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Abstract Observations of the 2008–2014 seismic activity in West Bohemia, Czech Republic, provide
evidence of interaction of compressive fault steps that created local stress anomaly and triggered a
seismic sequence with exceptional properties. The West Bohemia is a geothermal area, characterized by
persistent fluid-driven seismicity in the form of earthquake swarms. The focal zone is formed by two weak
and fluid-eroded parallel strike-slip faults with a step of about 200 m. The fault segments were activated
successively by the 2008 and 2011 swarms with magnitudes of the strongest events of 3.8 and 3.7,
respectively. In 2014, a fracture linking both segments was formed or activated by a mainshock-aftershock
sequence. The aftershock decay was very fast, and the focal mechanism of the strongest event with
magnitude of 4.2 was inconsistent with the regional background stress. The stress inversion of 957 focal
mechanisms revealed a stress anomaly characterized by interchanging the σ2 and σ3 principal stress axes in
the area of fault interaction. The modeling of the Coulomb stress change confirmed that the stress anomaly
could completely disturb the regional background stress and produce the rotation of the principal stress
axes retrieved from focal mechanisms. The faults activated or newly formed within the compressive stress
anomaly were of high strength, which caused the anomalous mainshock-aftershock character of the 2014
activity and the rapid aftershock decay. Linking the two previously active isolated faults during the 2014
activity increased the expected moment magnitude Mw of a possible strongest earthquake from 5.0 to 5.4.

1. Introduction

Faults in seismically active areas form complex systems. They can be of irregular shapes either smoothly bent
or displaying kinks; they can mutually intersect or form systems of discontinuous parallel fault segments
called fault stepovers or simply fault steps (Fossen & Rotevatn, 2016; Micklethwaite et al., 2015). The closely
spaced fault steps, fault tips, and fault irregularities produce damage zones (Kim et al., 2004), complexities
in stress pattern (Arrias et al., 2011; Crider & Pollard, 1998; Lin & Stein, 2004; Madden et al., 2013), and com-
plexities in characteristics of seismicity and in wavefields radiated by earthquakes (Adda-Bedia & Madariaga,
2008; Madariaga et al., 2006).

Since parallel active faults occur widely in nature, their behavior has been studied with a particular attention:
using in situ observations (Wesnousky, 2006; Zuza et al., 2017) as well as modeled numerically (Crider &
Pollard, 1998; Gupta & Scholz, 2000; Harris & Day, 1993, 1999) or in the lab (Mansfeld & Cartwright, 2001;
Sagong & Bobet, 2002; Špičák & Lokajíček, 1986; Yang et al., 2014). The faults interact if being close enough
with separation distance d roughly scaled as d ≤ 0.1 L, where L is the individual fault length (An, 1997). The
fault steps can be compressional or dilatational depending on whether they produce compressional or dila-
tational stress anomaly between the fault segments. The two types of fault steps are bound with a different
character of faulting (reverse or normal) and different stress drops and also behave differently for rupture
jumping between the two fault segments (Nevitt & Pollard, 2017; Oglesby, 2008; Ryan & Oglesby, 2014).
Obviously, a possible linkage of the stepovers or rupture jump between the fault segments has important
consequences for seismic hazard.

In this paper, we analyze interactions of faults from observations of a seismic activity in West Bohemia, Czech
Republic. The studied data set is quite unique, because the focal zone is formed by two parallel fault seg-
ments characterized by abundant seismicity recorded by a dense network of seismic stations. Accurate
double-difference locations of earthquakes (Bouchaala et al., 2013; Fischer et al., 2014; Hainzl et al., 2016)
and their focal mechanisms (Vavryčuk, 2011; Vavryčuk et al., 2013, 2017) make possible tracing spatial
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variations of stress and identifying a stress anomaly originated from interaction of the fault segments. The
observed variation of stress due to the fault interaction is verified by modeling of the Coulomb stress
change, and a possible role of fluids in linkage of the fault segments is discussed.

2. The 2008–2014 Seismic Activity in West Bohemia
2.1. Tectonic Setting

TheWest Bohemia region is a geodynamically active area situated in the western part of the Bohemianmassif
with a persistent seismic activity characterized by a frequent occurrence of earthquake swarms. The most
prominent earthquake swarms occurred in 1985/1986, 1994, 1997, 2000, 2008, 2011, and 2014 (Čermáková
& Horálek, 2015; Fischer et al., 2010, 2014; Jakoubková et al., 2017; Vavryčuk, 1993) at the same epicentral area
called the Nový Kostel focal zone (Figure 1). The isolated earthquakes as well as earthquake swarms occur
also in other areas, but they are weaker and less frequent (Fischer et al., 2014). The earthquake swarms last

Figure 1. Map of the seismically active area in the West Bohemia region. The locations of earthquakes with ML ≥ 0.5 that
occurred in the period of 1995–2014 (black dots) are shown in the map view (a, b) and in the vertical sections across the
fault zone (c) and along the fault zone (d). The triangles in Figure 1b show the positions of the West Bohemia Network
(WEBNET) stations: magenta triangles, online stations; cyan triangles, offline stations. The blue dots in Figures 1a, 1c, and 1d
denote the locations of earthquakes in the 2014 earthquake sequence. ML fault = Mariánské-Lázně fault. The earthquake
locations were computed using the hypoDD method.
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typically from several days to several months, and the activity is focused at depths from 6 to 12 km. The
strongest instrumentally recorded earthquake was the ML 4.6 earthquake on 21 December 1985.

Active tectonics in the area is related to Tertiary and Quaternary volcanism manifested by CO2 emanations
and mineral springs. The wet and dry mofettes occur in several degassing sites along the main tectonic fault
zones (Braeuer et al., 2018, 2009; Hrubcová et al., 2017; Kaempf et al., 2013). The tectonic structure of the area
is characterized by two main fault systems: the (pre-Neogen) Mariánské Lázně NW-SE fault system and the
Ore-Mountain WSW-ENE fault system related to Tertiary Eger Rift opening. A recently most active fault is
the left-lateral strike-slip fault in the N-S direction, which forms the eastern boundary of the Cheb Basin filled
by Tertiary and Quaternary sediments up to 300-m thick. Another active fault is the right-lateral strike-slip
fault in the WNW direction. The seismically active faults were identified at depth by foci clustering and focal
mechanisms (Vavryčuk et al., 2013), and also have some geological evidence on the surface (Bankwitz
et al., 2003).

2.2. Seismic Activity in 2008–2014

The seismic activity is monitored by local three-component West Bohemia Network (WEBNET) seismic
stations (Figure 1). The network was operating since 1994, and the number of stations gradually increased
(Fischer et al., 2014). Since 2008, the network is composed of 22 local three-component short-period stations
having epicentral distance smaller than 25 km and covering the area uniformly with no significant azimuthal
gaps. The sampling frequency is 250 Hz, and the frequency response is flat at least between 1 and 60 Hz. The
station with the nearest epicentral distance (station NKC) is additionally equipped with a broadband STS-2
seismometer. The detection threshold magnitude of the WEBNET network is less than �0.5, and the magni-
tude of completeness of the earthquake catalog estimated from the magnitude-frequency distribution is
about �0.3 (see Fischer et al., 2010, their Figure 4).

Three prominent earthquake sequences occurred in West Bohemia during the period of 2008–2014: two
earthquake swarms in 2008 and 2011, and a mainshock-aftershock sequence in 2014 (Figures 2 and 3).
The 2008 earthquake swarm lasted 3 months and involved more than 25,000 events with magnitudes ML

up to 3.8. It activated a southern segment of the focal zone (Figures 2 and 3a). The 2011 earthquake swarm
lasted about 2 months, but most of the energy was released in the first 3 weeks and involved more than
23,000 events with magnitudes ML up to 3.7. The swarm activated a northern segment (Figures 2 and 3b).
The seismic activity in 2014 lasted about 3 months and consisted of three phases with large gaps between
them and with ML of the strongest events 3.5, 4.2, and 3.6. The sequence involved about 6,700 events with
foci concentrated at the conjunction of the southern and northern segments of the focal zone activated

Figure 2. Locations of earthquakes with ML ≥ 0.5 that occurred in the period from 2008 to 2011 are shown in the map view
(a) and in the vertical section along the fault (b). Red circles, the 2008 swarm earthquakes; green circles, the 2011 swarm
earthquakes; yellow circles, the earthquakes between the swarms.
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during previous swarms (Figure 1). As seen from Figure 3c, the 2014 activity is exceptional. The magnitude
difference ΔML between the strongest and the second strongest event in each phase is much higher than
that in the previous swarms. The difference attains a value of ΔML ~ 1 pointing to a standard mainshock-
aftershock sequence rather than to an earthquake swarm (Jakoubková et al., 2017).

2.3. Decay of Aftershocks in 2008–2014 Sequences

Except for an anomalously high value of ΔML (see Figure 3c), also the character and duration of the seismic
energy release was different during the 2014 sequence compared to the 2008 and 2011 earthquake swarms.
The three seismic sequences consisted of several phases of intense activity and duration, and decay of after-
shocks of individual phases were distinctly different. Jakoubková et al. (2017, their Figure 5b) reported that
the 2014 sequence was characterized by a fast energy release compared to the previous sequences. This
can be illustrated by calculating the event rate as a function of time for the studied sequences. A convenient
way is to calculate the number of events that occurred in a seismic sequence within a moving time window
(e.g., several hours). The obtained time-dependent rate curve displays several maxima reflecting each phase
of an intense activity within the sequence. Subsequently, sorting the rates in the descending order yields the

Figure 3. Magnitude-time plots of the 2008 (a), 2011 (b), and 2014 (c) seismic sequences together with focal mechanisms
of three strongest earthquakes in each sequence. ML = local magnitude. Magnitude differenceΔML greater than 1 between
the strongest and second strongest events in the three phases of the 2014 activity (red arrows in Figure 3c) indicate
the mainshock-aftershock character of the sequence. Such gaps are missing in the 2008 and 2011 seismic sequences.
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activity decay in time averaged over the individual activity phases. As
shown in Figure 4, the activity decay is similar for all three sequences for
the first 2 days. After that, the activity in 2014 decreases significantly faster
than in 2008 and 2011.

2.4. High-Resolution Image of the Focal Zone

Accurate double-difference locations of the 2008, 2011, and 2014 events
reveal that geometry of the focal zone is complex (Vavryčuk et al., 2013).
The main active fault has a strike of 170°. Its dip is about 65° at depths
above 8 km (Figure 1c), but the fault is bent at 8 km and continues more
steeply to greater depths with a dip of 80°. Apart from the main active
fault, few minor fault segments with strike and dip of 305° and 65° cross
the focal zone being well visible in the vertical cross section (Figure 1c).

Interestingly, the southern and northern segments of the main fault with
strike of 170° (Figure 5a) do not form a single fault plane but they are
actually fault stepovers—two parallel fault segments that are offset from
each other at depth between 8 and 9 km. The step width is about 200 m,
and the overlap between the segments is of the same size or less. This
area was particularly activated during the 2014 seismic sequence
(Figures 5b and 5c).

3. Focal Mechanisms

Focal mechanisms of the 2008 swarm earthquakes were calculated by
Vavryčuk and Hrubcová (2017) using the moment tensor inversion of amplitudes of direct P waves. The
selected 483 swarm earthquakes with magnitudes ranging from 1.0 to 3.8 recorded at the WEBNET seismic
network were located with high precision by Bouchaala et al. (2013) using the HypoDDmethod. Accurate sta-
tion amplifications, which included local site effects, were determined using the network calibration (Davi &
Vavryčuk, 2012). The velocity records were integrated into displacement and band-pass filtered in the fre-
quency range of 1–25 Hz in order to suppress seismic noise. The amplitudes of the direct P wave were

Figure 4. Normalized event rate sorted according to the activity level. The
event rate is shown in the linear (a) and logarithmic (b) scales. The event
rate is calculated as the number of events with the local magnitude ML> 0.5
that occurred in the moving time window of 5 hr. The event rates are sorted
in the descending order and normalized to their maximum. The timescale
shows 30 time intervals covering in total of 150 hr.

Figure 5. Locations of earthquakes with ML ≥ 0.5 that occurred during the 2008, 2011, and 2014 sequences shown in the
map view. (a) Red circles, the 2008 earthquakes; green circles, the 2011 earthquakes; yellow circles, earthquakes
occurring between the 2008 and 2011 swarms. (b) Blue circles, the 2014 earthquakes; black dots, the 2008 and 2011
earthquakes. (c) A zoomed view of the 2014 seismic activity. Red circles, the 2014 earthquakes occurring on the southern
fault segment; green circles, the 2014 earthquakes occurring on the northern fault segment. Yellow full/dashed lines in
Figures 5b and 5c show the fault steps.
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inverted for full moment tensors using the generalized linear inversion and decomposed into the double-
couple (DC) and nondouble-couple (non-DC) components. The Green’s functions were computed for a 1-D
gradient velocity model using the ray method.

Focal mechanisms of the 2011 and 2014 seismic sequences were calculated using the moment tensor inver-
sion developed by Vavryčuk et al. (2017). In this method, the principal component analysis is applied to P
waveforms recorded at stations for finding the common wavelet representing the time derivative of the
source-time function radiated by the source. The coefficients of the first principal component served as effec-
tive P wave amplitudes inverted for the moment tensor. The method is less sensitive to noise in data and
more robust than the standard amplitude inversion. Vavryčuk et al. (2017) calculated moment tensors of
833 earthquakes of the 2014 seismic activity. In this paper, we additionally inverted for moment tensors of
316 earthquakes of the 2011 swarm in order to cover the whole period of activity between 2008 and 2014.

All focal mechanisms were checked for their quality. Based on the root-mean-square residuals (less than 0.3)
and error limits of the P and T axes (less than 5°), we selected 246, 261, and 450 earthquakes with the most
accurate focal mechanisms of the 2008, 2011, and 2014 sequences, respectively. As seen in Figure 6, the P/T
axes of the focal mechanisms are clustered. They form two clusters in 2008 and 2011 but three clusters in
2014. The families of similar focal mechanisms were used for calculating the centroid focal mechanisms by
applying the k means clustering (for details, see Vavryčuk et al., 2017).

The P/T axes in 2008 and 2011 form the so-called butterfly wings (Vavryčuk, 2011). The P wings (T wings) are
defined by the P axes (T axes) of two families of focal mechanisms corresponding to two activated conjugate
fault systems symmetrically oriented with respect to the maximum compression in the region. The activated
faults are optimally oriented for shearing under the present-day stress field deviating from the maximum
compression by about 30°. This is expressed by high fault instability based on the Coulomb failure criterion
concept (Vavryčuk, 2011, his equation 2; Vavryčuk, 2014, his equation 13). The fault instability depends on
the fault orientation in the given stress field. It can range from 0 (stable faults) to 1 (most unstable faults)
and measures the susceptibility of faults to be activated. The two basic types of the focal mechanisms of
the 2008 and 2011 swarms are (1) the strike slip with a weak normal or reverse component (Figures 6a
and 6b, red beach balls) and (2) the oblique normal mechanism (Figures 6a and 6b, blue beach balls). The
fault instability is close to 1 for both mechanisms. The strike-slip mechanism is associated with the fault steps
(Figure 5) and represents the most typical mechanism in the region. The oblique normal mechanism is asso-
ciated with small fractures also present in the focal zone being detected by high-resolution fault imaging
using interpolation of accurate foci (Vavryčuk et al., 2013). No other distinctly different and statistically signif-
icant focal mechanisms have been detected in both swarms.

Figure 6. The P/T axes and centroid focal mechanisms of (a) 246 earthquakes in 2008, (b) 261 earthquakes in 2011, and
(c) 450 earthquakes in 2014. The P and T axes are marked by the circles and the plus signs, respectively. The beach balls
show the characteristic strike-slip focal mechanism associated with the fault steps (red), the oblique normal focal
mechanism associated with the conjugate minor fault segments (blue), and the anomalous reverse focal mechanism
associated with the fracture that linked the fault steps (gray). The black arrows mark the fault plane determined by the fault
instability criterion (Vavryčuk, 2014).
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By contrast, the 2014 earthquake sequence is different. Except for the
mentioned two basic types of the focal mechanisms typical for the 2008
and 2011 swarms, another family of oblique reverse focal mechanisms
appeared in 2014 (Figure 6c). The earthquakes of this family include the
strongest events of the 2014 sequence (Figure 3c), and their T axes form
a cluster close to the vertical axis (Figure 6c, black plus signs in the upper
plot). Such positions of the T axes are inconsistent with the stress field
reported for previous swarm activities in this focal zone (Vavryčuk, 2002,
2014). Hence, the anomalous reverse focal mechanisms and a non-swarm
character of the 2014 sequence (Hainzl et al., 2016; Jakoubková et al., 2017)
indicate a possible change of physical properties of the focal zone and
might point to the formation of a local stress/strength heterogeneity in
the focal zone, which affected the 2014 activity. A possible role of
the fault interaction between the northern and southern segments is
indicated by locations of earthquakes with reverse focal mechanisms,
which concentrated near the tips of the fault segments (Figure 7,
magenta circles).

4. Tectonic Stress

In order to analyze tectonic stress in the focal zone we use the public-open
Matlab code STRESSINVERSE (http://www.ig.cas.cz/stress-inverse) for a
joint inversion of focal mechanisms for stress and fault orientations devel-
oped by Vavryčuk (2014). The method is based on the Michael’s inversion
for stress (Michael, 1984, 1987) that is run in iterations and utilizes the fault
instability criterion (Martínez-Garzón et al., 2016; Vavryčuk et al., 2013) for
discriminating which of two nodal planes is the fault plane. The method is
fast and robust and provides uncertainty limits of results.

The stress inversion applied to the 246 and 261 most accurate focal
mechanisms of the 2008 and 2011 swarms indicates that the tectonic

stress in the focal zone is quite stable during this time period with only insignificant changes in the principal
stress directions (see Table 1 and Figure 8). The azimuth and plunge of the σ1 axis is 125–135° and 30–35°,
respectively. The σ3 axis is nearly horizontal with azimuth of 220–230°. These directions were obtained also
for a previous seismicity and are consistent with the regional background stress in the area (Vavryčuk,
2002). Slight changes between stress axes for the 2008 and 2011 swarms are probably connected to migra-
tion of foci because the swarms activated two differently located (southern and northern) fault segments
(Figure 5a). Similar directions of the principal stress axes are also obtained when inverting a set of 400 focal
mechanisms of the 2014 sequence consistent with those that occurred during the 2008 and 2011 swarms
(Table 1, data set 2014a). By contrast, the stress inversion of the remaining 50 anomalous reverse focal
mechanisms (Table 1, data set 2014b; Figure 7, magenta circles) yields quite different results (Figure 8).
The σ2 and σ3 axes are switched, and the σ3 axis is slightly rotated clockwise by about 15°. Since the positions

Figure 7. Locations of earthquakes of the 2014 sequence in the map view.
Red small circles, earthquakes occurring on the southern fault segment;
green small circles, earthquakes occurring on the northern fault segment.
Magenta circles, earthquakes with the reverse focal mechanism. The black
dashed lines show the fault steps. The threshold magnitude is ML = 0.5.

Table 1
Principal Stress Axes of the 2008, 2011, and 2014 Earthquake Sequences

Data set
Number
of events

σ1 axis σ2 axis σ3 axis

Az (°) Pl (°) Az (°) Pl (°) Az (°) Pl (°)

2008 246 135.9 ± 0.7 35.3 ± 0.6 337.1 ± 2.0 52.8 ± 0.4 233.3 ± 0.8 10.2 ± 0.9
2011 261 125.8 ± 0.8 30.3 ± 1.1 323.0 ± 1.6 58.6 ± 1.1 220.3 ± 0.6 7.7 ± 0.8
2014a 400 124.7 ± 0.5 38.0 ± 0.5 318.7 ± 0.8 51.1 ± 0.5 220.1 ± 0.4 6.9 ± 0.4
2014b 50 142.2 ± 1.4 22.5 ± 1.5 47.0 ± 1.7 12.4 ± 1.5 290.2 ± 4.7 64.0 ± 1.5

Note. Az = azimuth; Pl = plunge; data set 2014a = the 2014 data set excluding the reverse focal mechanisms; data set 2014b = the 2014 data set of the reverse focal
mechanisms.
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of fault planes in the Mohr circle diagrams in Figure 8b lie in the area of expected validity of the
Mohr-Coulomb failure criterion (Vavryčuk, 2011, his Figure 1), the fault planes are well oriented for shearing
under the given stress fields. This is supported by values of the fault instability close to 1 (Figure 8d). The loca-
tions of faults in the upper/lower half-plane of the Mohr diagram discriminate which of the nodal planes are
likely the fault planes (black arrows in beach balls in Figure 6).

5. Modeling of Fault Interaction in the 2014 Sequence

In order to verify that the fault interaction can significantly change the background stress field and produce
anomalous focal mechanisms in the 2014 sequence inconsistent with regional stress, we modeled the static
stress and the Coulomb stress change in the focal zone using the public-open Matlab code COULOMB 3.3
(https://earthquake.usgs.gov/research/software/coulomb/), see Lin and Stein (2004) and Toda et al. (2005).
The code is based on formulae of Okada (1992) and calculates static displacements, strain, and stress

Figure 8. The P/T axes (a), Mohr’s circles (b), principal stress axes (c), and histograms of the fault instability (d) for the 2008, 2011, and 2014 sequences. The earth-
quakes of the 2014 sequence are divided into two families: 2014a, earthquakes where the reverse focal mechanisms are excluded; 2014b, earthquakes of the
reverse focal mechanisms. The red circles and blue plus signs in Figure 8a mark the P and T axes, respectively. The blue plus signs in the two half-planes of the Mohr’s
circles in Figure 8b discriminate faults symmetrically oriented with respect to the maximum compression. The histograms of the fault instability in Figure 8d indicate
that the activated fault planes are well oriented for shearing under the given stress field.
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caused by slip along a fault or fault systems situated in an elastic homogeneous isotropic half-space. The
Coulomb stress change has been modeled also by other authors for studying fault interactions on various
scales (Fan & Shearer, 2016; Marzocchi & Melini, 2014; Turner et al., 2013). Such studies confirmed that the
static stress change associated with large earthquakes can alter the principal stress orientations near the fault,
which was frequently observed when compared stress inverted from focal mechanisms before and after
large earthquakes (Hasegawa et al., 2012; Yoshida et al., 2012, 2014). Some studies are even able to map a
detailed spatial distribution of principal stress orientations for the premainshock and postmainshock periods
and correlate them with the static stress change (Yoshida et al., 2015).

We computed the static stress change for the fault steps simulating real geometry of the southern and
northern fault segments in Figure 5. The step width is 200 m, and the sizes and orientations of both fault
segments are the same. The top and bottom depths are 7 and 9.5 km, and the length and width are 3 and
2.6 km, respectively. The strike, dip, and rake angles characteristic for the focal zone are 169°, 74°, and
�44°, respectively (Vavryčuk et al., 2013, their Figure 2). The friction coefficient on the faults is 0.55 being
obtained by analyzing orientations of activated fractures in the focal area (see Vavryčuk, 2011). We calculate
the static stress change produced by earthquakes occurred on both fault segments during the 2008 and 2011
swarms. The cumulative scalar moment of both swarms is assumed to be Mw = 5.4, which corresponds to
cumulative slip of 35 cm. This value is slightly higher than that produced just by the seismic activity
(Mw = 5.0) and reflects also the aseismic slip. For calculating the complete stress field around the fault steps,
the principal stress axes of the background stress are identified with those obtained for the 2011 swarm
(Table 1). The vertical stress gradients for the maximum, intermediate, and minimum stresses are 40, 24,
and 20 MPa/km being derived from absolute stresses 320, 190, and 160 MPa at depth of 8 km reported by
Vavryčuk (2002). The Young’s modulus and the Poisson’s ratio needed in the modeling are 8 × 104 MPa
and 0.22. The Poisson’s ratio of 0.22 corresponds to a rather low vP/vS ratio of 1.67 observed in the area
and typical for geothermal regions (Vavryčuk & Hrubcová, 2017).

Figure 9 shows the Coulomb stress change due to the slip produced by the 2008 and 2011 swarm earth-
quakes on the two fault segments. The stress change is calculated alternatively for three differently oriented
fault planes activated during the 2014 sequence (Figure 6c). The two planes (connected with the strike-slip
and oblique normal focal mechanisms) have been active in the 2008 and 2011 swarms; the third plane
(connected with the reverse focal mechanism) was activated just in the 2014 sequence. Figures 9a and 9b
indicate that the fault steps have a tendency to be further extended because the area of the positive
Coulomb stress change (red area) touches the tips of the faults and samples the unfractured area with strike
similar to that of the faults. However, the area between the fault tips is characterized by a large negative
Coulomb stress change preventing activation of strike slips or normal events between the faults. By contrast,
the Coulomb stress change calculated on the reverse fault activated in the 2014 sequence is strongly positive
in the area just between the tips of the fault steps where the faults interact (Figure 9c).

Hence, the stress modeling proved that earthquakes with all three types of the focal mechanisms (strike slips,
normal, and reverse) are plausible in the 2014 sequence but having different locations: the strike slips and
normal events located at the fault tips, and the reverse focal mechanisms are optimum for earthquakes
located in the stress anomaly between the fault tips.

In addition, a detailed image of the Coulomb stress change for optimally oriented faults and the rotation of
the principal stress axes in the area around the fault tips are presented in Figure 10. The stress axes corre-
spond to the complete stress field obtained by summing the regional background stress and the static stress
produced by the 2008 and 2011 seismic activities. The figure documents that the orientations of the σ2 and σ3
axes change rapidly due to the fault interaction. This is visible, in particular, on the variation of the σ3 axis
(green lines at individual cells). This axis has a uniform azimuth of 220° outside the stress anomaly, but it sig-
nificantly rotates inside the anomaly. The σ2 and σ3 axes even interchange their orientations between the
fault tips when compared with those in the surrounding area. This nicely coincides with the stress variation
detected by observations (see Figure 8c, right-hand panel).

Figure 10 also evidences how complicated the stress inversion of focal mechanisms in the area close to
the fault tips is. Even though the target area is quite small with size of about 300 × 300 m, inverting
for an overall stress using all types of focal mechanisms of earthquakes located at this area will yield incor-
rect results, because the stress field is strongly heterogeneous. This confirms the correctness of our
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Figure 10. Modeling of the Coulomb stress change and of the orientation of the stress axes in the area between the fault tips. The white lines delineate the margins
of the fault steps in depth. The directions of the principal stress axes σ1 (red lines), σ2 (blue lines), and σ3 (green lines) are shown in cells with the size of 20 × 20 m.
The Coulomb stress change is color coded and scaled in bars. Since the stress changes between to the fault tips are quite high being comparable to the
background stress, they are clipped to the maximum value of the scale.

Figure 9. Modeling of the Coulomb stress change for the 2014 seismic sequence. The receiver fault is (a) the strike slip with the orientation identical with the
fault steps, (b) the oblique normal fault conjugate to the fault steps, and (c) the reverse fault linking the individual fault segments. The area in the rectangles
marked by the white dashed lines is shown in a zoomed view on bottom panels. The red lines delineate the margins of the fault steps in depth. The green lines
denote the intersection of the fault steps with the Earth’s surface. The Coulomb stress change is color coded and scaled in bars. Since the stress changes close to the
fault tips are quite high due to the static stress change instability, they are clipped to the maximum value of the scale.
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strategy when we inverted the reversed focal mechanisms related to the
stress anomaly located between the fault tips separately (see Figure 8,
right-hand column).

6. Discussion

The mainshock of the 2014 seismic sequence in West Bohemia with mag-
nitude of 4.2 and the other two strongest earthquakes with magnitudes of
3.6 and 3.5 have focal mechanisms incompatible with the background
tectonic stress in the region. This finding has already been reported by
Hainzl et al. (2016) who studied the statistical properties of the 2014
activity in relation with the presence of fluids in the focal zone. The authors
speculated that the unfavorably oriented mainshock in the 2014 sequence
was most likely activated by high fluid pressure. The mainshock opened
fluid pathways from a fluid source, and the subsequent migration of fluids
caused an unusually fast rate of aftershocks. We argue, however, that the
strongest earthquakes in 2014 with unfavorably oriented focal mechan-
isms could not be triggered by overpressurized fluids, because high
pore pressure would activate existing and previously active favorably
oriented faults rather than inactive unfavorably oriented ones. Therefore,
the origin of the earthquakes with anomalous focal mechanisms should
be different.

The strongest earthquakes of the 2014 sequence are located in the area of
the fault interaction of two parallel fault segments (Figure 11). Both fault
segments were activated in 2008 and 2011. The intense seismic activity
in 2008 and 2011 accompanied probably also by an aseismic slip on the
faults afterward created a local compressive stress anomaly leading finally
to breaking the strength barrier between the faults. The mainshock and a
portion of aftershocks displayed a reverse focal mechanism and occurred
on a fracture that linked the existing fault steps. This interpretation is
supported by (1) the orientation of the fault calculated from the focal
mechanism of the mainshock, (2) distinctly different statistical properties
of the 2014 sequence with extremely fast aftershock decay suggesting a
formation of a high-strength fracture under compressive stress regime,
(3) swapping of the σ2 and σ3 axes in the area between the tips of the inter-
acting faults, and (4) the modeling of the Coulomb stress change of two

parallel compressive fault steps that confirmed a high probability of the occurrence of reverse focal mechan-
isms and a rotation of stress axes between the fault tips.

Note that differences in the decay of aftershocks in time were studied by Valerio et al. (2017) for various seis-
mogenic regions. The authors report that regions with compressive stress regimes, producing earthquakes
with reverse focal mechanisms, are characterized by a remarkably faster energy release than areas with
extensional stresses. Our observations coincide with these results and indicate that the fast energy release
in the 2014 sequence can be due to the compressive stress in the focal zone. The slower energy release in
the 2008 and 2011 sequences can originate in the strike-slip stress regime in the focal zone consistent with
the regional background stress.

In addition, a compressive stress anomaly produced by the fault steps can explain the occurrence of the
mainshock-aftershock character of the 2014 sequence. Fluid-rich geothermal regions are usually character-
ized by high heat flow with elevated temperatures and with mixed brittle-ductile failures manifested by the
occurrence of a swarm-like seismicity (Ben-Zion & Lyakhovsky, 2006; Zaliapin & Ben-Zion, 2013). Accordingly,
a long-term erosion of faults in West Bohemia by fluids caused probably their weakness with absence of
strong asperities and produced repeating occurrence of earthquake swarms as documented by Vavryčuk
and Hrubcová (2017) by analysis of non-DC components of seismic moment tensors. However, an interac-
tion of the fault tips altered physical conditions in the focal zone. It changed locally the orientation of

Figure 11. Tectonic sketch of the focal zone. The figure shows the fault steps
(solid lines), the conjugate segments (dotted lines), and the newly formed
fault (dashed line). The full black arrows show the orientation of the maxi-
mum and minimum compressive stress axes of the regional background
stress. The beach balls show the focal mechanisms associated with the fault
steps (in red), with the conjugate segments (in blue) and with the fault
formed or activated within the stress anomaly (in gray). The faults outside the
stress anomaly are weak due to a long-term fluid-driven erosion. By contrast,
the fault inside the stress anomaly is of high strength. The black arrows in
beach balls identify the faults. The area of the stress anomaly is shaded.
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stress and initiated forming or activating high-strength fractures that broke a barrier between the fault tips
and linked the existing faults. Because of a compressive character of the stress anomaly, the involvement of
fluids was minimized. Hence, the energy release on the high-strength fractures resembles the standard
earthquake sequences being thus essentially different from the typical fluid-driven activity on existing active
weak faults in the region.

Breaking a barrier between the tips of the previously active isolated faults and linking them during the 2014
activity increased the seismic hazard in the area. The strongest instrumentally recorded earthquake during
the last 40 years occurred on the southern fault segment during the 1985/1986 earthquake swarm and
reached magnitude ML of 4.6. The area of the southern segment activated during the 1985/1986 swarm
(Vavryčuk, 1993) was similar to that activated during the 2008 swarm with size of about 3 × 3 km (see
Figure 2). An earthquake associated with rupturing the whole southern segment would reach magnitude
Mw of about 5.0 (Wells & Coppersmith, 1994). The northern fault segment activated in the 2011 swarm is char-
acterized by the same size of about 3 × 3 km as the northern fault segment (see Figure 2), and the maximum
expectedmagnitudeMw is again about 5.0. However, if an earthquake ruptures the whole linked fault system,
the magnitude Mw will increase to 5.4.

7. Conclusions

A detailed study of focal mechanisms and stress in the focal zone in West Bohemia evidences that fault steps
can concentrate a local stress anomaly significantly disturbing the background stress. Consequently, break-
ing the barrier between the fault steps can trigger a seismic sequence with the focal mechanism of the main-
shock incompatible with the regional background stress. When the barrier is broken, a fracture linking the
fault steps is formed or activated. The fracture process can continue along the existing individual weak faults
well oriented for shearing under the regional background stress. Hence, the linkage of the compressive fault
steps or rupture jump between the fault segments increases the probability of the occurrence of a large
earthquake in the region. Therefore, searching for compressive fault steps in seismically active regions is
important for evaluating properly the seismic hazard.

Local stress anomalies caused by geometrical irregularities (e.g., kinks, discontinuities due to fault steps) or
heterogeneities in strength along faults or fault systems significantly complicate the reconstruction of stress
field from focal mechanisms. Such anomalies can be quite small in size but still affecting focal mechanisms
and the character of the seismic sequence. They can be identified by observing an exceptionally wide variety
of accurately determined focal mechanisms or by detecting anomalous focal mechanisms inconsistent with
the regional background stress in some part of the focal zone. The paper documents that inverting focal
mechanisms of the strongest earthquakes of a seismic sequence does not necessarily yield the orientation
of the regional background stress.

Observation of swarm-like and mainshock-aftershock activities in one focal zone points out complex nature
of rupture processes. In fluid-rich geothermal regions, characterized by high heat flow and intense rock-fluid
interactions, the seismicity is typically associated with weak faults that produce a swarm-like seismicity.
However, a local stress anomaly created by interaction of active weak faults can form or activate high-
strength fault rupturing of which produces the mainshock-aftershock sequences. Hence, stress and strength
heterogeneities in the focal zone are the key factors controlling extremely variable space-time evolution of
seismic energy release.
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