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Earthquake swarms and high CO2 flowofmantle origin are the characteristic features ofWest Bohemia/Vogtland
(Central Europe). At present, the highest concentration of earthquake activity and CO2 degassing occurs in the
area of the Cheb Basin at the intersection of the Eger Rift and Regensburg–Leipzig–Rostock Zone with three
Quaternary active volcanoes. We review about 140 studies on structure, tectonics, volcanism, seismicity, earth-
quake source, triggering mechanisms, and gas-isotope geochemistry focused on the earthquake swarms from
this area with the aim to build a complex image of the ongoing processes and find a possible link between
activity of the mantle-derived fluids and the earthquake swarms. The so far unpublished data on the 2011
swarm and little known data on the 1824 swarm are presented, as well, showing that earthquake swarms ac-
tivate a complex fault system and display long-term migration that differs from the occurrence of CO2 escapes.
The activity of individual swarms is consistent with models involving high-pressure fluids; the isotopic signa-
ture of the rising gas proves its origin at depths below the hypocenters. We show that the earthquake swarms
and degassing of CO2 of magmatic origin represent common result of the geodynamic activity of the area.
Nevertheless, current knowledge does not preclude processes other than fluid-induced failure in triggering
swarm seismicity.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

TheWest Bohemia/Vogtland earthquake swarm region is one of the
unique European intra-continental areas that display present activity of
geodynamic processes, in particular, degassing of CO2 and persistent
seismic activity. The degassing of CO2 of deep origin occurs in the
formof CO2-richmineralwaters and in the formofwet and drymofettes
in several degassing fields. The former represents the basis for multiple
spa resorts distributed along the neighboring regions of the Czech
Republic and Germany. The high 3He/4He ratios point to the mantle
origin of the ascending gases. Seismicity is dominated by periodically
occurring earthquake swarms with seismic magnitudes not exceeding
ML 5; a culmination of seismicity is observed within the last 30 years
when a single ML 4+ swarm and multiple ML 3+ swarms occurred.
These processes have been intensively studied by many authors and
from various viewpoints, which resulted in a common opinion that
the seismic activity stems from the whole geodynamic activity in the
region; though the triggering factors still remain undisclosed.

In this review we summarize the seismological, structural and gas-
emission studies carried out in West Bohemia and Vogtland with the
aim to critically evaluate possible relations between seismic swarm ac-
tivity and deep geodynamic processes. The paper is organized according
to the individual disciplines and each section is concluded by a short
summary outlining the key results that contribute to build up a compre-
hensive view of the present geodynamic processes in this unique
European natural laboratory.

2. Tectonic setting

The Bohemian Massif is one of the largest stable outcrops of pre-
Permian rocks in Central andWestern Europe. It forms the easternmost
part of the Variscan orogenic belt, which developed approximately be-
tween 500 and 250 Ma during a period of large-scale crustal conver-
gence, collision of continental plates and microplates and subduction
(Matte et al., 1990). The West Bohemia/Vogtland region (Fig. 1)
forms the western part of the Bohemian Massif and it is situated in
the transition zone among three different Variscan structural units:
the Saxothuringian in the north-west, the Teplá-Barrandian in the cen-
tral region, and the Moldanubian in the south-east (Babuška et al.,
2007). The Paleozoic suture between the Saxothuringian and the
Teplá-Barrandian with the Moldanubian units has been reactivated
since the lower Triassic. The post-orogenic extension, together with
the alkalinemagmatic activity during the Cenozoic led, to the evolution
of the Eger Rift, a 300 km long and 50 km wide ENE–WSW trending
zone as an active element of the European Cenozoic Rift System
(Prodehl et al., 1995). This tectonosedimentary structure is associated
with a system of Cenozoic sedimentary basins and intense intraplate al-
kaline volcanism (Ulrych et al, 2011).

2.1. Neotectonic activity

The area is located at the intersection of two tectonic structures: the
ENE–WSW striking Eger Rift (EGR) with the Eger Graben (EG) in the
center and the N–S striking Regensburg–Leipzig–Rostock Zone, (length:
700 kmandwidth: 40 km)which is seismically active in itsmiddle part
between Mariánské Lázně/Marktredwitz and Leipzig (Bankwitz et al.,
2003), Fig. 2. This zone is dominated by numerous N–S faults, which
are composed of en echelon segments measuring a few kilometers.
Themiddle part consists of a set of sub-parallel faults,whichwere partly
detected from satellite images and from negative geomorphological
forms (Krentz et al., 1996; Krull and Schmidt, 1990). The faultswere ob-
served in numerous uranium mining exposures (including boreholes
and prospecting trenches), especially in W Saxony and E Thuringia,
Germany (Bankwitz et al., 2003).

The Cheb–Domažlice Graben (CDG) is located in the eastern part of
the Regensburg–Leipzig–Rostock Zone (Fig. 2) and to the east it is
bounded by the approximately 100 km long Mariánské Lázně Fault
(MLF), which is morphologically expressed by a 50–400 m high escarp-
ment. The western flank of the graben is characterized by amore gentle
topography. The formation of the Cheb Basin in the northern part of
CDG was initiated by the reactivation of basement faults inherited
from the Variscan orogeny during the late Oligocene–Miocene. The
sedimentary fill of the Cheb Basin consists of Tertiary and Quaternary
sediments up to 300 m thick, representing debris of Proterozoic and
Paleozoic magmatic and metamorphic rocks of the north-western
Bohemian Massif, that bound the basin (Fiala and Vejnar, 2004). Sedi-
mentation started during the Late Eocene, was interrupted in the
Lower Oligocene and continued from Late Oligocene to Miocene; after
a period of erosion it was revived in the Pliocene. The normal character
of the fault zone controlled the formation of the Cheb Basin since late
Eocene until Pliocene (Špičáková et al., 2000). The Cheb Basin is typified
by a blocky fabric with a network of faults of different orientation
(trending in NNW, NW, NW, E–W and N–S directions). Among them,
the NNW trending faults are dominant; these faults belong to the East
Marginal Fault of the basin that forms the northern portion of the MLF.
The N–S trending faults do not seem to have significantly influenced
the basin fill geometry (Špičáková et al., 2000 and references therein).

The NNW–SSE striking Mariánské Lázně Fault (MLF) intersects the
area close to the main seismically active zone of Nový Kostel (NK),
where more than 80% of seismic energy was released within the last



Fig. 1. (a) Simplified sketch of tectonic units of the Bohemian Massif (BM) (modified after Babuška and Plomerová, 2013) with major seismic profiles (red lines) in the West Bohemia/
Vogtland area. (b) Topographic map of the West Bohemia/Vogtland region. Seismic stations of the WEBNET network are marked by blue triangles; hypocenters of local micro-
earthquakes of the 2008 swarm marked by red dots. ML Fault - Mariánské Lázně Fault.
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25 years (Fischer and Michálek, 2008). Another active fault system
trends N–S (Bankwitz et al., 2003) and is aligned with the hypocenters
in the Nový Kostel area with a strike of about 170° (Fischer et al.,
2010). Bankwitz et al. (2003) discuss this system in the context of seis-
micity in central and western Europe and delimit the N–S trending
Počátky–Plesná zone (PPZ) to be a part of the main earthquake line,
the Regensburg–Leipzig–Rostock Zone (Fig. 2). According to geological
observations of Škvor and Sattran (1974), Bankwitz et al. (2003) as-
sumed that the Nový Kostel seismicity has been active since 10 ka as
minimum age or since 120 ka as maximum age. According to Peterek
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et al. (2011), the neotectonic activity of the southern section of the PPZ
at Nebanice started about 475 ka (maximum age) or 145 ka (mini-
mum age). They interpreted PPZ as a part of sinistral wrench zone
that branches the MLF in four individual segments between Mariánské
Lázně and Luby.

Two geophysical studies were recently targeted to reveal the fault
fabric of the Cheb Basin in detail. Flechsig et al. (2010) applied elec-
trical resistivity tomography (ERT) method at two sites on the active
fault zones in the Nový Kostel area, the PPZ and the MLF. The models
of resistivity distributions down to a depth of 50–80 m reveal a
graben-like structure of the MLF with vertical displacements of
~10–15 m. The resistivity sections of similar depth range crossing
the PPZ show mainly NE dipping vertical features of higher conduc-
tivity, which suggests high permeability of these structures. Fischer
et al. (2012) applied the ERT method and 3D version of ground pen-
etrating radar (GPR) to extend the geological information gathered

image of Fig.�2
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from a trench survey that exposed the MLF in the Nový Kostel area.
A family of five faults striking NW and NNW was found to intersect
a high-resistivity sand–gravel body. A right-lateral displacement was
identified along one of the NW striking faults based on a detailed
analysis of 3-D GPR cube. A paleo-seismologic survey is carried out
in order to learn about possible seismic activity of the MLF during
the Holocene.

The surface movement due to the present tectonic processes was
subject to several studies. According to Wendt and Dietrich (2003) the
results of five GPS campaigns carried out from 1994 to 2001 in the
German part of the West Bohemia/Vogtland region revealed significant
relative horizontal displacements of up to 5 mm between observation
epochs. GPS campaigns and continuous observations in the Czech sites
during 1993–2007 (Mrlina and Seidl, 2008) indicated horizontal dis-
placements of few mm and no clear long-term trend; annual precise
leveling campaigns revealed regular vertical displacements only during
some of the earthquake swarms. Schenk et al. (2009) showed that
differential velocities obtained from the continuous monitoring at five
permanent GPS stations in West Bohemia during 2003–2005 did not
exceed 1 mm/year in horizontal and 2 mm/year in vertical directions
at stations more than 10 km apart. However, the resulting surface
movements presented in these two studies are at the bound of the
error of the geodetic methods and thus they do not allow for more de-
tailed analyses. The near-field static displacement due to the strongest
events of the 2008 swarms was only of the order of 10−5 m as found
by Zahradník and Plešinger (2010) in broadband records at seismic
station NKC.

2.2. Volcanic activity

Volcanic activity was associated with two Quaternary scoria cones:
Komorni hůrka/Kammerbühl (KH) and Železná hůrka/Eisenbühl (ZH),
and the Mýtina maar (MM) (Geissler et al., 2004; Mrlina et al., 2007,
2009; Proft, 1894; Seifert and Kämpf, 1994), see Fig 2. These small vol-
canoes are located at the flanks of the Eger Rift (Fig. 2) and are situated
at the NW–SE striking Tachov fault as the western boundary of the
Cheb–Domažlice Graben (Geissler et al., 2004). The original depth
of the recently discovered Mýtina maar is ≥140 m. The total volume
of erupted material and the spatial distribution of the volcanoclastics
of the MM are currently unknown.

Twomain stages of volcanic activity are recognized at theQuaternary
volcanic centers: phreatomagmatic initial stage and eruptive final stage.
The lava of the KH, ZH and MM is characterized as olivine-nephelinite
(Mrlina et al., 2009; Seifert and Kämpf, 1994). Age determinations
using different methods indicate that the Quaternary volcanic activities
close to the Cheb Basin occurred in the mid-Pleistocene 0.78–0.12 Ma
ago (Mrlina et al., 2007; Šibrava and Havlíček, 1980; Ulrych et al.,
2003; Wagner et al., 2002). Another support for the existence of
magmatic reservoirs beneath West Bohemia was given by Vylita et al.
(2007) who applied the 230Th/234U method to the travertine samples
from Karlovy Vary. They gave evidence that magmatic CO2 escape
dates back to about 0.23 Ma.

2.3. Summary

The area is intersected by two tectonic structures, the Eger Rift
and the Regensburg–Leipzig–Rostock Zone with Tertiary Cheb Basin
in the center. A system of faults of various orientations is found in
the area and dominated by the Mariánské Lázně Fault. However, no
link between the fault in depth delineated by hypocenters in the
Nový Kostel zone and faults documented at the surface was found;
only the PPZ shows a similar strike as the earthquake cluster. The
Quaternary volcanism in West Bohemia/Vogtland is documented
in three small volcanoes and is dated 0.78–0.12 Ma ago; an age of
b0.23 Ma was found for the onset of CO2-rich hydrothermal activity
in one area.
3. Structure studies

The concentration of various presently ongoing geodynamic phe-
nomena in a small area of West Bohemia/Vogtland suggests deeper-
seated processes and thus indicates the importance of knowledge of
crustal and upper mantle structure.

3.1. Active seismic experiments

Several seismic experiments have been carried out in this area over
the last 25 years. Active seismic studies comprised of reflection experi-
ments such as DEKORP-4/KTB, MVE-90, and 9HR (Behr et al., 1994;
DEKORP Research Group, 1988; Tomek et al., 1997) and the refraction
and wide-angle reflection experiments such as GRANU'95 (Enderle
et al., 1998), CELEBRATION 2000 with CEL09 profile (Hrubcová et al.,
2005), ALP 2002 with ALP01 profile (Brűckl et al., 2007), and SUDETES
2003 with S01 profile (Grad et al., 2008).

In the upper crustal structure, modeling of the refraction profile
CEL09 of the CELEBRATION 2000 experiment (Hrubcová et al., 2005)
delimited the area of the amphibolite Mariánské Lázně Complex at the
boundary between the Saxothuringian and Barrandian with increased
velocities and density contrast. Lower velocities in its close vicinity coin-
cided well with the location of the Karlovy Vary granite massif, which
was also confirmed by gravity modeling to a depth of 10 km (Blecha
et al., 2009). Combined data from active experiments and passive local
swarm sources led to a 3-D tomography model (Růžek and Horálek,
2013), which is supposed to be used for updated locations of local
earthquakes.

At the lower crustal level, modeling of the refraction andwide-angle
reflection profile CEL09 revealed a highly reflective top of the lower
crust at a depth of 27–28 km (Hrubcová et al., 2005), see Fig. 3. These re-
sults corresponded well with the reflection profile MVE-90, where the
Moho was interpreted at 10 s two-way-time at the bottom of 5–6 km
thick reflective lower crust (DEKORP Research Group, 1994). The exis-
tence of a high-velocity layer at the base of the crust, with the top at
24 km, was also indicated in the GRANU'95 results (Enderle et al.,
1998). According to Geissler et al. (2005) all these features of the
lower crust may be interpreted as low-angle shear zones containing
fluids and/or small magmatic intrusions (sills/dikes) or partial melting.

3.2. Passive seismic investigations

Passive seismic experimentswith permanent and temporary seismic
stations were carried out to study major lithospheric discontinuities
with the teleseismic receiver function approach (Geissler et al., 2005;
Heuer et al., 2006;Wilde-Piorko et al., 2005). The receiver functions ob-
served converted waves from the base of the crust at about 3.7 s. With
constant average crustal velocity Vp of 6.3 km s−1 and vP/vS ratio of
1.73, the depth of the Moho was interpreted at 31 km. Underneath
the western part of the Eger Rift, a delay time of only 3.0–3.3 s was
interpreted as a crustal thinning to about 27 km (Geissler et al., 2005).
Similar results were obtained by Heuer et al. (2006) who used receiver
functions in a dense seismic network and restricted theMohoupwelling
at the south-western termination of the Eger Rift.

The differences in the Moho depth from active and passive seismic
investigations were explained, to some extent, by different resolutions
of these methods, by different frequency bands and spatial resolutions
and/or by the uncertainty in the vP/vS ratio. Hrubcová and Geissler
(2009) applied jointmodeling of the seismic refraction data and receiver
functions in West Bohemia/Vogtland. This resulted in a model with
lower crustal layer (or gradient zone) of 5 km thickness where its
top was at a depth of 28 km and high reflectivity obscured weaker
Moho reflections at a depth of ~32–33 km.

The laminated structure of the Moho was also confirmed by
Hrubcová et al. (2013) who analyzed reflected/converted phases
in the waveforms of local microearthquakes from the 2008 swarm



Fig. 3. (a) The 2-Dmodel of the P-wave velocity along the CEL09 profile from forward ray-tracingmodeling (with SEIS83) (Hrubcová et al., 2005). Bold linesmark boundaries constrained
by reflections and well constrained interfaces in the uppermost crust; dashed bold line mark layer boundary where no reflections were observed. Thin lines represent velocity isolines
spaced at intervals of 0.05 km s−1. Dots show hypocenters of the earthquake swarms in the West Bohemia/Vogtland area. Superimposed are 1-D velocity characteristics for different
regions. MLC, Mariánské Lázně Complex; CBSZ, Central Bohemian Shear Zone. Vertical exaggeration is 1:2. (b) Comparison of the reflections along the seismic reflection profile
MVE-90 (DEKORP Research Group, 1994) with the 1-D velocity model profile CEL09 (converted to two-way travel time) at the crossing point. Note band of reflectors between 8.2 s
and 10 s of two-way travel time at the MVE-90 profile corresponding to the high gradient lower crust in the CEL09 profile.
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(Fig. 4). Since the waveforms of microearthquakes are significantly
influenced by radiation pattern, the data were processed separately
for clusters of earthquakes with similar focal mechanisms. Their new
multi-azimuthal approach revealed a reflective zone at the Moho
depths with one or two strongly reflective interfaces. The thickness of
the zone varied from 2 to 4 km within a depth range of 27–31.5 km
and was delimited by reflections from its top and bottom boundaries,
sometimes with strong reflectors within the zone (Fig. 4).

3.3. Anisotropy of the crust

Shear–wave splitting analysis of waveforms of local microearth-
quakes revealed that the upper Earth's crust in the West Bohemia/
Vogtland region is anisotropic (Vavryčuk, 1993; Vavryčuk and
Boušková, 2008). The observed split S waves are usually separated in
time and polarized in roughly perpendicular directions in the horizontal
projection. In most cases, the polarization of the fast S wave is aligned
NW–SE (referred to as “normal splitting”), which is close to the direc-
tion of the maximum horizontal compression in the region (see
Section 6.3). However, for some stations, the polarization of the fast
S wave can also be aligned NE–SW (referred to as “reverse splitting”)
or even E–W (see Fig. 5) The pattern of normal/reverse splitting
on a focal sphere is station-dependent and indicates the presence of
laterally inhomogeneous anisotropy with inclined axes. The presence
of inclined anisotropy in the upper crust is confirmed by observations
of directionally dependent delay times between the split S waves. The
maximum values of the delay time indicate S-wave anisotropy strength
of 4–6% provided that anisotropy is distributed along the whole ray
path. If not, anisotropy can locally reach values up to 10–15%. A complex
and station dependent anisotropy pattern is probably the result of a
complicated anisotropic crust composed by diverse geological blocks
characterized by different types of anisotropic rocks such as gneisses,
mica schists and phyllites (see Chlupáčová et al., 2003). Note that aniso-
tropic crust is observed also in adjacent areas, for example, in the KTB
site (Rabbel, 1994). The rock drilled at the KTB basically consists of alter-
nating felsic andmafic layers,mainly biotite gneiss and amphibolite; the
layers are steeply folded with dips between 60° and 90°, with penetra-
tive foliation dipping between 50° and 80° (Rabbel et al., 2004). Dipping
anisotropic crustal layers are also indicated using the receiver function
analysis of P teleseismic waveforms observed at some German stations
(e.g., station MOX) close to the West Bohemia/Vogtland region (see,
Eckhardt and Rabbel, 2011).

3.4. Upper mantle dynamics — seismic tomography and xenolith studies

As an alternative explanation to the Quaternary rift tectonic model
for the area, a ‘plume-like’ low-velocity structure below the Eger Rift
was proposed. This was tested by Plomerová et al. (2007) who applied
high-resolution teleseismic P-velocity tomography down to a depth of
250 km to characterize the structure of the upper mantle. In contrast
to recent findings of small plumes beneath the French Massif Central
and the Eifel in Germany (Granet et al., 1995; Ritter et al., 2001), no co-
lumnar low-velocity anomaly, which could be interpreted as a mantle
plume was found beneath West Bohemia. Alternatively, the anomaly
can be interpreted by an upwelling of the lithosphere/asthenosphere
boundary reflecting a zone of a lithosphere weakness and stretching
at the margins of paleoplates (Babuška et al., 2007; Babuška and
Plomerová, 2013). However, using teleseismic receiver functions,
Heuer et al. (2011) found that the thickness of the mantle transition
zone beneath the western Bohemian Massif is normal, with a faint
hint to thinning in the northern part. Their conclusion is that a plume-
like structuremay exist in theuppermantle below thewestern Bohemia
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earthquake region, but with no or only weak imprint on the 410 km
discontinuity.

Further, another information about the Quaternary upper mantle
processes in West Bohemia/Vogtland was obtained from xenoliths and
mega-xenocrysts that were found in a tephra deposit (age: 0.29 Ma;
Mrlina et al., 2007) close to the Mýtina maar (Geissler et al., 2007).
Xenoliths represent a part of the Earth's lower crust or upper mantle,
which has been incorporated into a rising volcanicmelt and then subse-
quently erupted onto the surface. All xenolith and mega-xenocryst
samples show a cumulus texture and contain several percent of open
pore-space, partly filled with glass (Geissler et al., 2007). The petro-
graphic, geochemical, and thermo-barometric results indicate a litho-
spheric mantle strongly altered by magmatic processes, which can
result in a decrease of seismic velocities in the uppermost mantle. The
depths of origin is estimated to about 25 to 40 km, which might be
the intrusion level for the alkaline melts in the past and also at present,
since there are still exhalations of gases with upper-mantle isotope
signatures (C, He, N) at the surface (Bräuer et al., 2005). Calculated equi-
librium or crystallization temperatures are higher than indicated by the
extrapolation of regional geotherms derived from surface heat flow
studies. Hornblendite and clinopyroxenite samples could be the frag-
ments of small magmatic intrusions into the uppermost mantle and
lower crust (veins, dikes, sills), which could have caused a local-scale,
thermal and magmatic overprinting of the Moho, as indicated previ-
ously by the receiver function study (Geissler et al., 2005). Lower
crustal reflectivity or laminated structure at the Moho level modeled

image of Fig.�4


Time [s]

Z

N

E

Time[s]

Z

N

E

Velocity Displacement

P

S

P

S

KVC, T309 KVC, T309

E

N

Z

E

N

S1

S2

S1

S2
P

a)

b)

Time [s] Time [0.1 s]

Displacement

1 2

1 2 3 4 5 1 2 3 4 5

Fig. 5. Typical three-component seismograms of swarm earthquakes in West-Bohemia/Vogtland. (a) Velocity and displacement records of ML 3.7 earthquake of 14 October 2008 at
19:00:33 observed at station NKC. (b) Displacement record of ML 0.4 microearthquake of December 30, 2001 at 04:00:58 observed at station KVC. A detail (right) of the horizontal S-
wave traces showing a strong S-wave splitting that is by coincidence aligned in the geographic directions. The vertical dashed lines mark the arrivals of the split S waves.

8 T. Fischer et al. / Tectonophysics 611 (2014) 1–27
by Hrubcová et al. (2005) and Hrubcová et al. (2013) may be ex-
plained in a similar way.

3.5. Summary

Crustal and upper mantle structure was investigated from several
active seismic experiments and passive monitoring. The upper crust ex-
hibits complex structure; shear-wave splitting analysis indicates aniso-
tropic pattern with the overall anisotropy of 4–6%, which can locally
reach values up to 10–15%. This implies complicated upper crust com-
posed of diverse geological blocks with different types of anisotropic
rocks. Lower crust and crust–mantle transition reveals laminated struc-
ture with increased reflectivity, which can be explained by presence
of densely spaced thin layers of high and low velocities with the top
at the depth of 27–28 km. This can be represented, for example, by
alternating mafic/ultramafic material, melt or material with different
metamorphic grade. Small magmatic intrusions into the uppermost
mantle and lower crust (veins, dikes, sills) could have caused a local-
scale, thermal and magmatic overprinting of the Moho. Studies of
mantle xenoliths found in 0.29 Ma old tephra deposit indicate depths
of their origin at about 25 to 40 km, which might be the intrusion
level for the melt in the past.

4. Earthquake swarms

Earthquake swarms are usually considered as sequences of numer-
ous small events at shallow focal depths, which cluster in time and
space. Few dominant earthquakes (mainschocks) that reach similar
magnitudes occur during the course of the earthquake sequence so
that smaller events are not associated with any identifiable mainshock.
This is explained as a consequence of a very heterogeneous stress field
and/or a weakened crust, which lacks a single well-developed fault
and is incapable of sustaining higher strain (Mogi, 1963). Earthquake
swarms usually occur in volcanic areas, geothermal fields and ocean
ridges (e.g. Dreger et al., 2000; Lees, 1998; Wyss et al., 1997). Intraplate
earthquake swarms without active volcanism occur in continental rifts
like Rio Grande, Kenya and West Bohemia (Ibs-von Seht et al., 2008).
In these places, the occurrence of earthquake swarms is restricted to
deep-reaching zones of weakness that allow intrusion of upper mantle
material into crustal layers, which seem to be associated with the gen-
eration of earthquake swarms.

4.1. Swarm observations in the past

Seismic activity in theWest Bohemia/Vogtland region (Fig. 4) lies in
the southern part of the north–south trending Regensburg–Leipzig
seismoactive zone (Bankwitz et al., 2003; Korn et al., 2008). The earth-
quake observations in West Bohemia/Vogtland date back to the medie-
val times; however, on the basis of macroseismic data, earthquake
swarms have been well documented since the beginning of the 19th
century. Credner (1876), who described the earthquakes in 1875, is
probably the first who used in literature the term “Erdbebenschwarm”

(earthquake swarm). The oldest activity analyzed is the series of more
than 100 macroseismically felt earthquakes in 1824 by Knett (1899).
A significant increase of earthquake activity was observed at the turn
of the 20th century when several stronger swarms were observed by
the population. There were the earthquake swarms of 1897, 1900,
1903, and 1908 with approximate maximum intensity I0 estimates of
6.5, 5.5, 6.5, and 7.0, respectively (Leydecker, 2011). The only historical
swarm with seismograph records of sufficient quality is that of 1908,
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with the strongest macroseismic observations. Taking the estimate of
its maximum magnitude of 4.4 (Neunhöfer and Hemmann, 2005) one
arrives at the conclusion that the magnitude of the swarms at the turn
of 20th century did not exceed the level of 4.5.

At the beginning of the 20th century the earthquake swarm phe-
nomenon became a subject of popular scientific publications, too. The
national history brochure of Kraslice/Graslitz municipality (Treixler,
1929) reports the frequent occurrence of earthquakes since 1824 and
also mentions that “from time immemorial no severe damage was
ever causedby earthquakes in this region”, which gives indirect verifica-
tion of our estimate of the level of magnitudes not exceeding ML 4.5.
Interestingly, Kafka (1909) distinguishes between small events that
are manifested as underground rumbling and larger events that caused
ground shaking during the 1900 swarm in Kraslice.

4.2. Instrumentally recorded swarm activity

The instrumental observations started in 1903 when seismic
stations were established in Leipzig, Moxa, and Göttingen. Thus, the in-
vestigations of Etzold (1919) represent the first improvement in moni-
toring with application of instrumental records. In 1962, microseismic
monitoring started in the Vogtland area (Neunhöfer, 1976). Significant
enhancement of seismic recording arrived when the first local three-
component digital seismic stations VAC and TIS were installed during
the 1985/86 swarm (Vavryčuk, 1993), and then by installing the
NKC station in 1989, which became the core of the WEBNET network
set up in 1994 (Horálek et al., 1996). At present, WEBNET consists of
13 permanent and 10 temporary short-period and broadband stations
(Fischer et al., 2010) with the magnitude of completeness of −0.5
(Fischer and Bachura, accepted for publication). In the period from
1991 to 2008, the Kraslice Network was operating (Nehybka and
Skácelová, 1995), as well. The broader seismogenic region is monitored
by the Saxonian Network SXNET (Korn et al., 2008) and the Bavarian
Seismological Network (http://www.erdbeben-in-bayern.de). Tempo-
rary microarray monitoring of the 2008 swarm was carried out, too
(Hiemer et al., 2011). The seismograms of the swarm earthquakes
are typified by simple waveforms with sharp P and S-wave onsets
(Fig. 5).

The present seismicity in West Bohemia and Vogtland is roughly
delimited by the area between 49.9° and 51°N and 12.0°and 12.8°E
and is strongly clustered, both in space and time. Fischer and Horálek
(2003) discriminated the earthquake swarms and solitary events by de-
tecting local minima of the inter-event time series. Beside three major
swarms (1985/86, 1997, and 2000), they identified 27 microswarms
with magnitudes below ML 2. Earthquake swarms usually consist of
several thousands of earthquakes mostly of ML b 4.0. Neunhöfer and
Hemmann (2005) applied a classification of the space and time proxim-
ity of hypocenters and distinguished the earthquake clusters from soli-
tary events. Earthquake clusters consist of the earthquake swarms and
low b-value clusters, which resemble mainshock–aftershock series
and belong, together with solitary events, to non-swarms. In total, 121
clusters in the period of 1903–1999 were detected using the database
Vocatus (Neunhöfer, 1998) that includes more than 18,000 earth-
quakes, which occurred during the 20th century. It summarizes the
earthquakesmonitored in Vogtland since 1962with local stationswith-
in a 100 km epicentral distance and also a small amount of data from
strong earthquakes since 1908.

The character of seismic activity varies along the Regensburg–
Leipzig zone. While in the south, swarm-like seismicity prevails, the
northern part near Plauen, Zwickau, Gera, and Leipzig is typified by
rare, solitary events with magnitudes up to 5 (Leydecker, 2011).
Hereinafter, we focus our analysis on the West Bohemia/Vogtland,
for which a complete seismic dataset is available thanks to more
than 20 years of continuous high sensitivity seismic monitoring.
Besides, it is a place of CO2 degassing and other manifestations of
present geodynamic activity.
Fig. 6 shows epicenters of 6700 events (ML N 0.5) from the period
of 1991–2012 localized with the velocity model of Málek et al.
(2005). Prevailing focal depths are between 6 and 15 km with rare oc-
currence of foci down to a depth of 25 km (Horálek and Fischer, 2010).
Recently derived 3-D tomography velocity model (Růžek and Horálek,
2013) provides similar hypocenter distributions with focal depths that
are approximately 1 km shallower. The seismic activity is scattered
within an area of about 3500 km2 and several focal zones can be easily
distinguished. Horálek et al. (2000) delineated 7 focal zones and a
similar classification is also used in Fig. 6 showing epicenters for the
period of 1991–2012. Among the focal zones, the area close to the
village of Nový Kostel (NK) dominates with more than 80% of the re-
leased seismic moment (Fischer and Michálek, 2008). The activity of
individual focal zones is quantified in Fig. 7, which shows the cumula-
tive seismic moment and the monthly seismic moment rate for the NK
and other focal zones for the whole investigated period, and proves
the dominating role of NK. Additionally, a strong episodic character
of the activity is apparent in the whole area — note the stepwise mo-
ment release during the swarms. However, the stable range of seismic
moment rate (1012–1014 Nm per month) in the inter-swarm period
documents lasting seismic activity in the form of solitary events and
microswarms.

4.3. Earthquake swarms in the Nový Kostel focal zone

The NK focal zone is formed by a narrow NNW striking belt of about
12 × 2 km, where five ML 3+ swarms occurred within the past
30 years. There were the swarms in 1985/86 (ML 4.6), in January 1997
(ML 2.9), in August–December 2000 (ML 3.3), in October–November
2008 (ML 3.8), and in August–September 2011 (ML 3.5).

The geometry of the NK focal zone has been analyzed first by ab-
solute location methods (Vavryčuk, 1993) and later by more accu-
rate master-event or double-difference method using precise P and
S-arrival time picks (Fischer and Horálek, 2003, 2005; Fischer and
Michálek, 2008; Horálek and Fischer, 2010; Bouchaala et al., 2013).
More than 18,000 events that occurred in the NK focal zone have
been relocated for the period of 1991–2012. According to Fischer
et al. (2010) and Horálek and Fischer (2010) and the new analysis
of the 2011 swarm presented in framework of this study, the seis-
micity pattern of the NK zone shows the following important fea-
tures (Fig. 8):

– The hypocenter depths range between 6.5 and 11 km with some
clusters down to 13 km. Two sub-clusters, the northern and the
southern one are distinguishable. The 2000 and 2008 swarms were
located in the southern sub-cluster, while the 1997 and 2011
swarms took place in the northern sub-cluster. A narrow linear
zone of hypocenters, which was the place of the onset of the 2011
swarm bridges a prominent seismicity gap between the two sub-
clusters. The so-far largest 1985/86 swarm activated both sub-
clusters, as visible from the occurrence of the 144 hypocenters
(violet diamonds in Fig. 8) relocated by Fischer and Horálek (2003).

– The belt of hypocenters strikes NNW (169°) and most of the hypo-
centers delineate a fault zone steeply dipping (70°–80°) to west.
This holds mainly for the southern sub-cluster where the 2000 and
2008 earthquake swarms took place. The northern sub-cluster
shows a wedge-like shape with the shallower part above ~8.2 km
dipping west and deeper part dipping east (Fig. 8).

– The five swarms that occurred in NK show diverse evolution
and rate of the energy release as well as the duration of the swarm
activity. In particular, the recent largest swarms of 2000, 2008, and
2011 show progressively increasing speed of seismic moment re-
lease. The approximate duration of the main swarm period, being
characterized by occurrence of ML 2.5+ events, is about 7 weeks
for the 1985/1986 swarm, 10 weeks for the 2000 swarm, 4 weeks
for the 2008 swarm, and only 2 weeks for the 2011 swarm (Fig. 9).

http://www.erdbeben-in-bayern.de
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– The foci of the 1997 swarm were located at depths between 8.5
and 9.5 km in two rather small divergent segments of about
700 × 1000 m in size, which formed a wedge across the fault
plane NK.

– The hypocenters of the 2000 and 2008 swarms fall precisely on the
same fault portion of the NK focal zone in a depth interval from 6
to 11 km. The fault planes of these swarms appear identical within
the bounds of the location error of about 100 m (Bouchaala et al.,
2013; Fischer et al., 2010). Both 2000 and 2008 swarms show an
oval main fault segment with diameter of about 5 km with a
tail pointing upward and to the north. The 2011 swarm started
only 34 months after the 2008 swarm, which was the shortest
inter-swarm period. The fault patch activated during the 2011
swarm attaches to the northern edge of the 2008 swarm cluster
and shows a wedge-like shape (Fig. 8).

– All the swarms show a strongly episodic character of activity. This
was first addressed in detail for the 2000 swarm, which lasted four
months and consisted of nine swarm phases. These episodes
persisted couple of days at most and were separated by periods of
quiescence (Fischer, 2003). A similar temporal pattern was also ob-
served for the 2008 and 2011 swarms; however, the faster evolution
of the activity resulted in overlapping of individual swarm phases,
which was especially the case of the 2011 swarm (Fig. 9).

– The inter-swarm activity shows different patterns. While the few-
year periods prior to the 2000 and 2011 swarms display scattered
seismicity, the longer 8-year period prior to the 2008 swarm was
preceded by a sequence of microswarms that initiated in 2004 and
showed increasing maximummagnitudes reaching ML ~2.0.

4.4. Earthquake source studies

Directivity effects of seismic sources were analyzed by Fischer
(2005) who used the empirical Green's function (EGF) method to
study the seismograms of 80 selected events of the 2000 swarm and
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found that many of them display a complex source-time function com-
posed of several pulses. Seismogram modeling revealed that some of
these events are generated by a fast stick-slip rupturing composed of
several rupture episodes separated in time and space. The relative posi-
tions of the sub-events with respect to the orientation of the fault indi-
cate that most of them occurred on a common fault plane. Scaling of the
distance with magnitude conforms the average stress drop of about
10 MPa and average rupture velocity of 3.0 ± 0.9 km s−1. The stick-
slip character of earthquake rupture during the 2000 swarm can be ex-
plained by stress and/or structural heterogeneities of the fault zone that
impede or arrest the rupture propagation. These heterogeneities thus
prevent generation of large events, whose lack is typical for earthquake
swarms as reflected in the higher b-values of their magnitude–frequency
distribution (Hainzl and Fischer, 2002).

Kolář and Růžek (2012) analyzed stopping phases of 36 events
(ML 1.7–3.0) of the 2000 swarm to determine the source radius and
rupture velocity for circular source model. The results are fairly consis-
tent with a constant stress-drop model with source radii ranging from
120 to 350 m. The typical value of stress drop Δσ = 2.4 MPa is in a
good agreement with Δσ = 1.7 MPa, given by Hainzl and Fischer
(2002), who compared the spatial extent of the swarm 2000 activity
with the total released seismic moment. However, Michálek and
Fischer (2013) determined the static source parameters of 60 ML b 3.0
earthquakes of the 2000 and 2008 swarms and found quite high stress
drop that varied between 0.6 and 60 MPa in terms of the Brune's
model. The non-self similarity of earthquakes stems both from an over-
all increase of stress drop with seismic moment and is also manifested
in similar corner frequency for events that differ by more than one
magnitude level.

Vavryčuk (2011c) studied source-time functions of 12 selected
events of magnitudes between 1.7 and 3.7 that occurred in the 2008
swarm. The analysis reveals that the focal mechanisms are frequency



Fig. 8. Hypocenters of the earthquakes occurred in the Nový Kostel focal zone (NK) in the period 1991–2011 (color proportional to time) and the 1985/86 swarm (violet diamonds) ob-
tained by themaster-event locationmethodwith the relative location error below 100 m.Map view (top-left), two perpendicular sections (bottom), magnitude–time plot (middle-right)
and sections of the southern and northern cluster (top-right) are shown. The symbol size is proportional to event magnitude. For the 1985/86 swarm only the period Jan–Feb 1986, that
occurred mostly in the northern cluster is displayed.
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dependent: the source-time function in the low-frequency band is
mainly produced by shear rupturing along a fault while the high
frequencies in the source-time function are produced by some other
mechanism, probably by weak tensile vibrations of the fault. The vibra-
tions seem to be of a narrow frequency bandwith frequencies distinctly
higher than those of shear rupturing. They complicate the radiated P
waveforms and the P-wave radiation pattern. The tensile vibrations
can be observed in waveforms in directions near the nodal lines
where the dominance of shear-faulting radiation is lost. The tensile
vibrations could be generated, for example, by opening of the fault acti-
vated during shear rupturing or by creating a wing tensile crack at the
tip of the fault when shear fracturing stops.
4.5. Summary

The earthquake swarms in West Bohemia/Vogtland have already
been observed in historic records; themagnitude of the strongest earth-
quakes in the documented seismic crises in 1824, 1897–1908, and
1985–2011 did not exceed ML 4.5. The activity in the area close to
Nový Kostel stands out during the recent seismic period where hypo-
centers cluster at depths from 6 to 13 km along a steeply dipping fault
plane with complicated geometry and the width below 100 m. These
earthquake swarms show strongly episodic character of activity and
migration of hypocenters. A reactivation of previously ruptured areas
is frequently observed.
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Fig. 9. The 1997, 2000, 2008 and 2011 swarm activity in themagnitude–time plot (top) and fault plane view (bottom) (the same projection as the lower right view in Fig. 8). Color-coding
denotes the event order in time. Note that (i) despite the similar duration of the 1997 and 2011 swarm activities, the activated focal area is much larger for the 2011 swarm; (ii) the 2000
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13T. Fischer et al. / Tectonophysics 611 (2014) 1–27
5. Earthquake source mechanisms and stress field

5.1. Focal mechanisms and their occurrence during swarms

Complexity of the focal zone and the orientation of active fault sys-
tems in the area are best studied using focal mechanisms. So far, accu-
rate and reliable focal mechanisms were calculated for earthquakes of
several prominent earthquake swarms in the Nový Kostel area in the
period from 1985 to 2011. Focal mechanisms of several strongest earth-
quakes of the 1985/86 swarm were obtained by Antonini (1988) and
Špičák (1987) using P-wave polarities. Dahm et al. (2000) selected 70
earthquakes of the 1997 swarm and calculated full moment tensors
from direct P-and SH-wave amplitudes measured manually in the
three-component ground displacement seismograms and using single-
and multiple-source moment tensor inversions. Full moment tensors
were retrieved and interpreted for the same data also by Horálek et al.
(2002). Fischer and Horálek (2005) calculated focal mechanisms of
133 earthquakes of the 2000 swarm with magnitudes ML N 1.7 using
the P-wave polarities and the S/P amplitude ratios. Additionally, the
full moment tensors of the 2000 swarm were determined by Horálek
and Šílený (2013) for 102 selected earthquakes applying the same
method as in Horálek et al. (2002).

As the quality and amount of seismic observations gradually in-
creased with time, the best accuracy of source mechanisms was
achieved for recent swarms. This is the case of source mechanisms of
99 earthquakes of the 2008 swarm (Vavryčuk, 2011a) and a detailed
study of the foci clustering and the corresponding focal mechanisms
for 250 earthquakes of the 2008 swarm as presented by Vavryčuk
et al. (2013). Besides the focal mechanisms, also the occurrence of
double-couple and non-double couple components of the full moment
tensors was studied for selected earthquakes of the 1997, 2000, and
2008 swarms (Horálek and Šílený, 2013; Horálek et al., 2002;
Vavryčuk, 2002, 2011b) as discussed in Section 5.4.

The results of the focal mechanism studies show that the prevailing
focal mechanisms in the Nový Kostel zone have strikes in the range
of 165–180°, which reflect the predominant orientation of the focal
zone coinciding with the N–S direction of the PPZ. For example, the
strongest event of the 1985/86 swarm with ML = 4.6, which occurred
on December 21, 1985 at 10:16, with strike of 171°, dip of 75° and
rake of −30° (Fig. 10a), belongs to this group (Antonini, 1988;
Zahradník et al., 1990). Similar mechanisms are very frequent and
occur also in other swarm activities in 2000 (Fig. 10a), 2008
(Fig. 10a, red nodal lines) and 2011. Other focal mechanisms are also
present in the area but they are minor. The exception was the 1997
swarm (Fig. 10a) represented by two following basic types of
the focal mechanisms: the focal mechanism with strikes in the range
of 300–310°, and the other with strikes in the range of 35–45°
(Horálek et al., 2002; Vavryčuk, 2002). These focal mechanisms were
present also in the 2008 swarm but only exceptionally (Fig. 10a, blue
nodal lines).

5.2. Detailed geometry of the Nový Kostel focal zone

Bouchaala et al. (2013) applied the double-difference approach
to relocate 483 selected events of the 2008 swarm and to reveal
the fine geometry of the fault surface. The mean location error has
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dropped from 62 m for the master event method to 17 m for the
double-difference method using the cross-correlation delay measure-
ments. A more focused fault image was obtained; however, the im-
provement was not very significant, which points to a good quality
of the master-event locations. Vavryčuk et al. (2013) compared the
fault surface geometry with focal mechanisms to find if the rupture
of individual events follows the fault surface and if the swarm activity
can be interpreted as stick-slip rupture of a single fault plane as sug-
gested by Hainzl and Fischer (2002) for the 2000 swarm. Vavryčuk
et al. (2013) revealed that the fault active during the 2008 swarm
has a complex geometry being composed of several fault segments
with different orientations. Some of the segments intersect each
other. The orientations of the segments coincide well with the focal
mechanisms (see Fig. 11). Some segments are optimally oriented
with respect to tectonic stress in the region (see Section 5.3), but
some of them are misoriented. The effective normal traction is small
on them and might occasionally become extensive, which would result
in tensile opening. This indicates that some microearthquakes occur-
ring in the focal zone should be shear-tensile events, which represent
simultaneous shearing and opening with slip vector deviated from the
fault plane as described by Vavryčuk (2002, 2011b) and by Fischer
and Guest (2011).
5.3. Tectonic stress and principal focal mechanisms

Tectonic stress was determined in the West Bohemia region from
focal mechanisms by applying the inversion method of Gephart and
Forsyth (1984) and its modifications (Angelier, 2002; Lund and Slunga,
1999) using various datasets by Havíř (2000), Slancová and Horálek
(2000), Vavryčuk (2001, 2002, 2011a), and Plenefisch and Klinge
(2003). The stress inversions (Fig. 12) yield the maximum compression
direction in the range of 135–155°E inclining from the horizontal plane
by 25–45°. The azimuth of the maximum compression σ1 coincides
well with the average direction N144°E in Western Europe (Heidbach
et al., 2008). The value is slightly rotated with respect to N160°E mea-
sured at the KTB superdeep borehole (Brudy et al., 1997), located about
50 km SW of the Nový Kostel zone. Interestingly, the σ3 axis is close to
horizontal and the σ1 and σ2 axes deviate from the horizontal plane.
No temporal variations of stress orientation were detected because of
uncertainties of the stress inversion. Probably, the most representative
values of stresswere published by Vavryčuk (2011a)whoused 99 accu-
rate and carefully selected focal mechanisms to ensure their balanced
variety. The inversion yielded for the σ1, σ2 and σ3 axes the following
angles (azimuth/plunge): 146°/48°, 327°/42° and 237°/1°. The opti-
mum stress shape ratio defined as R = (σ1 − σ2)/(σ1 − σ3) was 0.8.
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Knowing the stress field in the region one can analyze stress condi-
tions on active faults and plot their positions in the Mohr's diagram
(Fig. 12). The analysis reveals that focal mechanism with strike of
169°, dip of 68°, and rake of −44° (left-lateral strike slip with a weak
normal component), which is the predominant mechanism in the
area, and the focal mechanism with strike of 304°, dip of 66°, and rake
of−137° (right-lateral strike slip with a weak normal component) be-
long to a pair of conjugate principal faults (Fig. 13). These faults aremost
unstable being optimally oriented for shearing under the present tec-
tonic stress (Vavryčuk, 2011a). The left-lateral strike-slip fault is identi-
fied with the PPZ fault, which is parallel to the Nový Kostel focal zone,
and the right-lateral strike slip fault corresponds to a slightly rotated
branch of the MLF. The other focal mechanisms such as those observed
during the 1997 swarm with strikes in a range of 35–45° (events B
in Fig. 10a and type 3 events in Fig. 11) occurred on faults which are
misoriented with respect to the tectonic stress. If the normal traction
on these fault planes becomes negative, significant non-shear (non-
double-couple) components in the moment tensors can be generated
(Fischer and Guest, 2011).

5.4. Non-double-couple components and their origin

The analysis of the non-double-couple components of moment
tensors in the 1997, 2000 and 2008 swarms reveals that the amount
of non-double-couple components varies significantly (Fig. 10b) and is
basically determined by the orientation of the fault in the tectonic stress
field. The moment tensors of earthquakes, which occurred on the opti-
mally oriented principal faults (most of the events in the 2000 and
2008 swarms) are mostly shear as shown by Horálek and Šílený
(2013) for the 2000 swarm. However, the moment tensors of the
2008 swarm determined by Vavryčuk (2011b) show small compressive
isotropic (ISO) and compensated linear vector dipole (CLVD) compo-
nents. The origin of this discrepancywill be a subject of further research.
In contrast, the moment tensors of earthquakes occurring on the
misoriented faults (most of the 1997 swarm events) are characterized
by significant positive ISO and CLVD components (Horálek et al., 2002;
Vavryčuk, 2002). The presence of the non-double-couple components,
whose amount seems to be independent of earthquake magnitude,
can be explained by high pore pressure due to the presence of fluids
in the focal zone. As an example, this was the case of the B type events
that occurred in the second half of the 1997 swarm. By analyzing the
moment tensors of the 1997 swarm and the corresponding fault trac-
tions (Fig. 12b), the fluid pressure was estimated to be less than the
lithostatic stress only by about 5 MPa (Vavryčuk, 2002).

As mentioned in Section 4.4, significant non-double-couple com-
ponents are also observed if only high-frequency part of the wavefield
is inverted for the moment tensor and for the source-time function.
The source process in the high-frequency band contains generally
more non-double-couple components which can reflect either small-
scale complexities in fault geometry, tensile vibrations of the fault or
subsequent rupturing of wing cracks at tips of the fault (Vavryčuk,
2011c).
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5.5. Summary

The prevailing focal mechanisms in the NK focal zone strike about
170°, which is parallel to the orientation of the fault plane delineated
by hypocenter clustering. Even the orientation of less frequent conju-
gate focal mechanisms follows the macroscopic fault plane, which
suggests that the individual ruptures represent a step-wise rupturing
of a major fault plane accompanied by a system of minor associated
faults. The stress field inverted from the focal mechanisms with the
azimuth/plunge of maximum compression of 146°/48° is consistent
with that of Western Europe. Significant non-double-couple compo-
nents were found in moment tensors of some earthquakes in the
NK zone, which are consistent with shear-tensile character of the
ruptures that could be caused by fluid pressure locally exceeding the
minimum principal stress. Non-double-couple components are also
observed in high-frequency part of radiated waves, which probably
reflect small-scale complexities of fault geometry or details in the rup-
ture process.

6. Fluids in the lithosphere and the earthquake swarms

Fluids are involved in most active geological processes and their in-
vestigations contribute to the understanding of complex geodynamic
processes in the Earth's crust and upper mantle. The investigation of
gases from CO2-rich mineral springs and mofettes in West Bohemia/
Vogtland focuses on the origin offluids, the evaluation offluidmigration
paths and the role of fluids as possible triggering mechanism of the
earthquake swarms.
6.1. Regional distribution pattern and origin of CO2 degassing in West
Bohemia/Vogtland

The West Bohemia/Vogtland area is known for massive CO2

degassing that occurs in the form of CO2-rich mineral waters and wet
and dry mofettes in several degassing fields. The total gas flow is more
than 500 m3/h and is mainly concentrated in three degassing centers:
(1) Cheb Basin (CB), (2) Mariánské Lázně and its eastern surroundings
(ML), and (3) Karlovy Vary (KV) (Geissler et al., 2005; Kämpf et al.,
2007; Weinlich et al., 1999; and Fig. 14). These degassing centers are
characterized by high gas flow, CO2 concentrations of more than
99 vol.%, δ13C values between ~–2 and ~–4‰, as well as high mantle-
derived helium contents. With increasing distance from the degassing
centers, the gas flow and CO2 contents, as well as both δ13C values and
3He/4He ratios decrease (Fig. 14).

CO2 is the carrier phase for mantle-derived minor components like
helium whose isotope ratios are the best tool to distinguish crustal or
mantle-derived origin of fluids. The gases in West Bohemia/Vogtland
have high 3He/4He ratios; significantly higher than the average conti-
nental crust, which is a characteristics indicating their mantle-derived
origin. Also, the carbon isotopic studies of δ13C values in the CO2-rich
gas escapes indicate the origin in the upper mantle (Bräuer et al.,
2004; Weinlich et al., 1999). The highest portions of mantle-derived
helium (up to 6 Ra, where Ra corresponds to the 3He/4He ratio of the at-
mosphere) were found in the CB followed by the ML (up to 4.9 Ra); the
KV degassing center has the lowest 3He/4He ratios (2.5 Ra). Lower He-
isotope ratios (e.g. 3He/4He b6Ra) likely reflect mixing with crustal-
derived He along fluid pathways (Bräuer et al., 2008).

6.2. Possible relation of the fluid signature to seismic andmagmatic activity

The first gas-isotope sampling was carried out in 1993 and since
2000 measurements of 3He/4He ratios and δ13C values are repeated
with varying periods. Between May 2000 and December 2003 weekly
sampling was carried out at four locations in the Cheb Basin and its
periphery, covering also the ML 3.2 earthquake swarm of 2000. The
degassing centers show different temporal behavior of the 3He/4He ra-
tios (Bräuer et al., 2009, 2011). While increase in the mantle-helium
was observed in CB, the locations near ML keep more or less the same
values (e.g. Bräuer et al., 2005). This is attributed to the higher level of
seismicity in the area of CB (Nový Kostel focal zone) compared to a
weak seismicity in ML (Fig. 15, inset). The progressive increase of the
3He/4He ratios in the CB degassing center indicates an ongoing hidden
magmatic process beneath the CB, whichmay be responsible for the re-
currence of earthquake swarms in the Nový Kostel focal zone (Bräuer
et al., 2009).

The observed pre-seismic decrease of 3He/4He ratios at the
Wettinquelle spring and at Bublák during the earthquake swarm of
2000 was interpreted by strain changes of the rock associated with
the preparatory phase of the earthquake (Bräuer et al., 2007, 2008).
This anomaly correlated with anomalous groundwater level changes
in a borehole close to Wettinquelle (Koch et al., 2003).

In contrast to helium that is steadily produced in the crust and may
be admixed along the whole migration path, the CO2 is trapped in fluid
inclusions and can be only released by fracturing. There is a wide range
of δ13C values of CO2 trapped in fluid inclusions in the crust (e.g. Reutel,
1992) and due to the migration of hypocenters different crustal reser-
voirs may be opened, which could result in shifts of the δ13C values of
the CO2 arriving at the degassing site. This co-seismic phenomenon
was observed repeatedly after the start of the 2000 swarm, where
several swarm phases with migrating hypocenters were distinguished
(see Section 7.3). During to the 2000 swarm the first modified CO2

in this manner arrived at Wettinquelle mineral spring after about
150 days (Bräuer et al., 2007). This time span is in the same order as
that observed after the short swarm of December 4 and 5, 1994 at the
neighboring Eisenquelle (Bräuer et al., 2003).
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No gas emanations were found at the surface directly above the hy-
pocentral area in the vicinity of Nový Kostel (Fig. 15). Assuming that gas
migration paths are subvertical at this part of the crust Bräuer et al.
(2003) proposed that low-permeable rock units cap the active hydraulic
system and trap the ascending fluids preventing the mantle fluid flow
from rising further. This would result in fluid pressure build-up in the
surroundings of the focal zone.

6.3. Possible relation of groundwater regime and gas flow with seismic
activity

Significant changes in mineral spring parameters (water tempera-
ture, hydrochemistry) were observed due to the ML 4.6 earthquake
swarm in 1985/1986 at the springs of the spa Františkovy Lázně, and
Bad Elster about 15 km and 17 km distant from the epicentral area
(Kämpf et al., 1989; Stejskal et al., 2008 and references therein). In the
initial phase of the earthquake swarm, the discharge of the whole
hydrogeological structure of the spa increased by about 30%, which
lasted until 1988. However, the responses of the individual springs
were considerably different. Precursory type changes were recognized
as an anomalous increase of water temperature of up to 3 °C at some
springs in the period from several months to one month before the
beginning of the earthquake swarm. Groundwater levels in four hydro-
logical wells at epicentral distances from 0 to 30 km were analyzed by
Gaždová et al. (2011) for the period 2000–2010. A noticeable drop in
water level in all wells was observed in the period of the ML 3.8
swarm in 2008. However, a possible link origin of this anomaly to the
hydrologic regime of the area was not examined.

Monitoring of mineral spring water in Wettinquelle/Bad Brambach
by Heinicke and Koch (2000) in the period of 1989–1999 revealed a
number of anomalies in overflow of spring water lasting for few days,
whichwere associated with the occurrence of a single local earthquake.
Monitoring of the Bad Brambach springs during the 2000 swarm
and extending themonitoring to theCheb Basin confirmed possible pre-
cursory character of the anomalies in Bad Brambach (10 kmW from the
epicenter (Koch et al., 2003)). The aquifer system in Bad Brambach also
reacted due to the 2008 swarm (Koch and Heinicke, 2011). However,
continuous soil gas monitoring of carbon dioxide and radon at two
sites in the NK focal zone did not find any variations of CO2 concentra-
tion during the 2008 earthquake swarm (Faber et al., 2009).



Fig. 14. Topographic map of West-Bohemia/Vogtland with the distribution of degassing locations (small numbers identify the degassing locations after Geissler et al., 2005). The black
quarters of the circles correspond to the portions of mantle-derived helium related to the subcontinental mantle reservoir (3He/4He ≈ 6.5Ra; Gautheron et al., 2005). The data stem
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). Red points
indicate the epicenters within NK and red triangles the volcanoes (KH = Komorní Hůrka; ZH = Železná Hůrka; MM = Mýtina Maar).

Fig. 15. Monitored locations in relation to the major faults and to the Nový Kostel focal zone (yellow = border of the Cheb Basin; MLF = Mariánské Láznĕ fault zone; PPZ = Počátky–
Plesná fault zone; the dotted ellipses at Bublák and Hartoušov indicate the mofette fields). The inset shows variations of the 3He/4He ratios from repeatedly sampled degassing locations
in the Cheb Basin between 1993 and 2010. SCM (the 3He/4He subcontinental mantle range) was taken from Gautheron et al. (2005). The yellow ellipse points to the increase of 3He/4He
ratios at sampled locations along the PPZ and MLF in spring 2006. The symbols in the inset and in the map are the same; circles mark locations with increased 3He/4He ratios since 1993.
The blue squares correspond to a gas-rich location with nearly constant 3He/4He ratios. The helium data stem from Bräuer et al. (2009) supplemented by the latest unpublished data.

18 T. Fischer et al. / Tectonophysics 611 (2014) 1–27

image of Fig.�15


19T. Fischer et al. / Tectonophysics 611 (2014) 1–27
6.4. Summary

CO2 inmineral spring andmofettes inWest Bohemia/Vogtland stem
from the upper mantle; according to isotope studies, the three
degassing centers are probably supplied by magmatic fluids from sepa-
ratedmagma reservoirs at theMoho depths. In the Cheb Basin, the por-
tion of mantle-derived helium was the highest at the PPZ where the
subcontinental helium isotope signature indicates fluid transport path-
ways down to the deep lithospheric mantle. The observed temporal in-
crease of the helium isotope ratios (N6 Ra) before the 2000 and 2008
earthquake swarms might point to the occurrence of magma move-
ments beneath the CB. The co-seismic change of isotope signatures of
CO2 and heliummight be related to a release of crustal-derived volatiles
due to fracturing and their admixture to the steadily ascendingmantle-
derived flow. The observed pre-seismic decrease of 3He/4He ratios,
simultaneous increase of the CO2 emission rate and groundwater level
changes probably origin in strain changes of the rock associated with
the preparatory phase of earthquake swarms. Significant hydrologic
anomalies were found during the ML 4.6 swarm of 1985/86 and ML

3+ swarms in 2000 and 2008.

7. Earthquake swarm triggering

In this chapter we give a review of seismological studies aimed to
identify the forces that are responsible for triggering and driving activity
of the West Bohemia/Vogtland swarms. The principal question relates
to the existence of external forcing that would bring the fault zone to
the failure and possibly also keep the activity running. The primary
focus is kept on fluids — mainly pressurized CO2 and water. For this
purpose the methods of statistical seismology, Coulomb stress analysis,
and fluid pressure propagation were used (for details, see Horálek and
Fischer, 2008).

Statistical parameters of magnitude and time occurrence of events
differentiate earthquake swarms from mainshock–aftershock se-
quences. The absence of a mainshock and dominance of small events
in swarms implies high b-values of their Gutenberg–Richter distribu-
tion, which typically exceed 1 and can reach up to 2.5 compared to
b-values ≤1 for mainshock–aftershock sequences. However, this
holds probably for volcanic swarms only, because the b-values of
intracontinental swarms are only about 0.8 (Ibs-von Seht et al.,
2008). In terms of their occurrence in time, the rate of aftershocks
N typically decays with time measured from mainshock according
to the Omori law N(t) = (c + t)−p, where t is the time after the
mainshock and c and p are fault-dependent constants. Omori law is
also related to a power-law decay of interevent times measured be-
tween consecutive events. Following Molchan (2005), the interevent
time distribution of the random occurrence of background seismicity
decays exponentially, while the correlated seismicity is expected to
obey the Omori law. This corresponds to the power-law decay of
interevent time distribution. Thus the interevent time distribution
is generally bimodal in earthquake sequences: a superposition of a
power-law component from triggered aftershocks due to stress transfer
at short time intervals and an exponential component at longer inter-
vals from spontaneous events (Touati et al., 2011). The Omori-decay
and the character of interevent time distribution for earthquake swarms
is subject of research and will be addressed below for the case of West
Bohemia/Vogtland.

7.1. Correlation of seismicity in the whole West-Bohemia/Vogtland

Detailed analysis of space-time distribution of hypocenters in West
Bohemia/Vogtland (Fig. 6) shows that the seismic activity can alternate
among focal zones as well as it can occur simultaneously in different
focal zones. Horálek and Fischer (2008, 2010) analyzed the time and
space separation of consecutive events in the dataset of the whole
West Bohemia/Vogtland region and found that the frequency of the
distances between consecutive events showed two maxima (see Fig. 9
in Horálek and Fischer, 2008) separated by a distance of 5 km. The
first maximum at small distances corresponds to the event pairs occur-
ring during individual swarms (clustered events), whereas the second
maximum at larger distances is related to switching of the activity be-
tween distant focal zones. To quantify possible correlation of distant ac-
tivity, Horálek and Fischer (2010) separated the seismic dataset from
the period between 1991 and 2009 into two subsets: (1) all event
pairs and (2) distant event pairs, which were separated by a distance
larger than 5 km and analyzed their interevent time distribution. The
probability density function (Fig. 7b) of interevent times for all consec-
utive event pairs and distant event pairs shows a bimodal distribution
with a power-law dependence at short interevent times and exponen-
tial decay for larger interevent times. The power-law distribution is
not surprising for all event pairs, because of the large influence of nearby
events from individual swarms that are undoubtedly correlated. How-
ever, the power-law distribution for distant event pairs suggests that
the small and distant events are correlated, as well. This is verified by
creating a random catalog of the same size and with events whose ori-
gin times occur randomly within the period of observation. The proba-
bility density of this random event occurrence corresponds to the
Poisson distribution, which significantly deviates from the probability
density function observed for distant event pairs. In particular, it was
found that the distant event pairs separated by intervals smaller than
40,000 s (about 11 h) showed an increased occurrence compared to
the case of their random occurrence. Accordingly, Horálek and Fischer
(2010) inferred that this could be attributed to triggering force acting
in the broader area of West Bohemia/Vogtland.

7.2. Swarm triggering as a result of elastic stress transfer

The magnitude and interevent-time distributions of earthquake
swarms inWest Bohemia/Vogtlandwere analyzed in order tofinddiffer-
ent characteristics from mainshock–aftershock sequences. Neunhöfer
and Hemmann (2005) estimated b-values for 73 swarms in the whole
region in the time span between 1903 and 1999. They found that
while the b-values considerably varied between about 0.5 and 1.5, the
intensive swarms in 1908, 1962, 1985/86, and 1997 showed a b-value
of ~1.0. Similarly, a b-value of about 1.0 was estimated for the complete
swarm of 2000 (Hainzl and Ogata, 2005; Tittel and Wendt, 2003).
Hainzl and Fischer (2002) investigated the b-value for the individual
phases of the 2000-swarm and found a decrease from about 1.3 in the
first swarm phase down to 0.8 in the fourth and the following phases
that was accompanied by the increase of the mean seismic moment.
A sudden b-value decrease from 1.1 to 0.9 was also observed in the
1997 swarm (Cíž and Rudajev, 2001).

Hainzl and Fischer (2002) investigated also the interevent-time dis-
tribution of the 2000 swarm and found that it obeys a power-law T = 1.5

except for the first swarm phase, which showed an exponential distri-
bution indicating non-correlated swarm events. Thus, they inferred
that the 2000 swarm was triggered by an increase of the fluid-pore
pressure and further driven by self-organization due to a local stress
transfer. Similar results were obtained by Hainzl and Ogata (2005),
who applied the stochastic ETAS (epidemic-type aftershock sequence)
analysis to the 2000 swarm. This model extends the Omori law and as-
sumes that each event has a magnitude-dependent ability to trigger its
own aftershocks, i.e. to drive the seismicity. The inversion of the seismic
data provided the rate of internal and external triggering which Hainzl
and Ogata (2005) attributed to the effect of the stress transfer and
of the fluid signal, respectively. They found that the stress transfer in-
duced most of the swarm events while the external force associated
with the fluid pressure triggered only a few percent (about 5%) of
them, mainly at the beginning of the activity and after periods of quies-
cence (Fig. 16a).

The Omori-like character of the 2000 swarmwas analyzed byHainzl
and Fischer (2002) who identified 80 mainshocks within the 2000
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Fig. 16. (a) ETAS analysis of the 2000 swarm; external forcing (solid curve) obtained by the ETAS model needed to trigger and drive the activity of the 2000 swarm that is shown by a
magnitude–time plot (gray dots), phases in which the spatial spreading of the swarm activity indicates pore pressure diffusion are indicated by boxes; adapted from Hainzl and Ogata
(2005). (b) Application of the hydrofracture model to the migration pattern of the 2008 swarm in dip-direction. The fit yields a normalized gradient of γ = 0.6 km−1. The backfront po-
sition as well the maximum up-dip extension of the seismicity cloud are direct forecasts of the model. Black dots mark M ≥ 0.5 earthquakes whereas gray dots refer to smaller events;
according to Hainzl et al. (2012).
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swarm and stacked the corresponding aftershock series, which resulted
in a characteristic Omori-law decay with p ~ 1.0. Similarly, Fischer
(2003) found p-values in the range from 0.5 to 1.9 for the individual
phases of the 2000 swarm. This indicates that the West Bohemia
earthquake swarms can be viewed as a set of overlapping mainshock–
aftershock sequences in time and space and conforms the under-
standing of earthquake swarms as a result of heterogeneous stress
and strength field to a missing well-developed fault plane (Mogi,
1963). The fact that the Omori-like decay is easily observable in the
West Bohemia/Vogtland swarms indicates that these swarms proba-
bly represent end member of the family of the earthquake swarms
that spans from purely externally driven swarms in volcanic environ-
ments to the tectonic-like West Bohemia/Vogtland swarms. Kárník
and Schenková (1987) noted that the 1985/86 swarm differed from
a typical swarm-type activity in its time pattern, which resembled a
single disintegrated mainshock preceded by foreshocks and followed
by aftershocks.

Triggeringmechanisms acting in the 2000 swarmwere investigated
by Fischer and Horálek (2005) on the basis of space-time relations be-
tween consecutive ML N 0.5 earthquakes. The spatial and temporal dis-
tributions of all event pairs (Fig. 17a) and fast event pairs (Fig. 17c)with
interevent velocities larger than 100 m s−1 show a distinct prevalence
of the immediate aftershocks occurrence along the direction of 30° to
40° from horizontal, which corresponds to the prevailing slip-parallel
a) b)
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Fig. 17. Angular dependence of the rate of immediate aftershocks evaluated using a step of 10
(c). The slip axis is derived using the most common source mechanism showing rake angl
in panel (b) resolved on the fault plane surrounding the rupture induced by an instantaneous s
geneous half-space. Only the shear stress vector (traction) is given because the normal stress i
near-field deformation and the transient (dynamic) part carried by the propagation carried by
direction of source mechanisms. While the polar plot of all the event
pairs displays nearly oval form, the fast event pairs show a lobe-like
character with minimum occurrence in the slip-perpendicular direc-
tion, which resembles the static and dynamic Coulomb stress change,
respectively (Fig. 17b). This suggests that the static stress changes
were significant in triggering subsequent aftershocks close to prior
earthquakes, while a triggering effect due to dynamic stress changes
took place mainly at larger distances and smaller time scales. The
small amplitudes of the stress changes, which are just fractions of the
earthquake stress drop, could be accountable for triggering only in
case of critical loading of the fault plane. This is precisely the case
when pressurized fluids, which increase the pore pressure and reduce
the friction, bring the fault to the limit of stability.

7.3. Migration of hypocenters and fluid and magma triggering

Migration of foci, a typical feature of earthquake swarms, was first
reported by Antonini (1988) who interpreted a systematic south-to-
north trending migration in the swarm of 1985/86 by a successive
release of tectonic stress accumulated along theMLF. A clear focimigra-
tion was observed for the ensuing swarms in 1997, 2000, 2008, and
2011 thanks to the precise relocations discussed above. The 2000 and
2008 swarms show a self-similar well-developed trend (Fig. 9): the
first events of both swarms occurred at the bottom of the fault segment
c)
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°; all aftershocks in panel (a); aftershocks linked by speed higher than 100 m/s in panel
e of 30°–40°. Space-time distribution of the complete stress filed (dynamic and static)
tress drop of 10 MPa due to strike slip on a circular area with radius of 100 m in a homo-
s zero. The stress field breaks with time into the permanent (static) part as a result of the
the transition of seismic waves. Adapted from Fischer and Horálek (2005).
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and the final events in the uppermost tail. Nevertheless, amore detailed
space-time distribution of the foci shows a fairly different pattern: the
counter-clockwise migration of the 2000 swarm and a gradual upward
migration of the 2008 swarm. The hypocenter migration of the 2011
swarm was rather different: the activity started at 8 km depth at the
top-northern edge of the 2008-swarm segment and migrated step-
wise to the north and slightly downwards with high density of hypo-
centers. After a two-day gap a fast vertical migration with smaller
event density took place for the next three days between the depths
of 9 and 7 km.

The migration of hypocenters suggested relevance of pressurized
fluids in the swarm triggering (Špičák and Horálek, 2000). Later it was
pointed out that the conspicuous migration of the 2000-swarm activity
starting at the bottom part could be explained by diffusion of pressur-
ized fluids injected into the permeable fracture zone (Parotidis et al.,
2003). This approach is based on the assumption that the earthquakes
map the advance of the pore pressure front; this means that the seismic
rupture does not advance or fall behind thepore pressure front. Provided
that the hydraulic diffusivity of the rock is constant and the pore
pressure field is decoupled from seismic rupturing and related stress
changes, the disturbance of the pore-pressure field can be described
by the diffusion equation. A solution of this equation in homogeneous
isotropic medium results in a distance r representing the propagating
pore pressure front by r ¼

ffiffiffiffiffiffiffiffiffiffiffi

4πDt
p

, where t is the time from the start
of injection (Shapiro et al., 1997). By fitting a parabolic envelope to
the r(t) plot of the migration of the foci, Parotidis et al. (2003) obtained
a diffusivity of 0.27 m2 s−1 for the 2000 swarm. Similar diffusivity was
observed by Hainzl and Ogata (2005) who fitted the parabola only to
the externally triggered events obtained by declustering the catalog.

However, rocks are anisotropic because of strong heterogeneities
like faults acting as permeable channels on one hand, or as imperme-
able barriers on the other hand. Besides, stress gradients due to density
contrasts between fluids and rock or heterogeneous tectonic stress
occur. The combination of both effects results in a preferred orientation
of the fluid flow and seismicity spreading. This was pointed out by
Hainzl et al. (2012) who found that the migration of the 2008 swarm
hypocenters requires three times higher hydraulic diffusivity for up-
dip direction than for the down-dip direction. To account for the asym-
metry they applied hydrofracture model of Fischer et al. (2009) and
Dahm et al. (2010) that allows for asymmetric growth of the seismicity
accompanying the hydraulic fracture due to the stress gradients. Appli-
cation of the hydrofracture model presumes that fluid pressure
exceeds the minimum confining pressure, which results in co-seismic
tensile fracture opening. It would however work also in the case of a
smaller fluid pressure, because the Coulomb failure criterion is easier
fulfilled in the up-dip direction of hydraulic gradient. The model
provided excellent fit to the observed spreading of hypocenters
(Fig. 16b) with the resulting gradient of 0.6 km−1 that corresponds
to the injection overpressure of about 20 MPa for water as the injected
fluid.

A possible role of magma intrusion in swarm triggering was exam-
ined, as well. According to Šafanda and Čermák (2000), the subsurface
heating caused by magma intrusion at the assumed focal depth
(horizontally infinite 50 m thick sill with temperature of 1100 °C) is
not detectable by direct geothermal measurements due to the long
delay of the heat pulse (100 ka) and only 2% increase of heat flux. How-
ever, a slightly faster response of the surface temperature would occur
(Kohl et al., 1998) if convective heat transfer due to CO2 flow was con-
sidered. Dahm et al. (2008) proposed an interpretation of themigration
of the 2000-swarm hypocenters by a magma intrusion. The analysis of
the theoretical 3D shape of intrusions constrained parameters of the
fluid, the surrounding rock and stress showing that the 2000 swarm
could have been driven by a fluid intrusion. The possible fluid intrusion
would be of a similar density to the density of the rock (magma), and
inclined to the maximal principal stress, which would cause shear
displacement additional to opening.
Possible role of fluids might be also indicated by an anomalous vP/vS
ratio found in the source volume of earthquake swarms in the NK focal
zone. In general, the rocks in the crust display quite stable vP/vS of about
1.7 and any deviation from this value points to the possible presence
of fluids. Vavryčuk (2011b) analyzed moment tensors of tensile
earthquakes that occurred during the 1997 and 2008 swarms and deter-
mined the vP/vS ratio from the slope of the linear relation between the
ISO and CLVD moment tensor components. Both swarms showed
anomalous small vP/vS in the focal volume, 1.45 for the 1997 swarm
and 1.35 for the 2008 swarm. Dahm and Fischer (2013) used the
double-difference version of the Wadati method to determine vP/vS
during the 1997, 2000, and 2008 swarms. For all swarms a strong tem-
poral decrease of vP/vS before and during themain activity of the swarm
down to 1.3 was resolved with a recovery of vP/vS to background levels
at the end of the swarms. The extremely small velocity ratios are
interpreted in terms of the Biot–Gassmann equations, assuming
degassing of over-saturated fluids during the beginning phase of the
swarm activity.

7.4. Other models of the swarms

Hainzl (2004) proposed a model of the 2000 swarm consisting of a
planar brittle patch placed in a 3-D elastic half-space with geometry
similar to the 2000-swarm that includes two triggering mechanisms:
fluid injection and stress changes. The tectonic stress keeps the patch
subcritically loaded until the pore pressure of diffused fluids from the
underlying fluid source brings it to failure, which is governed by the
Coulomb failure criterion. Then, the earthquake activity is governed by
the stress changes due to the co-seismic andpost-seismic slip, which ac-
counts for a drop of friction due to a slip from its static to its dynamic
value and its subsequent recovery so that mutual triggering between
ruptured cells occurs. The combination of both mechanisms succeeded
to reproduce, among others, the event magnitudes, the b-values,
and the Omori-type clustering of the earthquakes in time, and the
diffusion-like spreading of hypocenters below a parabolic envelope in
the r(t) plot. While the fluid diffusion is only reflected in the spatio-
temporal migration, the stress triggering is responsible for all the
other characteristics.

The overlapping activity of the 2000 and 2008 swarms has opened
the question of the underlying mechanisms that led to the reactivation
of the same fault plane after only 8 years (see Fig. 8 and 9). This was ad-
dressed byHainzl et al. (2012)who showed that the 2008 swarm can be
understood partially as a simple rupture extension of the pre-existing
rupture area of the 2000 swarm (Fig. 18a). To examine the reason for re-
peated rupturing of the fault plane they calculated the Coulomb stress
changes induced by precursory events of the 2000 and 2008 swarms
at the location of each swarm earthquake. They found that about 60%
of events occurred in regions unloaded by the preceding activity with
stress deficit up to 20–30 MPa (Fig. 18b). Thus, external loading must
be considered when bringing the fault patch to the failure. Assuming
that observed stress deficits had to be compensated by fluid injection,
an underlying pore-pressure increase in the range of 20–45 MPa was
necessary.

Most of the reviewed studies interpret the role of fluids in terms
of the effect of their high pressure that destabilizes the fractures. This re-
sults in their partial opening and associated shearing. Heinicke et al.
(2009) proposed different physical mechanisms consisting of hydro-
thermal alteration of the minerals by the circulating aqueous CO2-
saturated fluids at optimal P–T conditions present in the seismogenic
depths. According to this study, the walls of fractures are being dis-
solved in contact with a steady-state flow of the acid fluid phase, and
the stressed fault zone is gradually weakened, which would result in
its repeated fracturing. Associated compaction of fractures would be ac-
companied by moment tensors of compressional type. Interestingly,
such source mechanisms often occur at the beginning of the swarms
as was the case of the 1997 swarm (Horálek et al., 2002) and the 2008



Fig. 18. Coulomb stress analysis of 2000 and 2008 swarms. (a): Difference of the ML ≥ 0.5 event densities in the swarms 2008 and 2000. Positive values indicate areas with significantly
more activity during the year 2008 than 2000whereas negative valuesmark active areas in 2000,whichwere significantly less active in 2000. (b): Cumulative stress changes related to the
year 2000 swarm activity in comparisonwith the locations (points) of the swarm earthquakes in the year 2008. The assumed earthquake stress drop used to estimate the rupture areas is
1 MPa.
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swarm(Vavryčuk, 2011b).Wehowever infer that the ambiguity of non-
DC components of the moment tensors obtained by different authors
mentioned in Section 5.4 does not allow us to draw conclusions as
regards to the possible role of fluids in seismic fracturing. To complete
the review of possible triggering mechanisms, the possible effect of
the Earth's tides should be noted. This was analyzed by Fischer et al.
(2006) who showed that increased occurrence of the earthquake
swarms in the period of 1991–2005 near the fortnightly maximum of
tidal extensive normal stress was not statistically significant, and this
led to rejection of tidal triggering hypothesis.

7.5. Summary

The occurrence of swarm earthquakes in the whole West-Bohemia/
Vogtland is found correlated at interevent times below 11 h, which
points to a common triggering force. The activity of swarms on the
scale of NK zone appears to be driven by stress transfer among individ-
ual earthquakes. This is indicated by Omori-type decay, ETAS analysis,
and the Coulomb stress analysis of the 2000 and 2008 swarms. Howev-
er, the latter two methods revealed repeated external forcing (possible
fluid injection) during these swarms, which is probably also responsible
for the initial triggering of the activity. In addition, pressurized fluids are
presumed to keep the near-critical loading of the focal zone that de-
creases the effective normal stress and makes the stress triggering pos-
sible, despite the tiny stress changes due to the running activity. The role
of the high fluid pressure is found from the hypocenter spreading,
which is consistent with the pore pressure diffusion models and even
better with the model of hydraulic fracture with preferential growth
in the up-dip direction. An independent indication of highfluid pressure
comes from anomalously low vP/vS ratios found in the focal zone that
points to gaseous fluid phase. A different concept of swarm triggering
presumes that the fault zone is destabilized by hydrothermal alteration
of minerals; the resulting collapse of the newly created pore space is
however not clearly supported by source moment tensors.

8. Discussion and conclusions

8.1. Summary of the existing results

The presented review of the geodynamic processes in West
Bohemia/Vogtland can be summarized as follows.

(1) The present seismic activity is concentrated at the intersection of
the Eger Rift and the Regensburg–Leipzig–Rostock Zone where the
Tertiary Cheb Basin was formed due to the subsidence along the
Mariánské Lázně Fault. While in the northern part of the region the
solitary events prevail, the earthquake swarms are typical for the
broader area of the Cheb Basin. The area close to Nový Kostel stands
out withmore than 80% of seismic moment released during the past
20 years. The maximum hypocenter depths vary from 10 to 25 km
with an increasing trend towards NW; the deepest hypocenters in
the NK zone occur at 12 km.
(2) Seismic methods show laminated lower crust with the top
at about 27–28 km in the area of earthquake swarms, which could
correspond to alternating rock types or melt. However, no direct
evidence for the existence of a plume in the lower crust or the
upper mantle was supplied.
(3) The area is typified by intense CO2 degassing and Quaternary
volcanism. The dating of the onset of CO2 escapes coincides with
the age determinations of eruptions of three documented volcanoes
in about 0.78 to 0.12 Ma. Isotope ratios of carbon and helium show
magmatic origin of the escaping CO2, which is one of the evidence
for the magmatic activity in the lower crust/upper mantle. Similar
depth of 25–40 km is provided by analysis of mantle xenoliths
from 0.29 Ma old volcanics, which could correspond to the depth
of origin of rising magma. This indicates that the CO2 escaping at
present originates from a similar depth as the magma that erupted
in the Quaternary volcanoes.
(4) The deep origin of CO2 implies that the gasmust pass,most prob-
ably along permeable fault zones, through the seismogenic depth to
the surface, and thus can take place in the seismogenic processes.
The possible role of fluids is indicated by analysis of triggering of
swarms that occurred in the NK zone. It was found that the external
forcing is needed to trigger the swarm activity and the elastic stress
transfer does not always suffice to drive the running swarm. Intra-
plate tectonic loading rates are found insufficient for stress recovery
alone to trigger swarms with such short recurrence intervals as
seen at NK in the past 25 years. On top of tectonic loading pressur-
ized fluids seem to be another candidate for external forcing that
would be also consistent with the spreading of activity observed in
hypocenter locations. The role of fluids is twofold: besides external
forcing, the acidic pressurized fluids could weaken the fault zone —

both mechanically by decreasing the friction, and chemically by
hydrothermal alteration of the minerals.
(5) In contrast to some previous studies presenting the fault zone of
Nový Kostel as a simple steeply dipping fault plane, the precise
earthquake locations, focal mechanism determinations and namely
the hypocenter distribution of the recent 2011 swarm show that
the fault zone is rather complex, composed of several intersecting
segments. This also holds for the majority of earthquakes of the
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2008 swarm,which occur on two principal conjugate faults oriented
optimally for shearing with respect to the tectonic stress in the
region.

The fact that the present epicenter distribution in the region over-
laps roughly with the occurrence of gas escapes (Fig. 20) could support
possible relation between CO2 flow and earthquake swarm activity.
There are only few exceptions from this correlation: earthquake epicen-
ters in Vogtland (focal zone 6— Schöneck) with missing CO2 degassing
and the absence of seismic activity in few CO2 escape areas in the south.
However, the present earthquake swarm distribution that dominates in
the area of NovýKostel since 1985may represent only a short episode in
a larger-scalemigration of the earthquake swarms. According to Fischer
et al. (2010), the repeated swarm activity in the Nový Kostel zonewith-
in the past period would require an unrealistic loading rate of about
1 cm/year if the released slip would be equal to the cumulative loading.
The high loading rate would not be necessary if the swarm recurrence
interval would be evaluated for the whole region of West Bohemia/
Vogtland and the activity in the period from 1872 to 1908 would be
considered.

8.2. A broader view of the geodynamics in time and space

To extend the time and space view of the activity we checked the
available information about the macroseismically documented seismic
activity in the 19th century and disclosed that the 1824 swarm
occurred at different location compared to the present activity and
the swarms at the turn of the 19th and 20th centuries. The area of
maximum intensities of the 1824 swarm (Fig. 19) in the isoseismal
map of Knett (1899) shows clearly different position than the epicen-
tral areas of the 1897 swarm reported by Credner (1898) and of the
1903 and 1908 swarms estimated by Procházková (1987). This is fur-
ther underlined by Knett (1899) who argues that the 1824 swarm
was located close to Hartenberg in contrast to the 1897 swarm, which
occurred near Kraslice. However, no adequate data about swarm
Fig. 19. Isoseismal map of the 1824 earthquake swarm near Hartenberg (Knett, 1899) supplem
(I) and felt (II) shaking, the meaning of selected abbreviations is: Bl = Bleistadt (Oloví), B — B
darkblue line encompasses the areawhere the 1897 swarm commenced (Credner, 1898), the iso
indicates position of the swarm 1962 (Kárník, 1963). The violet circles show the epicenters of
activity prior to 1824 was found, which was already mentioned by
Kárník (1963) who also brought preliminary analysis of the ML 2.7
swarm in 1962. Kárník (1963) has located the 1962 swarm to the
Kraslice region and noted that the activity since 1897 has been
switching between the areas of Kraslice and Bad Brambach, which he
termed as a “twin-focus” activity.

According to available data on historic seismicity, few notable facts
turn out (Fig. 19): (i) the earthquake swarm occurrence has shown pro-
nounced migration within the area of 15 × 15 km during the past
200 years; (ii) the 1824 swarm occurred in the area of Hartenberg–
Oloví, which has displayed no earthquake activity within the past
22 years of continuous monitoring (see Fig. 6); (iii) the area of 1824
swarm is free of any present CO2 escapes and no mineral springs are
documented there in the past (T. Vylita, personal communication).
The absence of present seismicity in the location of 1824 swarm repre-
sents a unique evidence of a long-term migration of the earthquake
swarm activity. In particular, the data on the changing position of epi-
centers of the 1824–2011 swarms indicate that the leading role in the
whole area is transferred among different focal zones and that the
majorfocal zone may become even quiet, which is probably the case of
Hartenberg–Oloví. In this context it should be noted that while in the
Kraslice–Bad Brambach area quite dense distribution of microearth-
quake swarms occurs (Fig. 6), there is a clear gap of epicenter occur-
rence east of MLF where the 1824 swarm occurred. Hence, it seems
that according to the activity, themajor focal zone migrates in a follow-
ing way. About 1824: Hartenberg–Oloví; 1897–1962: Kraslice–Bad
Brambach; and 1985–2011: Nový Kostel (Fig. 19).

The migration of swarms invokes a question about the stability of
gas escape areas. As documented by travertine dating, CO2 degassing
in Karlovy Vary started about 0.23 Ma, which probably dates the onset
of the mantle CO2 flow in the whole West Bohemia/Vogtland region.
However, in contrast to the earthquake swarms, no significant fluctua-
tions of CO2 emanations were observed within past 200 years, which
indicates that the occurrence of CO2 flow is more stationary than the
earthquake swarm occurrence.
ented by the occurrence of later swarms. The isoseists of the 1824 swarm indicate strong
ernau, P — Prünles (Studenec), G— Gossegrün (Krajková), L— Lauterbach (Čistá). Dashed
seists of the1903 and1908 swarms are adapted fromProcházková (1987). The gray arrow
ML 3+ earthquakes of 1985–2011 swarms in the Nový Kostel zone.
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Fig. 20. Schematic cartoon illustrating the state-of-art knowledge about the principal geodynamic processes in West Bohemia/Vogtland. The hypocenters are indicated by filled circles
using time color scale from Fig. 7. Three main degassing centers are (Prameny, Soos, Bublák— blue ellipses) and three Quaternary volcanoes (KH, ZH, and MM — brown triangles) are
indicated. Topography is indicated as colored map and ranges between 400 and 800 m.
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The migration of the major focal zone among gas-escape and gas-
free areas indicates that it might be difficult to find a direct link be-
tween the earthquake swarm occurrence and the gas flow. The earth-
quake swarm occurrence is consistent with the models of earthquake
triggering by fluids and some correlation, though not always straight-
forward, between the swarm occurrence and anomalies in fluid ema-
nations is documented. Thus, we can say that the earthquake swarms
and magmatic CO2 degassing are manifestations of the geodynamic
activity of the area; they are linked together, though fluids are proba-
bly not the only triggering factors of the swarms. Besides, our data on
the scale of present occurrence of the earthquake swarms and CO2 es-
capes allow only for short-term correlation analysis, which is not suf-
ficient for drawing conclusions of general validity. As an example,
present concentration of the earthquake swarms in the area of Nový
Kostel, which lies apart from the moffetes Soos and Bublák and from
mineral springs in Bad Brambach could give impression of exclusive
occurrence of earthquakes and CO2 escapes. However, only
100 years ago the earthquake swarms were concentrated close to
Bad Brambach, where mineral springs do exist for much longer
period.

8.3. Concluding remarks and prospects for further research

It should be noted that migration of seismicity on the scale of
100 years implies that the earthquake swarms in Nový Kostel may
cease soon and another place in the area might overtake the leading
role. This could be a guide for planning further research projects in
order to employ the present period of strong activity that provides
high-quality seismological and other geoscience data on the ongoing
geodynamic processes.

The existing results indicate that migration of pressurized fluids of
mantle origin in the crust is involved in the earthquake swarm occur-
rence and triggering in West Bohemia/Vogtland. However, the particu-
lar mechanism of the interaction of the fluids, stress field, and fault
fabric in generating the earthquake swarms is not fully understood. In
order to get answers to these open questions, further interdisciplinary
research is needed. This should target the possible existence of non-
volcanic tremors that could bring an independent indication of pres-
surized fluid activity in the roots of faults, improving the detection ca-
pability of the seismic network to get a more detailed geometry of the
fault zone, and also tomography studies including monitoring of the
vP/vS ratios during swarms to get insight in the fluidflows and their pos-
sible phase changes. Beside continuing isotope geochemistry studies, a
promising avenue is also precise source mechanism analysis that
would allow for mapping pore pressure and stress changes during the
swarm activity. This way the research of contemporary seismic activity
and CO2 degassing in this natural laboratory could promote our under-
standing of the link among geodynamic processes in the area.
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