper, we have developed and
applied new approach enablingmapping of the expected
errors of relative location for any hypocenter position
using master-event location. The idea can be briefly
described as follows.

Let us assume the master event located in the center
of a sphere with small radius and a set of slave events
situated on the sphere with regular distribution. Time
differences between the theoretical onsets at couples of
stations (using all combinations of stations) are calcu-
lated. Then, the same differences for slave events are
calculated as well. Subtracting the differences for master
and slave events (for the same couple of stations), we
obtain double differences and find their maximum. Two
close hypocenters can be distinguished by location pro-
cedure only in case when the double difference for a

couple of stations is bigger than the reading error (error
of onset determination). Based on this criterion, an error
body (of general polyhedron shape) can be constructed
around the master event; while inside this error body, the
master and slave event locations cannot be distin-
guished. More details explaining the principle of sug-
gested method can be found in the Appendix. The
program LocErr (author J. Málek) is available together
with Matlab script for visualization of the results
(author: M. Kristeková) at www.irsm.cas.cz/locerr.

In the present paper, only P wave onsets are consid-
ered, with an assumed picking error of 0.02 s (two
samples) at all stations. The errors due to inaccurate
velocity model are not considered here because they
are less significant than reading errors in the relative
location. Using the LocErr software, we have computed
and compared location uncertainties of different station
configurations for an assumed focal depth of 4 km,
which is a typical depth of local earthquakes (see
Fig. 4). The epicentral and depth errors are shown in
the top and bottom panels of Fig. 4, respectively. Three
columns represent the pre-2011 13-station network, the
present-day 16-station network, and the future extension

Fig. 3 Real data: improvement of
focal mechanism by adding three
stations in 2011 (event 2). Top and
bottom: the first-motion solution
without and with the three stations
added in 2011, respectively: a, c
Projection of polarities (positive =
circle, negative = triangle) onto
lower focal hemisphere. b, d
Nodal lines from FOCMEC code,
allowing no polarity misfit. Station
numbers according to Fig. 1

98 J Seismol (2016) 20:93–106

http://www.irsm.cas.cz/locerr


to 23 stations, respectively. The computation was per-
formed on a 3D grid with a 1-km step covering the area
100 km×100 km×30 km. Each node of the grid is
considered as a master event (see explanation of LocErr
algorithm in the Appendix). The radius of sphere with
slave events was set to 0.1 km. In the next, we will
consider the epicentral error of ≤0.1 km as a tentatively
chosen threshold representing good accuracy of the
relative location for the studied space scale and for the
assumed value of the picking error. We can see that in
the case of 13 stations, the epicentral error smaller than
the 0.1-km threshold is reached only in the center of the
network. In case of 16 stations, this area is extended to
east, but still remains relatively small. The situation
improves significantly for the 23-station network of
Fig. 4. As can be expected, the depth errors are larger
than the epicentral errors, and we can reach the error less
than 0.5 km only when the nearest station is closer than
~10 km from epicenter. Our results show that 23-station
extension of the network will also enlarge this area. We
have performed also computations of location uncer-
tainties for other common depths of earthquakes in

L.C. area (9 and 14 km—not shown here), and the
results also show obvious improvement for extended
configurations of stations. For even deeper hypocenters
(when the depth is comparable with the array aperture),
the location error in depth increases with depth signifi-
cantly. This effect is due to the fact that the rays between
deep hypocenter and the stations are nearly parallel and
the time arrivals are nearly the same at all stations at the
surface.

The relative location errors could be further im-
proved if the S wave times are included. However, in
the Little Carpathians, this task is complicated by an-
isotropy, confirmed by the observed S wave splitting
(Fig. 5.7 on p. 49 in Fojtíková 2010b). Arrival time of S
wave varies across the components. Therefore, we ex-
pect that in the nearest future, the relative location in this
region will rely mainly on P waves.

Results of theoretical analysis using mapping of rel-
ative location errors for the three different configura-
tions of seismic stations (pre-2011, current, and future
ones) clearly demonstrate usefulness of the planned
network extension.

Fig. 4 Theoretical improvement of the relative location by adding
three and ten stations. For a better comparison, positions of all 23
stations are shown in the figure and the used stations are shown in
white: a, d the pre-2011 network; b, e the present-day network; c, f

the planned 23-station network. Top and bottom show the epicen-
tral (i.e., horizontal) and depth errors, respectively. The plotted area
is 100×100 km2. The assumed source depth is 4 km. The origin
(0,0) is at Lon=16.90, Lat=47.80. The axes ticks are in km
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4 Focal-mechanism improvement—theoretical
analysis

Focal mechanisms in the L.C. region were calculated by
Fojtíková et al. (2010) using several methods, including
the waveform inversion. Small magnitudes of the post-
2011 events together with current station configuration
did not allow application of these approaches. However,
in case of future events, it would be useful to be able to
estimate moment tensors by waveform inversions;
therefore, we need to evaluate their theoretical
resolvability and how it can be improved by additional
seismic stations. Analyzing capability of a network in
terms of the focal mechanism determination is a new
approach (Zahradník and Custódio 2012). The method
is similar to the analysis of location uncertainties in
sense that one can obtain mapping of uncertainties for
a hypothetical expected earthquake source situated any-
where in a given network. Assuming a known source
position and time, we relate waveform data d and (six)
parameters m of a full moment tensor via matrix G, d=
Gm, and calculate a 6D error ellipsoid. While in the
location problem, the uncertainty analysis ends with
visualizing the (3D) error ellipsoid; here, we cannot
visualize a 6D ellipsoid and its 2D cross sections have
a limited information value. Instead, a practical ap-
proach is that we inspect the interior of the ellipsoid.
To this goal, we calculate a discrete suite of points inside
the ellipsoid (each one representing a focal mechanism),
and we measure their deviation from a reference mech-
anism, corresponding to the center of the ellipsoid. In
this paper, we restrict to the double-couple (DC) part of
the moment tensor, because the non-DC components are
in practice usually unstable. The DC part of every
mechanism inside the error ellipsoid is characterized
by its strike, dip, and rake. The deviation of each focal
mechanism from the reference solution is quantified by
Kagan’s angle (Kagan 1991), hereafter denoted as K-
angle. The suite of the solutions inside the error ellipsoid
is characterized by a histogram of K-angle. Wherever
the uncertainty has to be characterized by a single num-
ber, we choose the K-angle mean. The latter, however,
has a good physical meaning only when the histogram
Bwidth^ is not too large, e.g., for K-angles varying
between 0° and 40° (Michele et al. 2014).

The focal mechanism uncertainty by the 6D ellip-
soids has been implemented in a special tool of ISOLA
software (Sokos and Zahradník 2008, 2013). The same
confidence level as in the location ellipsoid is used

(68.3 % in each single-parameter). Importantly, as with
any linear uncertainty analysis, this can be applied with-
out waveform data. In terms of the relation d=Gm, the
error ellipsoid is given by matrix G, independently of d
and m. Matrix G, related to Green’s functions, depends
on the source station configuration, frequency range,
and velocity model. In this paper, we calculate Green’s
functions by the discrete wavenumber method (full
waveforms) and use again the velocity model of
Table 2. The uncertainty analysis corresponds to
mapping an assumed data error into model space.
Since the data error is not well known, we assume
some formal value, the so-called relative data er-
ror, and thus we estimate only a relative focal-
mechanism uncertainty. Similar approach was used
by Michele et al. (2014). Nevertheless, such an
estimate is useful, because keeping the relative
data error fixed, we are able to compare effect of
changed source station configurations.

In the following examples, we assume three hypo-
thetical events of Mw 1.6 and 2.4. This choice has been
motivated by occurrence of such events in the region
before extending the network. As an example, we as-
sume a hypothetical Mw 1.6 event situated near the
easternmost edge of the present-day (16-station) net-
work. Moment tensors of weak events can be calculated
by waveform inversion only in relatively short epicen-
tral distances (Fojtíková and Zahradník 2014). A rule of
thumb is that waveform modeling is possible up to
distances of a few minimum shear wavelengths. For
example, for shallow crustal events and frequencies
approx. <1.6 Hz (wavelength ~2 km), it is possible to
model waveforms up to ~10 km. High-frequency wave-
forms (approx. >1.6 Hz) cannot be deterministically
modeled at such epicentral distances using existing ve-
locity models because model accuracy is limited. The
low-frequency limit of the inversion is given by the
noise; weak events have a good signal to noise ratio
only at frequencies above the microseismic noise peak
(at ~0.2–0.4 Hz). Therefore, in this example, we con-
sider the frequency range 0.8–1.6 Hz. We have selected
a source position of interest and two different possible
reference focal mechanisms (Fig. 5). For each one, we
have performed the uncertainty analysis twice—using
three near stations of the pre-2011 network, and also
including the three stations built in 2011. The results,
obtained without the need of real waveforms, are shown
in form of nodal lines, K-angle histograms, and K-angle
mean values in Fig. 5. As it is clearly demonstrated by
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the plots, addition of the three new stations has signifi-
cantly reduced the focal mechanism uncertainty.

To allow mapping for an arbitrary source position,
we consider a region shown in Fig. 6 covered by a 9×9
grid of trial source positions. The same uncertainty
analysis (as above for a single position) is made at any
point of the grid, keeping the relative data error constant.
The K-angle mean value for each point is calculated and
plotted in map view. An Mw 2.4 is assumed for this
example. Waveform modeling for such a weak event
would not be feasible in the whole MKnet due to the
frequency and distance limitations discussed above.
Moreover, such a weak event would be recorded with
sufficient quality necessary for waveform inversion only
at several near stations. Therefore, the analysis has been
made separately for the N-E and N-W parts of the
MKnet. Three configurations of the N-E part and two
of the N-W part are analyzed in Fig. 6. The frequency
inversion band suitable for the assumed event size and
epicentral distances is 0.8–1.6 Hz. The reference strike/
dip/rake=332°/43°/166° angles and assumed source
depth 4 km have been used in this example. As was
indicated by Michele et al. (2014) and also by our own
results for different reference focal mechanisms (not
shown here), uncertainty maps only weakly depend on
the assumedmechanism. As can be seen from Fig. 6, the
improvement of the MT determination by extending the
network is obvious. For example, if a future event is
situated in the eastern part of the network (~Lat 48.7°,

~Lon 18.2°), the K-angle improves from >30° in the
pre-2011 configuration to ~20° in the present-day con-
figuration and ~ 10° in the 23-station planned configu-
ration. Similarly, the N-W extension of the network
would significantly improve the moment-tensor inver-
sions in the area.

If an expected future event is larger, e.g., Mw 4, the
situation will be slightly different. Such an event would
be observed with good signal to noise ratio even at
longer wavelengths (i.e., lower frequencies, ~0.05–
0.30 Hz); hence, we shall be able to model waveforms
up to greater epicentral distances, basically for any
source position within the entire MKnet. Therefore,
three configurations of the network (the pre-2011,
the present-day, and 23-station planned one) are
compared in Fig. 7. The resolution of the focal
mechanism with the network upgrade is clearly im-
proving, not only inside the network, but, for exam-
ple, also in its S-E part of the studied region where
the hypothetical events have a considerable azimuth-
al station gap. It is a good illustration of the fact that
the waveform inversion is (at least theoretically) less
suffering from the azimuthal gaps than the focal
mechanism determination based on peak amplitudes
and polarities. Uncertainty analysis for sources situ-
ated anywhere in a region and mapping K-angles
presented above have been also implemented into
the broadly used and free available ISOLA software
(http://geo.mff.cuni.cz/~jz/isola_2015/).

Fig. 5 Theoretical improvement of the focal mechanism by adding
three stations—a single source case. The assumed source depth is
4 km. Top: the uncertainty analysis is applied to a selected source
position (yellow circle) and three nearest stations of the pre-2011
network (red triangles). Bottom: adding three stations (green

triangles). Two reference focal mechanisms are considered in a
and c, and b and d, respectively. The uncertainty is visualized by
nodal lines, K-angle histogram, and mean values. The meaning of
K-angles (degrees) is only relative, aiming at comparing efficiency
of the two station configurations
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5 Conclusion

The Little Carpathians (Slovakia, Central Europe) area
is an intraplate region in which weak earthquakes are
presently recorded, but strong historical events have also
occurred. Monitoring seismic activity of this source
zone and careful analysis of recorded earthquakes is
therefore important for seismic hazard assessment of

the region, especially due to immediate vicinity of nu-
clear power plant Jaslovské Bohunice. Seismic moni-
toring of the region has started in 1985 and seismic
network configuration and equipment have changed
several times in order to improve quality of monitoring.
To name the last one, theMKnet that had consisted of 13
stations before 2011 has been upgraded by additional of
3 stations in 2011, and 7 new stations are under

Fig. 6 Theoretical improvement of the focal mechanism by ex-
tending the network—a grid of potential sources in the N-E and N-
W subregions. The uncertainty analysis is calculated for a hypo-
theticalMw 2.4 event situated anywhere in a 9×9 grid at a depth of
4 km. The uncertainty is mapped in terms of the K-angle mean.
Top: the three panels correspond to the N-E part of the MKnet in its
pre-2011 configuration (a), the present-day configuration (b), and
the 23-station planned configuration (c), respectively. Bottom: the

N-W part of the network, comparing the pre-2011 (d) and the 23-
station planned configuration (e) (the middle panel is missing
because in the N-W subregion, the pre-2011 and present-day con-
figurations are the same). The best moment-tensor resolution (low
K-angle) is indicated by the light shade of color—white and yellow.
The meaning of K-angles is only relative, aiming at comparing
efficiency of various station sets
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consideration to better cover the assumed active region.
The main purpose of this paper was to theoretically
evaluate usefulness of already suggested network
extension in terms of an improved earthquake lo-
cation and focal mechanism determination. As a
real data example, we used available data set of
five weak earthquakes (0.0<ML<1.1), recorded af-
ter 2011, showing how the three stations added in
2011 decreased the location errors. We have also
demonstrated an improved resolution of the focal
mechanism calculated by the first-motion polarity
method for one event.

The bulk of the paper was devoted to the the-
oretical analysis of the network capability if earth-
quakes would be located by relative location
methods and their moment tensors would be cal-
culated by the full waveform inversion. Two
methods were used: (i) theoretical epicentral and
depth errors of the relative location were estimated
by a new algorithm developed in this paper, and
documented in Appendix; (ii) the moment-tensor
resolvability was calculated by a recently pub-
lished method (Zahradník and Custódio 2012) that
was in the present paper implemented into the
broadly used ISOLA code. The latter method is
based on 6D moment-tensor error ellipsoids. Both

methods allow to consider seismic events situated
anywhere in the studied region.

Thus, we have constructed maps of the expected
location and focal mechanism errors in dependence
on position of earthquake hypocenter and also for
several possible types of mechanisms. The results
clearly show and quantify how and where the
network extension remarkably decreases the uncer-
tainties of the location and moment tensor solu-
tions, especially in the planned 23-station station
configuration. The computer codes developed by
authors have been made freely available for future
applications in any other seismic network, either
existing or planned. The methods presented and
developed within this paper together with available
computer codes provide practical tools helping to
evaluate pros and cons when considering possible
extension of given seismic network configuration.
The network geometry, the real time data avail-
ability, and the presence of a sensitive target (the
nuclear power plant) could make the network suit-
able, in the future, for early-warning purposes
(Zollo et al. 2009)

Our results and codes, while appropriate to the Little
Carpathians, have a broader application to the seismo-
logical community.

Fig. 7 Theoretical improvement of the focal mechanism by ex-
tending the network—a grid of potential sources anywhere in the
entire studied region. The uncertainty analysis is calculated for a
hypotheticalMw 4 event situated anywhere in a 9×9 grid at a depth
of 4 km. The uncertainty is mapped in terms of the K-angle mean.
a–c The pre-2011 configuration, the present-day configuration, and

the 23-station planned configuration of the stations, respectively.
The best moment-tensor resolution (low K-angle) is indicated by
the light shade of color—white and yellow. The meaning of K-
angles is only relative, aiming at comparing efficiency of various
configurations
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Appendix—LocErr method/program

A hypocenter location error is the sum of errors caused
by inaccurate onset picking and simplified velocity
model. In the case of relative master event location
(which is implemented in LocErr), the errors caused
by simplified velocity model are much smaller than in
case of the absolute location. The errors are sensitive
mainly to the geometrical configuration of the network
under study.

The LocErr method (and also available computer
program) is based on an original algorithm described
below and in Fig. 8. Error bodies of a general shape (not
ellipsoids) are used to characterize the so called relative
double differences. They are defined as travel time
differences between two stations of differences between
two close hypocenters. They are normalized with ex-
pected theoretical errors.

During the location process, the origin time of
earthquake is unknown (as it is the result of the
location procedure). Therefore, one can measure
only differences of the travel times between stations
not the travel times itself. Two close hypocenters
can be distinguished by a relative location proce-
dure only in case that the double difference for a
couple of stations is larger than the error of onset
determination at the most sensitive pair of stations.
This means that the pair of stations with minimum
errors is considered here (not the average value).
The computation is performed in a cubic grid of
assumed master event hypocenters. For every node
of the grid, the error body is computed in the
following steps:

1. Travel times t0
j are computed between the assumed

master-event hypocenter and jth station of the net-
work. Various types of velocity models can be

used (homogeneous, layered, gradient, etc.), but
the velocity model is the same for all stations and
all hypocenters.

2. A sphere of a small radius around the hypocenter
of master event in a grid node is defined. The
choice of r0 affects the results only slightly. The
radius r0 should be of the same order as the ex-
pected error of the location. It is important to use
the same r0 for all grid nodes, as we want to
compare location errors in the whole area of seis-
mic network.

3. A set of regularly distributed vectors and corre-
sponding points on the sphere is defined. These
points represent hypocenters of virtual slave

Fig. 8 The flowchart of the LocErr algorithm. Rectangles repre-
sent the inputs and output; ovals represent the procedures
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events. The travel times ti
j for ith slave event and

jth station are computed.
4. Travel time differences dti

j=ti
j− t0j between the

master and slave events on the sphere are comput-
ed for all stations.

5. Relative double differences are computed for all
combinations of stations ( j≠k).

Dt jki ¼ dt ji−dtki
σ j þ σk

; ð1Þ

where σj is the time picking error at jth station.
The picking errors σ are in general different for

the P and S waves and can depend also on other
factors such as epicentral distance, magnitude, or
noise.

6. Estimate of the location error εi
jk in the direction of

ith slave event corresponding to the double differ-
ences from jth and kth stations is

ε jki ¼ r0 =Dt jki ; j≠k ð2Þ
7. For every slave event, the combination of stations

that gives the minimum location error E, is found

Ei ¼ min jk ε jki
� �

; j≠k ð3Þ

This expression defines an error body around
the grid node. The shape of the error body is a
general polyhedron.

8. The maximum error on the error body is Btotal
error,^ ET.

9. Projection of the error body to the horizontal plane
is computed, and the maximum error in this pro-
jection corresponds to an Bepicentral error,^ EE.

10. Similarly, projection of the error body to the verti-
cal axis is computed and the maximum error in this
projection corresponds to Bdepth error,^ ED.
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