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Abstract The occurrence and specific properties of earthquake swarms in geothermal areas are usually
attributed to a highly fractured rock and/or heterogeneous stress within the rock mass being triggered by
magmatic or hydrothermal fluid intrusion. The increase of fluid pressure destabilizes fractures and causes
their opening and subsequent shear-tensile rupture. The spreading and evolution of the seismic activity are
controlled by fluid flow due to diffusion in a permeable rock (fluid-diffusion model) and/or by redistribution
of Coulomb stress (intrusion model). These models, however, are not valid universally. We provide
evidence that none of these models is consistent with observations of swarm earthquakes in West Bohemia,
Czech Republic. Full seismic moment tensors of microearthquakes in the 2008 swarm in West Bohemia
indicate that fracturing at the starting phase of the swarm was not associated with fault openings caused by
pressurized fluids but rather with fault compactions. This can physically be explained by a fault-weakening
model, when the essential role in the swarm triggering is attributed to degradation of fault strength due
to long-lasting chemical and hydrothermal fluid-rock interactions in the focal zone. Since the rock is exposed
to circulating hydrothermal, CO2-saturated fluids, the walls of fractures are weakened by dissolving and
altering various minerals. The porosity of the fault gauge increases, and the fault weakens. If fault strength
lowers to a critical value, the seismicity is triggered. The fractures are compacted during failure, the fault
strength recovers, and a new cycle begins.

Plain Language Summary The occurrence of earthquake swarms in geothermal areas is usually
attributed to a highly fractured rock and/or heterogeneous stress within the rock mass being triggered by
magmatic or hydrothermal fluid intrusion. The increase of fluid pressure destabilizes fractures and causes
shear-tensile rupture. The spreading and evolution of the seismic activity are controlled by fluid flow due to
diffusion in a permeable rock and/or by redistribution of Coulomb stress. This model, however, is not valid
universally. We provide evidence that the model is inconsistent with observations of earthquake swarms in
West Bohemia, Czech Republic. Microearthquakes in swarms in West Bohemia indicate that fracturing was
not associated with fault openings but rather with fault compactions. This can be explained by a
fault-weakening model, when the essential role in the swarm triggering is attributed to chemical and
hydrothermal fluid-rock interactions in the focal zone. Since the rock is exposed to circulating hydrothermal,
CO2-saturated fluids, the walls of fractures are weakened by dissolving various minerals. The porosity of the
fault gauge increases, and the fault weakens. If fault strength lowers to a critical value, the seismicity is
triggered. The fractures are compacted during failure, the fault strength recovers, and a new cycle begins.

1. Introduction

Earthquake swarms are seismic sequences clustered in space and time with no distinct main shock and
typically observed in volcanic or geothermal areas [Hill, 1977; Scholz, 2002]. The swarms last from hours to
several months comprising thousands of seismic events of magnitude up to 4–5 and occupying a volume
of up to several km3. The swarm activity is attributed to a highly fractured rock and/or heterogeneous stress
within the rock mass [Mogi, 1963] being triggered by magmatic or hydrothermal fluids [Hill, 1977; Sibson,
1996]. The role of fluids in generating the earthquake swarms is commonly recognized, and the migration
of the activity has often been explained by fluid diffusion in the rock [Špičák and Horálek, 2001; Waite and
Smith, 2002; Chen et al., 2012; Shelly et al., 2013]. Consequently, hydraulic parameters such as fluid pressure,
fluid ratio [Vavryčuk, 2002], or hydraulic diffusivity and permeability [Parotidis et al., 2005] have been
estimated from swarm seismicity in case studies. The important role of fluids in generating swarm activity
is further evidenced in fluid-injection experiments [Baisch and Harjes, 2003; Dorbath et al., 2009] and in
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hydraulic fracturing in oil and gas reservoirs [Phillips et al., 1998; Baig and Urbancic, 2010;Maxwell et al., 2010]
which induce typical swarm-like microseismicity.

Physically, the mechanism of triggering of the swarm by fluids is explained by the so-called fluid-
overpressure (fluid-injection) model. The model assumes an initial fluid intrusion which induces an increase
of fluid pressure in a critically organized fracture system [Bak and Tang, 1989]. A sudden increase of fluid
pressure reduces the effective normal traction on fractures and reduces the critical shear traction needed
for failure according to the Mohr-Coulomb failure criterion. Even though the fluid pressure increase does
not affect fault strength and friction, it destabilizes the fractures and causes their rupturing. If the fluid
pressure is high enough (higher than the minimum compression), pure tensile cracks are formed as, for
example, in the hydrofracturing experiments. More often, however, the pressure increase is not so high
and fluids just activate predominantly shear cracks with a very small or negligible tensile component. A
subsequent spreading and evolution of seismic activity is controlled by fluid flow due to diffusion in a perme-
able rock (fluid-diffusion model) and/or by the redistribution of Coulomb stress (intrusion model) [Rubin et al.,
1998; Yamashita, 1999; Hainzl, 2004; Parotidis et al., 2005; Dahm et al., 2008; Shapiro, 2015]. This process has
been modeled numerically by using equations of linear or nonlinear diffusion [Parotidis et al., 2003, 2005;
Miller et al., 2004; Shapiro and Dinske, 2009] and the epidemic-type aftershock sequence model which
describes the statistical properties of sequences when each event can hierarchically produce its own
aftershocks [Hainzl and Ogata, 2005; Hainzl et al., 2016].

Another physically plausible mechanism of earthquake swarm triggering was suggested by Heinicke et al.
[2009], who studied a swarm activity in West Bohemia, Czech Republic, and emphasized its close relation
to a continuous, long-lasting interaction of fluids with crustal rocks. Heinicke et al. [2009] speculate that this
interaction leads to an extensive hydrothermal alteration of crustal rocks at focal depth, erosion of faults, and
gradual fault weakening, resulting finally in fault failure. A variation of frictional strength of faults caused by
fluid migration is also reported by Yoshida et al. [2016] for an earthquake swarm in NE Japan. The fault weak-
ening processes are recognized to be important also for standard seismic sequences and can span various
time scales. The dynamic fault weakening is reported during a rupture process itself being caused by rapidly
elevated pore pressure due to compaction of fluid saturated gouge layer [Hirakawa and Ma, 2016] or by
thermal pressurization of pore fluids during the seismic slip [Sibson, 1973; Lachenbruch, 1980]. The long-term
fault weakening due to fluid interaction with faults comes from their hydrothermal alteration and involve-
ment of fluids passing through fault-fracture meshes over a broad range of crustal depths. Because of high
permeability of faults relative to the host rock, fluids migrate through fault gouge and interact with fault walls
[Sibson, 2000]. This increases the pore volumes for passing fluids in permeable conduits and promotes the
fluid convection. A broader damage zone surrounding the fault core is characterized by porous, highly
fractured, and possibly granulated fluid-saturated material. The presence of fluids within a fault zone plays
an important role in stability of tectonic faults due to their effect on frictional strength [Rice et al., 2014]
and explains weakness of mature faults [Sleep and Blanpied, 1992; Floyd et al., 2001].

In this paper, we focus on explaining the origin of intraplate earthquake swarms based on a detailed analysis
of earthquake source parameters. We show that the fluid-overpressure model explaining the origin of earth-
quake swarms is not universally valid being inconsistent with observations of the 2008 earthquake swarm in
West Bohemia, Czech Republic. The fluid-overpressure model predicts extensional motions at initial swarm
phases due to fault opening by pressurized fluids. These motions are associated with positive nondouble-
couple (non-DC) components of seismic moment tensors. Instead, predominantly compressional motions
with negative non-DC components are observed at the beginning of the swarm activity. Therefore, we prefer
the fault-weakening model for explaining the intraplate swarm’s origin and for the earthquake swarm cycle.
We support this concept by a careful quantitative analysis of non-DC components of seismic moment tensors
and their interpretation in terms of the shear-tensile-compressive source model.

2. The West Bohemia Swarm Area

The West Bohemia/Vogtland region, the border area between the Czech Republic and Germany, is the most
seismically active region in the BohemianMassif [Babuška et al., 2007; Fischer et al., 2014]. It is characterized by
persistent seismic activity with frequent occurrence of earthquake swarms. The most prominent earthquake
swarms occurred recently in 1985/1986, 1994, 1997, 2000 [Vavryčuk, 1993; Horálek et al., 2000; Fischer and
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Horálek, 2003], 2008 [Fischer et al.,
2010], and 2011 [Čermáková and
Horálek, 2015] at the same epicentral
area called the Nový Kostel focal zone
(see Figure 1). The isolated earth-
quakes as well as earthquake swarms
occur also in other areas, but they are
significantly less frequent [Fischer
et al., 2014]. The duration of the
earthquake swarms in the Nový
Kostel area was from several days to
3 months, and the activity was
focused typically at depths ranging
from 7 to 12 km (see Figure 2). The
strongest instrumentally recorded
earthquake was the ML 4.6 earth-
quake on 21 December 1985.

The West Bohemia region is situated
in the western part of the Bohemian
Massif at the contact of three Variscan
structural units: Saxothuringian,
Teplá-Barrandian, and Moldanubian
[Babuška et al., 2007]. The triple junc-
tion of the units is characterized by
thinning of the crust with depth of
the Moho ranging from 28 km to
32 km [Hrubcová et al., 2013]. The
tectonic structure of the area is
described by two main fault systems

well expressed on the surface: the NW-SE Mariánské Lázně fault system and the SW-NE Ore-Mountain fault
system related to Tertiary Eger Rift opening (see Figure 1). However, the recently active fault is the left-
lateral strike-slip fault in the N-S direction with a strike of N169°E. This fault 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 with a strike of N304°E. The seismically active faults
not only were identified at depth independently by foci clustering and by focal mechanisms [Vavryčuk
et al., 2013] but also have some geological evidence on the surface [Bankwitz et al., 2003]. The left-lateral
strike-slip fault was active during the earthquake swarms in 1985/1986 [Vavryčuk, 1993], in 2000 [Fischer
and Horálek, 2003], and in 2008 [Vavryčuk, 2011a]. On the contrary, the right-lateral strike-slip fault was
active during the earthquake swarm in 1997 and 2008 [Dahm et al., 2000; Vavryčuk, 2002, 2011a]. The max-
imum compressive stress determined from focal mechanisms has an azimuth of N146°E [Vavryčuk, 2011a].
This direction coincides well with the average direction N144°E in Western Europe [Heidbach et al., 2008].
The value is slightly rotated with respect to the direction N160°E measured at the KTB superdeep borehole
[Brudy et al., 1997], located about 50 km SW of the West Bohemia/Vogtland region. The stress analysis indi-
cates that the two active faults in the region with strikes of N169°E and of N304°E are optimally oriented
with respect to the tectonic stress, being the most unstable faults and forming thus a pair of conjugate
principal faults in the area [Vavryčuk, 2011a]. The deviation of the principal faults from the σ1 axis is about
32° and corresponds to fault friction of 0.5. This value is slightly less than the value of 0.6–0.8 predicted
from laboratory measurements [Byerlee, 1978] or the prevailing value of 0.6 observed under geological
conditions [Scholz, 2002].

Active tectonics is manifested by numerous mineral springs, CO2 emanations, and Tertiary and Quaternary
volcanism (see Figure 3). The massive CO2 degassing is close to the earthquake swarm area and occurs in
the form of CO2-rich springs and wet and dry mofettes in several degassing fields along the main tectonic
fault zones. Contrary to the strike of the faults controlling the earthquake swarms, the band of CO2

Figure 1. Topographic map of the West Bohemia/Vogtland region. The
epicenters of the 2008 swarm earthquakes are marked by red dots. The
WEBNET stations are marked by blue triangles. The dashed black lines show
the major tectonic lines. The red dashed lines show the orientation of the
active faults with strikes of 169° and 304°. The orientations of the maximum
and minimum compressions are marked by the full red arrows. The dashed-
dotted line shows the border between the Czech Republic and Germany. The
cones show four Quaternary volcanoes.
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degassing and springs trends NW-SE in the direction of the maximum compressive stress at depth (Figure 1),
as well as in the direction of the main fault zones (Marianské Lázně Fault trending NW-SE and the Eger Rift in
NE-SW direction). Three main degassing centers (Figure 3) are characterized by high gas flow, high CO2

concentrations, and high mantle-derived helium contents [Weinlich et al., 1999; Geissler et al., 2005]. In the
Cheb Basin, at the intersection of these fault zones, the portion of mantle-derived helium is the highest
and the subcontinental helium isotopic signature indicates supplying of magmatic fluids from magma
reservoirs at the Moho depths [Bräuer et al., 2008].

3. Earthquake Swarm in 2008
3.1. Seismic Observations

One of the strongest recent earthquake swarms in the West Bohemia region occurred in October 2008
[Fischer et al., 2010; Vavryčuk et al., 2013]. This swarm lasted for 4 weeks being formed by eight distinct phases
P1–P8. It involved about 25.000 microearthquakes of magnitudes higher than �0.5 with the largest event

Figure 2. Hypocenters of the seismic activity in the Nový Kostel focal zone for the period from 1993 to 2011 relocated by
the (a–c) double-difference method together with the (d) magnitude-time plot and with (e and f) two focal mechanisms
characteristic for the focal zone. The locations are shown in the map view (Figure 2a) and in two vertical cross sections
(Figures 2b and 2c). The hypocenters are color-coded by the origin time. The fault nodal lines in Figures 2e and 2f are
marked by the red arrows. Modified after Fischer et al. [2014].
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reaching the magnitude of 3.8. The
epicenters formed a 4 km long cluster
striking N170°E. The hypocenters
were located at depths of
7.5–11 km. The b value of the
magnitude-frequency distribution
was close to 1.

The swarm was recorded by 22 local
three-component seismic West
Bohemia Network (WEBNET) stations
(Figure 1). The stations have epicen-
tral distance smaller than 25 km and
cover the area uniformly with no
significant azimuthal gap. Most of
the stations are short period with a
sampling frequency of 250 Hz and
flat frequency response between 1
and 30 Hz. In addition, the station
with the nearest epicentral distance
(station NKC) was equipped with a
broadband STS-2 seismometer. The
detection threshold magnitude of
the WEBNET network was less than
�0.5, and the magnitude of comple-
teness of the earthquake catalogue
is about �0.3 [Fischer et al., 2010].

3.2. Locations and
Focal Mechanisms

In total, 483 swarm earthquakes
recorded at all WEBNET stations were

located by Bouchaala et al. [2013] in order to analyze a detailed structure of the focal zone. First, initial
locations were calculated by the FASTHYPO code [Herrmann, 1979] in a layered velocity model of Málek
et al. [2000] by using manually picked P and S arrival times. Second, the double-difference relocation method
ofWaldhauser and Ellsworth [2000] was applied to differential times obtained from manual picking as well as
from cross correlation in order to increase the accuracy of relative locations. The relative accuracy of the
calculated hypocenters within the cluster was estimated to be less than 20 m [Bouchaala et al., 2013]. The
accuracy of the absolute location of the cluster is about 100 m in the horizontal plane and 350 m in depth
[see Bouchaala et al., 2013].

Accurate locations of the 483 swarm earthquakes indicate that individual swarm phases activated different
patches on the fault (see Figure 4). The swarm activity started at depths of 10.5–11.0 km and gradually moved
to shallower depths. The last swarm phase P8 activated a fault segment at depths of 7.5–8.5 km (see Figure 4c).
A detailed migration of foci of the first three swarm phases P1–P3 (see Figure 4d) reveals that the foci
systematically move upward along the fault, from depths of 11.0 km in the south to depths of 7.5 km in
the north. The N-up movement coincides with the rake of �40° to �50° typical for the predominant
left-lateral strike-slip focal mechanism (except for the orientation). Later phases P4–P8 are shallower than
phases P1–P3 but with no further shift to the north.

Themicroearthquakes form typically multiplets (see Figure 5). The focal mechanisms of microearthquakes are
of two basic types (see Figure 6): the left-lateral strike slips (mechanism A, ϕ = 169°) with a weak normal
component and the right-lateral strike slip (mechanism B,ϕ = 304°) with a normal component. The left-lateral
strike slips are prevailing being scattered over the whole focal area. The two basic types of the focal mechan-
ism are called the principal focal mechanisms because the fault segments associated with them are optimally
oriented with respect to the tectonic stress in the region [Vavryčuk, 2011a]. A small portion of events display

Figure 3. Topographic map of the West Bohemia region with the distribu-
tion of degassing locations (small numbers identify the degassing locations
after Geissler et al. [2005]). The black segments of the circles correspond to
the portions of mantle-derived helium (3He/4He ≈ 6.5 Ra [Gautheron et al.
[2005]). The data are taken from Weinlich et al. [1999], Geissler et al. [2005],
and Bräuer et al. [2011] (NK = Nový Kostel focal zone, CB = Cheb Basin,
ML = Mariánské Láznĕ, KV = Karlovy Vary). The red dots show the epicenters
of 2008 swarm earthquakes, and the red triangles mark Quaternary volca-
noes (KH = Komorní Hůrka, ZH = Železná Hůrka, MM = Mýtina Maar). D:
Germany, CZ: Czech Republic. After Fischer et al. [2014].
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also some other focal mechanisms associated with small patches in the focal area. These patches indicate the
existence of several differently oriented small-scale fault segments [Vavryčuk et al., 2013].

3.3. Inversion of Focal Mechanisms for Stress

In order to understand faulting processes during the swarm activity, stress conditions in the focal area and
tractions acting on individual fault segments should be known. Vavryčuk [2011a] and Vavryčuk et al. [2013]
studied the focal mechanisms of the 2008 earthquake swarm and inverted them for stress. They found that
the pressure (P) and tension (T) axes are well clustered and form the so-called butterfly wings. Stress in the
focal area was also inverted by Vavryčuk [2014] who applied the stress inversion of Michael [1984, 1987]
improved by incorporating the fault instability criterion for resolving the ambiguity of focal mechanisms
and distinguishing the fault from the auxiliary nodal plane. The resultant principal stress directions
(azimuth/plunge) are as follows [Vavryčuk, 2014, Table 1]: σ1 = 139°/35°, σ2 = 332°/54°, and σ3 = 233°/7°.
The stress ratio R is 0.78. The corresponding two principal focal mechanisms are (strike/dip/rake)
164°/81°/�37° and 298°/66°/�149°. The errors in the stress directions and stress ratio R are about 6° and 6%,
respectively. The stress analysis indicates that the majority of the activated fractures are well oriented for
shear faulting.

4. Moment Tensors of Swarm Earthquakes in 2008
4.1. Inversion Method

The moment tensors (MTs) of the data set under study were calculated through the inversion of P wave
amplitudes. This inversion proved to be an efficient and accurate method for determining MTs of micro-
earthquakes recorded by local seismic stations [Šílený, 2009; Horálek et al., 2010; Pesicek et al., 2012;
Stierle et al., 2014]. Since amplitudes of the direct P wave are inverted, the method is less sensitive to

Figure 4. Migration of foci of 483 selected swarm earthquakes. Magnitude-time plot for the whole period of the (a) swarm
and for the (b) first three swarm phases. Foci of earthquakes projected on the fault for the whole period of the (c) swarm
and for the (d) first three phases. The foci are color-coded according to their origin time and scaled according to their
magnitude. The color-coding is consistent for plots showing the same time period: for Figures 4a–4c and for Figures 4b–4d.
The arrow in Figure 4d marks the direction of foci migration. The direction of the slip is for the typical focal mechanisms
(with strike/dip/rake of 170°/75°/�40°) parallel to the arrow direction but aiming downward.
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unknown crustal small-scale inhomogeneities and to crustal anisotropy producing coda waves and shear
wave splitting, respectively. Both types of structural complexity are often mismodeled in waveform
inversions, so that they deteriorate fitting of synthetic and complete waveforms and reduce the accuracy
of the resultant MTs [Šílený and Vavryčuk, 2000, 2002]. This difficulty typical for high-frequency
waveforms of local microearthquakes or for regional earthquakes with an unknown velocity model is
often overcome by inverting individual phases extracted from full waveforms [Zhao and Helmberger,
1994; Nayak and Dreger, 2014; Alvizuri and Tape, 2016] and thus emphasizing information on amplitude
of the phases in the inversion.

The analyzed data set consists of the 483 swarm earthquakes accurately located by Bouchaala et al. [2013].
The set comprises events with magnitudes ranging from 1.0 to 3.8 and covers the entire focal zone and the
whole variety of focal mechanisms. The velocity records were integrated into displacement and band pass
filtered in the frequency range of 1–25 Hz to suppress seismic noise (see Figure 5). The predominant
frequencies of the signal were mostly between 5 and 15 Hz. The amplitudes of the direct P wave were
measured by an analyst and inverted for full moment tensors. The Green’s functions, as a response of the
medium, were computed by using the ray method [Červený, 2001]. We used a 1-D gradient velocity model
obtained by smoothing the layered model used for locations. In order to get accurate moment tensors,
the measured amplitudes were corrected for amplification factors obtained by the so-called network calibra-
tion proposed by Davi and Vavryčuk [2012]. Inverting the whole data set of earthquakes, the method is

Figure 5. Pwaveforms of two sets of 20microearthquakes characterized by (a) left-lateral oblique strike slips (mechanism A)
and (b) right-lateral oblique strike slips (mechanism B). The waveforms are normalized to their maximum amplitude. The
waveformsmanifest (1) their simple structure with a predominant direct P pulse and (2) their similarity typical for multiplets.
The vertical components of displacement are shown for nine stations of the WEBNET network.
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capable to correct the Green’s function for unknown site effects or for other local inhomogeneities not
included in the velocity model. The full moment tensors are obtained by using the generalized linear
inversion and decomposed into the double-couple (DC), isotropic (ISO), and compensated linear vector
dipole (CLVD) components [Vavryčuk, 2002, 2015].

4.2. Uncertainties of Non-DC Components

The retrieved MTs are of an unprecedentedly high accuracy (see Data Set S1 in the supporting information).
This was achieved by inverting data (1) with a high signal-to-noise ratio, (2) with simple waveforms with
dominating direct P wave indicating absence of strong crustal heterogeneities or anomalous site effects (see
Figure 5), and (3) recorded at a large number of local stations at small epicentral distance and with dense and
uniform coverage of the focal sphere (see Figures 6c and 6d). The reliability of the MTs was assessed by the
root-mean-square residuals (RMS) between the synthetic and observed amplitudes. In addition, the accuracy
was estimated by multiple inversions of amplitudes contaminated by random noise of uniform distribution
with a noise level up to 20%. The foci were mislocated with an error of 250 m in the epicenter and of
500 m in depth. The velocity model was perturbed with velocity perturbations of 5%. Based on these tests,
we selected 249 earthquakes recorded at least at 15 local stations with the most reliable MTs characterized
by the RMS less than 0.20, by the standard errors in the strike, dip and rake angles less than 5°, and by the
standard errors in the ISO and CLVD less than 3 and 8%, respectively.

Note that the percentages of the ISO and CLVD are mutually independent, their trade-off being reduced to
minimum. This trade-off appears when the CLVD axis is nearly vertical, and thus, the radiation patterns of
the ISO and CLVD are similar. This is eliminated for our data because the CLVD axis for the majority of events
is along the T axis, which is nearly horizontal (see Figures 6c and 6d).

Figure 6. Focal mechanisms of two sets of 20 multiplets from Figure 5 with (a) mechanism A and (b) mechanism B together
with examples of focal mechanisms for two individual events: (c) event X5488A of 14 October 2008 at 19:00:33 with
ML = 3.7 and (d) event X2678A of 10 October 2008 at 16:20:35 withML = 2.5. The blue plus signs and red circles in Figures 6c
and 6d mark the positive and negative polarities of P waves recorded at the WEBNET stations, respectively.
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4.3. Basic Characteristics of
Non-DC Components

Figure 7 shows the values of the CLVD
and ISO components for the 249most
accurate moment tensors together
with moving averages calculated
over moment tensors of 10 succes-
sive analyzed earthquakes depicted
according to their origin times.
Apparently, the averaged curves
smooth the scattered values of the
CLVD and ISO components. The
scatter has the two following origins:

1. The scatter is partly due to the
errors of the MT inversion. The
standard deviations of the ISO
and CLVD are less than 3 and 8%
for all selected moment tensors
(see Figure 7b). The mean ISO
and CLVD standard deviations
are of 1.5 and 5.0%, respectively
(see Figure 7a, shadow area, and
Figure 7b, dashed lines). Since
the ISO and CLVD are out of the
error limits for most of the events,
the major part of the non-DC
components cannot be explained
by the inversion errors.

2. The scatter can reflect random
nature of physical processes at
the focal area caused by irregula-
rities of the fault geometry, of
strength distribution along the
fault, and of space-time distribu-
tion of stress.

Calculating the moving average of the non-DC components, we can suppress the scatter of the non-DC
components (of either numerical or physical origin) and enhance systematic variations and trends. These
variations should primarily be caused by physical conditions and processes in the source, such as
tensile/compressive faulting or seismic anisotropy in the focal area [Vavryčuk et al., 2008].

5. Interpretation of Non-DC Components

The non-DC components consist of the isotropic (ISO) and the compensated linear vector dipole (CLVD)
components. They might be spurious being produced by numerical errors of the inversion, when the amount
of data is limited, by the inaccuracy of the Green functions, or by the inadequate simplification of the source
process [Šílený et al., 1996; Panza and Sarao, 2000; Šílený, 2009]. The dense station configuration, good
azimuthal coverage, and high-quality observations in West Bohemia, however, do not support this interpre-
tation and favor their physical origin [Frohlich, 1994; Julian et al., 1998; Foulger et al., 2004]. The most common
physical mechanisms producing non-DC components are seismic anisotropy, tensile/compressive faulting
[Vavryčuk, 2005, 2011b; Vavryčuk et al., 2008], or collapses in mines [Rudajev and Šílený, 1985; Šílený and
Milev, 2008; Trifu and Shumila, 2010; Kuehn and Vavryčuk, 2013; Whidden and Pankow, 2016]. Anisotropy in
the focal area can produce ISO and CLVD components even for shear faulting. In this case, the ISO and
CLVD are, in general, uncorrelated and depend on the orientation of faulting with respect to anisotropy

Figure 7. (a) The CLVD (blue) and ISO (red) components of 249 selected
moment tensors. (b) The standard deviations of the CLVD (blue) and ISO
(red) components. The order of events is according to their origin time. In
order to better visualize the CLVD-ISO correlation, the scales of the CLVD and
ISO components differ by a multiplication factor of 3. The dashed area in
Figure 7a denotes the error limits for the CLVD and ISO produced by inac-
curacies in the inversion of the DCmoment tensors. The blue and red dashed
lines in Figure 7b show an average error of the CLVD and ISO components,
respectively. The CLVD and ISO percentages are calculated by using the
formulas of Vavryčuk [2015, equations (6–9)].
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axes [Vavryčuk, 2005]. Consequently, the variations of the ISO and CLVD in anisotropic media reflect variations
of the focal mechanisms. By contrast, the ISO and CLVD in the 2008 West Bohemia swarm are well correlated,
and the focal mechanisms do not display any systematic time variations which could explain the time depen-
dence of the ISO and CLVD in Figure 7a. The ISO and CLVD vary even for earthquakes with identical focal
mechanisms. For these reasons, we can conclude that the anisotropy effects should not be dominant and
the most plausible origin of the observed non-DC components is tensile (or compressive) faulting.

5.1. Shear-Tensile-Compressive Source Model

Real physical non-DC components of the moment tensors observed in geothermal areas are usually
produced by tensile faulting associated with the presence of fluids [Kravanja et al., 2000; Panza and Sarao,
2000; Vavryčuk, 2002; Foulger et al., 2004]. Injection of pressurized fluids can open the fault, while leakage
of fluids can close the fault. In both cases, the slip vector does not lie in the fault and nonshear faulting is
observed. Mathematically, this rupture process is described by the so-called shear-tensile-compressive
source model or simply the tensile model [Vavryčuk, 2011b]. The model is defined by the orientation of the
normal n to the fault (fracture) and by the slip vector u with moment tensorM expressed in isotropic media
as [Vavryčuk, 2005, equation (4)]:

Mij ¼ λSnkukδij þ μS ni uj þ nj ui
� �

; (1)

where λ and μ are the Lamé’s coefficients and S is the fracture size.

The deviation between the slip vector and the fracture plane is called the slope angle α (see Figure 8). For
shear faulting, α is zero and the moment tensor is pure DC. Positive values of α correspond to fault opening
(Figure 8a) and produce positive ISO and CLVD. Negative values of α correspond to fault closing (Figure 8b)
and produce negative ISO and CLVD. The slope angle is calculated from the eigenvalues of the moment
tensor, M1, M2, and M3 [Vavryčuk, 2011b, equation (18)]:

sinα ¼ M1 þM3 � 2M2

M1 �M3
; (2)

where M1 > M2 > M3.

5.2. CLVD, ISO, and Slope Angle

As shown in Figure 8, the model of tensile faulting is characterized by a linear dependence between the ISO
and CLVD components. This dependence is detected also in the observed data (see Figures 9a and 9b). The
correlation coefficient between the observed ISO and CLVD (Figure 7a) attains a value of 0.83, indicating that
the model of tensile faulting adequately describes the fracture process in the focal zone. In addition, the
predominantly negative values of the ISO and CLVD point out to mainly compressive faulting, when the slope
angle is negative and the fault is closing during the seismic activity (see Figures 9a and 9b).

Figure 9c shows the histogram of the slope angle calculated for the analyzed events by using equation (2).
The slope angles range between �20° and 10° with most frequent values between �7° and �5°. The uncer-
tainty of the slope is estimated similarly as for the CLVD and ISO by multiple MT inversions of amplitudes
contaminated by random noise of uniform distribution with a noise level up to 20%. The slope error calcu-
lated as the mean standard deviation of slopes calculated from noisy MTs and averaged over all earthquakes
is 4°. Since the slope of the majority of earthquakes is out of the error limits of shear faulting (see Figure 9c), it
cannot be an artifact of the inversion but should reflect nonshear nature of faulting. In addition, systematic
variations of the slope evaluated for consecutive earthquakes indicate evolution of faulting regime in time,
as discussed in the next section.

5.3. Time Variation of Slope

The time evolution of prevailing fracture mode in the focal zone can be traced by variation of the slope angle
of earthquakes in time. To enhance systematic variations we calculate the moving average of the slope over
10 successive earthquakes similarly as in the analysis of the ISO and CLVD components (see Figure 7) and plot
it as a function of time (see Figure 10). As seen in Figure 10, the slope angle exhibits clear time variations
correlated with the activity rate during the swarm.

The most prominent changes are observed during the first 5 days of the swarm (see Figure 10c) which are
densely covered by the analyzed earthquakes. This time period comprises three distinct phases of the
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swarm activity P1–P3. The beginning
of the phases is characterized by an
abrupt decrease of the slope angle
to negative values of �5° to �10°
corresponding to mixture of shear-
compressive fracturing. After that,
the slope angle continuously
increases attaining zero or even posi-
tive values (namely the period after
P1). The periods of distinct shear-
compressive fracturing vary for indi-
vidual swarm phases.

In order to assess the reliability of the
time variation of the slope by using
moving averaging we perform addi-
tional numerical tests. First, we calcu-
late the time variation of the slope by
moving averaging over 6 and 16
successive earthquakes, respectively
(Figures 11a and 11b). Again, the
abrupt drop of the slope angle at
the beginning of the individual
swarm phases is clearly visible.
Obviously, strong smoothing in
Figure 11b reduces the range of
slope variations and suppresses their
details. As a consequence, the slope
anomalies associated with phase P1
and with the follow-up activity are
suppressed because this period is
short and covered by a rather low
number of earthquakes. Nevertheless,
the basic properties of the slope var-
iation are conserved for all moving
average windows (see Figures 10c
and 11a and 11b). Second, we esti-
mate uncertainties of moving aver-
aging due to the errors of the slope
of individual earthquakes. We super-
impose Gaussian noise with the
standard deviation of 4° to slopes of
individual earthquakes and calculate
100 moving average curves. The
scatter of the curves determines the
standard deviation σ. The uncertainty
limits are alternatively defined by 1σ
and 2σ. Figure 11 shows that com-

pressive faulting regime in swarm phases P1–P3 is significant for both kinds of uncertainty limits and for both
moving average windows.

6. Origin of Earthquake Swarms in West Bohemia

The standard model for repeating occurrence of earthquakes is based on the assumption that stress is
gradually accumulated in the Earth’s plates due to plate motion, and when the stress exceeds a critical

Figure 8. Model of (a) shear-tensile and (b) shear-compressive faulting and
the (c) corresponding source-type plot. The angle α between slip vector u
and fault plane is the slope. (c) The dots correspond to the sources with
specific values of the slope angle and the vp/vs ratio. The slope angle ranges
from �90° (pure compressive crack) to 90° (pure tensile crack) in steps of 3°.
The dots form lines with orientation controlled by the vp/vs ratio of the
medium in the focal zone. The values of the vp/vs ratio are indicated in the
plot. The plot is color-coded according to the percentage of the DC. The pure
shear events (DC = 1, α = 0°) are located in the center of the diamond. Pure
tensile and compressive events (DC = 0, α = ±90°) are located at the
boundary of the diamond.
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strength of the fault, an earthquake occurs [Kanamori and Brodsky, 2004]. The stress is then relaxed, and a
new earthquake cycle begins. This explains seismicity at plate boundaries but not the origin of intraplate
seismicity where a dominant role of plate motion in building the tectonic stress is lost.

6.1. Fluid-Overpressure Model

The earthquake cycles of intraplate earthquake swarms can be explained by the presence of steady state fluid
flow or fluctuating fluid injection from depth into a focal zone where fluids are captured with no escape due
to impermeable rocks. When fluids accumulate in the rock they can build overpressure. If the fluid pressure
reaches a critical value, the seismic activity is triggered (see Figure 12a). Hence, the seismicity is not initiated
by reducing fault strength but by reducing the normal traction on the fault by high pore fluid pressure. The
fractures are opening during failure and forming paths for fluids leaving the focal area. Once the fluid
pressure drops and the fractures seal, a new cycle begins. The fluid-overpressure model predicts moment

Figure 9. Non-DC components of 249 selected moment tensors. (a) The diamond CLVD-ISO plot showing non-DC compo-
nents of individual earthquakes. (b) The diamond CLVD-ISO plot showing the density of non-DC components of earth-
quakes. (c) Histogram of the slope angles calculated from eigenvalues of moment tensors by using equation (2). The red
color in Figure 9b indicates the non-DC components for the majority of earthquakes. In order to increase the resolution
of Figures 9a and 9b the plots are normalized to the maximum CLVD and ISO values of 50%. The event density in Figure 9b
is normalized to its maximum value. The shaded area marks the error limits produced by inaccuracies in the inversion of
the DCmoment tensors. Figure 9a was plotted by using the open-access Matlab codeMT-DECOMPOSITION (http://www.ig.
cas.cz/mt-decomposition).
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tensors with zero or positive non-DC components. Tensile faulting is observed, in particular, at the very
beginning of the seismic swarm when the activated fractures are opened due to fluid overpressure. The
amount of the positive non-DC components depends on the sudden fluid pressure increase. If it is high
enough, pure tensile cracks can be formed. If it is not so high, predominantly shear cracks with a small or
negligible tensile component will be activated. Since the non-DC components of the moment tensors of
the 2008 swarm in West Bohemia do not support these predictions, such a mechanism is not plausible in
this case.

6.2. Fault-Weakening Model

The observation of negative non-DC components of moment tensors at the beginning of the swarm activity
points to a rather different physical mechanism of the swarm triggering. Instead of fracture opening during
shear-tensile faulting, fracture compaction is observed, indicating the shear-compressive faulting. This can be
explained by a process when the rock is exposed to circulating hydrothermal, possibly CO2-saturated, fluids,
which act aggressively on the host rock by dissolving and altering its minerals. The fractures serve as major
paths for fluid flow in the crust from depth to surface. They are eroded at a high rate in contact with a steady
state flow of the acid fluid phase, and the stressed fault zone is gradually weakened by hydrothermal altera-
tion [Heinicke et al., 2009]. According to Heinicke et al. [2009], the expected temperatures at hypocenter
depths of 5–12 km range between 130 and 350°C, at a minimum hydrostatic pressure of 0.5–1.2 kbar.
These P-T conditions appear optimal for the alteration process of granites or metamorphic rocks as proved
in experiments [Suto et al., 2007]. The alteration processes of the host rock can also be recognized in the

Figure 10. Evolution of seismicity of the 2008 earthquake swarm. (a) Magnitude-time plot for earthquakes with magnitude higher than�0.5. (b) The slope angle as a
function of time. (c) Detailed time evolution of the slope for the first three swarm phases of the 2008 earthquake swarm. The phase numbers P1–P8 of the swarm are
indicated at the top of plot Figure 10a. The gray dots in Figures 10b and 10c show slopes for 249 selected earthquakes; the solid lines show themoving averages over slopes
of 10 successive earthquakes. The yellow rectangles in Figure 10c denote the individual swarm phases P1, P2, and P3 with a significant drop in the slope angle.
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Figure 11. Detailed time evolution of the slope angle for the first three swarm phases of the 2008 earthquake swarm. The
moving average of the slope (black solid line) is calculated for (a) 6 and (b) 16 successive earthquakes. The phase numbers
P1–P3 of the swarm are indicated at the top of each panel. The gray dots show values for 249 selected earthquakes.
The dashed and dotted blue lines show 1σ and 2σ uncertainties of moving averaging, where σ is the standard deviation (for
details, see the text). The red dotted lines denote the slope of shear earthquakes.

Figure 12. Earthquake swarm sequences. (a) The fluid-overpressure model. The seismic cycle is driven by gradually
increased fluid pressure at the fault. If shear stress is critical and exceeds the fault strength, the earthquake occurs and
stress is relaxed [Kanamori and Brodsky, 2004]. (b) The fault-weakening model. The seismic cycle is driven by a steady state
circulation of fluids which gradually weakens the faults by chemical and hydrothermal fluid-rock interactions. If the fault
strength reaches a critical value being lower than the intraplate stress, the seismicity is triggered, the pore volume in the
eroded material is collapsed, and the fault strength is recovered.
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mineral content of springs on the surface. Springs percolating through the local granitic and metamorphic
host rock in the West Bohemia area show a typical enrichment in Na, Ca, Mg, Fe2O3, SiO2, and HCO3.
Obviously, the dissolution of minerals leads to their deficit in the material inside fractures, to increasing
porosity of the fault gauge, and to weakening of faults and fractures. A high porosity of a rock is manifested
by anomalously low vp/vs ratio [Vavryčuk, 2011b; Dahm and Fischer, 2014] which is typical for geothermal and
volcanic regions [Lin and Shearer, 2009].

If the fault strength (or equivalently the friction coefficient) lowers to a critical value due to the fault erosion
and degradation by fluids, the seismicity is triggered. The predominant motion on fractures is shear being
controlled by tectonic stress. However, a soft, highly porous material inside fractures is squeezed and
compacting during shear failure. The fault is closing, and the fault strength recovers (see Figure 12b).
Closing of the fault is associated with negative values of the slope angle and consequently with negative
CLVD and ISO components. The fault compaction can temporarily increase fluid pressure in the focal area
and initiate subsequent tensile faulting preferably along wing cracks which are distinctly inclined from the
main active faults [Dalguer et al., 2003;Misra et al., 2009]. After recovering the whole focal zone, the seismicity
stops. A new cycle begins by weakening the fault zone, gradually altered by migrating fluids.

The fault-weakening model is consistent not only with the observations of the 2008 swarm in West Bohemia
but also with observations of the 1997 swarm for which the non-DC components of moment tensors were
studied in detail [Vavryčuk, 2002]. The 1997 swarm activity began by the occurrence of faulting with
non-negligible compressive motions manifested by negative CLVD and ISO components. In the second
phase of the swarm, tensile earthquakes producing large CLVD and ISO components dominated. Tensile
fracturing in the second swarm phase was likely due to a sudden pore pressure increase produced by
fault compacting.

7. Discussion and Conclusions

The most decisive observations for recognizing the origin of a fluid-driven seismic activity are the non-DC
components of moment tensors. Their accurate determination can resolve whether the activity is triggered
by fluid overpressure or not. The presence of fluid overpressure is associated with shear-tensile faulting
and manifested by positive ISO and CLVD components. However, if the ISO and CLVD components are
negative, shear-compressive faulting is more likely to be present and the model with fluid overpressure is
not applicable. Instead, the fault-weakening model is more suitable with the swarm activity being triggered
by degradation of fault strength due to long-lasting fluid-rock interactions when fluids aggressively act on
the rock and erode the fracture walls.

It is also possible that the seismic activity comprises both fluid-overpressure and fault-weakening mechan-
isms. If seismicity is triggered on an eroded fault, the fault gouge is compacting during fracture process
and the fluid inside the fault is captured and loaded. Also, the Coulomb stress changes can pressurize fluids
in the focal zone. Subsequently, sudden increase of fluid pressure can cause diffusion of fluids which might
trigger other shear or shear-tensile fractures. This explains the success of the fluid diffusion model applied by
Parotidis et al. [2003, 2005] to the 2000 earthquake swarm in West Bohemia. The involvement of fluid diffu-
sion is also supported by the space-time distribution of the events during the swarm, which suggests an
upward migration of seismicity with the first events occurring at the bottom and the latest events in the
upper parts of the fault zone (see Figure 4). The diffusion process stops at depths of 5–6 km where a distinct
layer with anomalous seismic properties is detected [Alexandrakis et al., 2014; Hrubcová et al., 2016; Mullick
et al., 2015].

Even though we speak about tensile or compressive faulting, the predominant faulting is always shearing.
The slope angle of ±15° is small, and the displacement associated with opening or closing the fault is almost
negligible compared to the slip magnitude on the fault. However, even small slope values affect distinctly the
pattern of radiated waves and the resultant moment tensors inverted from them. For the station configura-
tion in the West Bohemia region, the slope error is about ±4°, so the values of ±10°–15° can be detected
reliably. The method is so robust because the DC and non-DC components are extremely sensitive to the
slope and the DC is remarkable reduced even for small slope angles [Vavryčuk, 2011b]. For example, slope
angle of 5° causes a reduction of the DC percentage by 15–20% depending on the vP/vS ratio at the
focal zone.
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An interesting and not fully solved question is why the majority of the earthquake swarms in West Bohemia is
concentrated in a small Nový Kostel focal zone, while the other seismically active zones in West Bohemia are
less active [Fischer et al., 2014]. The key to understand this point is probably in presence of rocks particularly
susceptible to degradation and erosion by fluids at the Nový Kostel focal zone at the seismogenic depths.
Since the upper crust in West Bohemia displays a diverse geological pattern with presence of granites,
granodiorites, amphibolites, mica schists, and gneisses as reported by Chlupáčová et al. [2003], Mlčoch and
Skácelová [2009], and others, the rate of erosion of existing faults can significantly vary within the area.
Additionally, the Nový Kostel focal zone lies at the intersection of the Eger Rift and Mariánské Lázně fault,
so it might be a predisposed zone of weakness or a contact of two blocks of a different rheology [Babuška
et al., 2016].

The fault weakening mechanism should not be associated with any specific stress regime so it can be
observed on strike-slip, normal, or reverse faults. Moreover, it might not be exclusively responsible not only
for intraplate earthquake swarms but also for intraplate single earthquakes. Therefore, lowering fault strength
and friction by long-lasting fluid erosion might be viewed as a physically plausible, general mechanism,
which should be studied in future also for other types of intraplate seismicity and seismically active region.
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