
Geophysical Journal International
Geophys. J. Int. (2015) 203, 1113–1127 doi: 10.1093/gji/ggv338

GJI Seismology

Seismic tomography reveals a mid-crustal intrusive body, fluid
pathways and their relation to the earthquake swarms
in West Bohemia/Vogtland

Sima Mousavi,1 Klaus Bauer,2 Michael Korn1 and Babak Hejrani3
1Institute of Geophysics and Geology, University of Leipzig, Talstr. 35, D-4103 Leipzig, Germany, E-mail: seyede_sima.mousavi@uni-leipzig.de
2GFZ German Research Centre for Geosciences, Telegrafenberg, D-14473 Potsdam, Germany
3Research School of Earth Sciences, Australian National University, Canberra, ACT, Australia

Accepted 2015 August 14. Received 2015 July 28; in original form 2014 December 15

S U M M A R Y
The region of West Bohemia/Vogtland in the Czech–German border area is well known for the
repeated occurrence of earthquake swarms, CO2 emanations and mofette fields. We present
a local earthquake tomography study undertaken to image the Vp and Vp/Vs structure in the
broader area of earthquake swarm activity. In comparison with previous investigations, more
details of the near-surface geology, potential fluid pathways and features around and below
the swarm focal zone could be revealed. In the uppermost crust, for the first time the Cheb
basin and the Bublák/Hartoušov mofette fields were imaged as distinct anomalies of Vp and
Vp/Vs. The well-pronounced low-Vp anomaly of the Cheb basin is not continuing into the
Eger rift indicating a particular role of the basin within the rift system. A steep channel of
increased Vp/Vs is interpreted as the pathway for fluids ascending from the earthquake swarm
focal zone up to the Bublák/Hartoušov mofette fields. As a new feature, a mid-crustal body
of high Vp and increased Vp/Vs is revealed just below and north of the earthquake swarm
focal zone. It may represent a solidified intrusive body which emplaced prior or during the
formation of the rift system. We speculate that enhanced fluid flow into the focal zone and
triggering of earthquakes could be driven by the presence of the intrusive body if cooling is
not fully completed. We consider the assumed intrusive structure as a heterogeneity leading to
higher stress particularly at the junction of the rift system with the basin and prominent fault
structures. This may additionally contribute to the triggering of earthquakes.
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1 I N T RO D U C T I O N

The region of West Bohemia/Vogtland in the German–Czech border
area is known for its complicated past and present geodynamical ac-
tivities like repeated occurrence of earthquake swarms (e.g. Horálek
& Fischer 2008), presence of mantle derived CO2 and He isotopes,
increased heat flow (Čermák et al. 1996), gas vents, mofettes, min-
eral waters, geothermal springs (Heinicke & Koch 2000; Weise
et al. 2001), quaternary volcanoes (Wagner et al. 2002) and negative
gravity anomaly (Švancara et al. 2000, 2008). These observations
indicate a high potential of current and future dynamic activities. At
present, there is no complete explanation for such a concentration
of various geodynamical phenomena in this small area.

One of the most significant geodynamic features in West Bo-
hemia is the periodical re-occurrence of earthquake swarms in an
intracontinental region (Fischer et al. 2014). In general, earthquake
swarms mainly occur in mid-ocean rifts and active volcanic ar-
eas which are related to magma and fluid movements and they are

usually associated with degassing (e.g. Dreger et al. 2000). Simi-
larly, for West Bohemia, ongoing magmatic processes and related
transport of fluids and their interplay with tectonic structures can
be assumed as the responsible scenario for the generation of seis-
micity. The geotectonic setting is determined by the post-Variscan
structures of the Eger rift and the Cheb basin (Fig. 1). In fact, the
swarm seismicity concentrates at the conjunction of the rift graben
and the basin, where also prominent faults are running parallel to
the seismic event distribution (e.g. Horálek et al. 1996; Bankwitz
et al. 2003; Fischer et al. 2014). The possible role of fluids in the
generation of earthquake swarms was early recognized by several
authors (Weinlich et al. 1998; Heinicke & Koch 2000; Weise et al.
2001; Bräuer et al. 2005; Bräuer et al. 2009; Kämpf et al. 2013).
Magmatic source regions for these fluids were suggested to be lo-
cated within the deeper crust around the Moho (Špičak & Horálek
2001; Weise et al. 2001) and within the upper mantle (Bräuer et al.
2003; Hofmann et al. 2003; Geissler et al. 2005; Heuer et al. 2006;
Heuer et al. 2011).

C© The Authors 2015. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1113

 at The A
ustralian N

ational U
niversity on June 6, 2016

http://gji.oxfordjournals.org/
D

ow
nloaded from

 



1114 S. Mousavi et al.

Figure 1. Topographic map of NW Bohemia and its location within
Europe. The tectonic setting is determined by the microplates of the
Saxothuringian (ST), Moldanubian (MD) and Teplá-Barandian (TB). The
earthquake swarms are concentrating at the intersection between Eger rift,
Cheb basin and Mariánské Lázně fault (MLF), close to the community of
Nový Kostel. High rates of fluid and gas flow from deeper crustal and man-
tle sources are measured at mofettes and gas vents. Quaternary volcanoes
are shown as red triangles: Komornı́ hůrka (KH), Železná hůrka (ZH) and
Mýtina (MM). Main mofette fields inside Cheb basin including Hartoušov
mofette (Hart.) and Bublák mofette (Bub.) and Soos are marked by red stars.

Many geophysical investigations were performed using different
techniques to derive structural constraints on the proposed mecha-
nisms for the unusual earthquake swarm behaviour. Overviews of
such studies are given, for example, in Novotný et al. (2013) and
Fischer et al. (2014). The method of local earthquake tomography
(LET) provides information on the Vp and Vp/Vs crustal structure
within the context of the seismicity distribution. Hence, LET is par-
ticularly suited to test the hypothesis that fluids originating from
deeper magmatic sources play an important role in the swarm gen-
eration, and that the geochemical sampling of fluids at the surface
provides a window into these crustal processes (e.g. Weise et al.
2001).

Recent LET studies delivered images of Vp, Vp/Vs and seis-
micity for West Bohemia using various data sets and differ-
ent traveltime inversion techniques (Růžek & Horálek 2013;
Alexandrakis et al. 2014). Růžek & Horálek (2013) derived for
the first time smooth 3-D velocity models of the upper crust
in West Bohemia from independent inversions for Vp and Vs.
Alexandrakis et al. (2014) applied the double-difference tomog-
raphy program TomoDD (Zhang & Thurber 2003) and determined
relative perturbations of Vp, Vp/Vs anomalies and earthquake loca-
tions around the earthquake swarm region. Here we present a trav-
eltime inversion for absolute values of Vp, Vp/Vs and seismicity
distribution using the SIMUL2000 tomography package (Thurber
1983; Eberhart-Phillips 1993; Thurber 1993). In extension to the

previous investigations of Růžek & Horálek (2013) and Alexan-
drakis et al. (2014), our tomography study is based on a larger
distribution of seismological stations covering regions in the Czech
Republic and in Germany. The results allow us for the first time
to identify features such as the Cheb basin and fluid path ways
between the earthquake swarm region and the Bublák/Hartoušov
mofette fields (Fig. 1), as predicted from previous interpretations of
surface geochemical data (e.g. Weise et al. 2001).

2 G E O L O G I C A L A N D T E C T O N I C

S E T T I N G

The Bohemian Massif is located considerably far away from ex-
isting plate boundaries and active volcanoes (Špičak & Horálek
2001). It was formed as a consequence of the complex Variscan
orogeny which included ocean closure, accretion of terranes and
continental collision, subduction, followed by a period of strike-slip
faulting (Matte et al. 1990). The Bohemian Massif is subdivided
into the Saxothuringian Zone, Moldanubian and Teplá-Barandian
which differ in metamorphic grade and tectonic setting (e.g.
Zulauf et al. 2002). The borders of these geotectonic domains are
shown in Fig. 1.

Eger rift, quaternary volcanoes, Cheb basin and Mariánské Lázně
fault (MLF) zone are the main post-Variscan geological features of
West Bohemia (Fig. 1). The NE–SW striking Eger rift is part of
the European Cenozoic rift system (Ziegler 1992). It was formed
in response to the Alpidian orogeny and related far-field accumu-
lations and release of stress along pre-existing Variscan structures.
The graben development was lasting until the Late Miocene and the
rift appears mostly inactive at present. The Cheb basin, the youngest
geological feature in NW Bohemia, was formed in the late Tertiary
and Quaternary. It developed at the junction of the Eger rift and
MLF (Dudek 1986). Lithologies encountered within the basin in-
clude metamorphic crystalline rocks, granites and fluvial sediments
(Kämpf et al. 2013). The Quaternary volcanoes Komornı́ hůrka and
Železná hůrka and a recently discovered volcano Mýtina (Mrlina
et al. 2009) are located along the western margin of the Cheb basin
(Babuška et al. 2008).

The majority of earthquake swarm foci in West Bohemia are
clustered close to the community of Nový Kostel, at the northeastern
edge of the Cheb basin where it intersects the MLF and the Eger
rift. The Nový Kostel focal zone is located at the top of the Variscan
granite (Hecht et al. 1997). Earthquakes occur at the depth range
between 6 and 11 km, with maximum magnitudes of ML < 4.6.
Recent swarm activities were observed in 2000, 2008, 2011 and
2014.

The source mechanism in swarm focal zone was studied by num-
ber of authors (e.g. Dahm et al. 2008; Hainzl et al. 2012; Horálek
& Šı́lený 2013; Vavryčuk et al. 2013). The focal mechanisms are
in general consistent with the stress field of the western European
lithosphere with subhorizontal T axis in NE–SW direction. Ad-
ditional to shear faulting there is evidence for volumetric source
components pointing to faults that are under high fluid pressure
exceeding the principal stresses.

Horálek et al. (1996) related earthquake swarms in West
Bohemia to tectonic faults. A possible connection between earth-
quake activities and underground fluids in West Bohemia has been
addressed for the first time by Weinlich et al. (1998). Later Špičak &
Horálek (2001) suggested that the occurrence of earthquake swarms
is associated with magmatic activity in the deeper crust. Kurz et al.
(2003) estimated that the regional stress field is not strong enough

 at The A
ustralian N

ational U
niversity on June 6, 2016

http://gji.oxfordjournals.org/
D

ow
nloaded from

 



Seismic tomography in West Bohemia/Vogtland 1115

to cause earthquake swarms while pore pressure and temperature
play an important role in the earthquake swarm generation. Kurz
et al. (2004) linked the earthquake swarm occurrence to recent
crustal magmatic activity and related fluids. Bräuer et al. (2003) and
Hofmann et al. (2003) assumed an active magma reservoir in the up-
per mantle which is the source of upward fluid migration. Sampling
and measurement of He isotopes indicated that the fluids released
from gas vents and springs within and around the Cheb basin have
a magmatic source (Bräuer et al. 2005). Weise et al. (2001) and
Bräuer et al. (2009) suggested that earthquakes were triggered by
mantle-derived magmatic fluids. Their hypothesis got supported by
measurements on 3He/4He anomalies and CO2 discharge in mofettes
and mineral springs.

The lithospheric structure within the earthquake swarm region
shows an updoming Moho and a low-velocity zone in the upper-
most mantle based on receiver function studies (Geissler et al. 2005;
Heuer et al. 2006). The low-velocity layer was identified at around
65 km depth and was interpreted as partial melts or an astheno-
spheric updoming (Heuer et al. 2006). A baby mantle plume was
proposed by Heuer et al. (2011) based on weak depth variations
of the 410-km discontinuity. The idea of a magmatic body around
the mantle–crust transition was rejected by Plomerová et al. (2007),
since they did not find any ‘tube-like’ low-velocity heterogeneity as
a result of their teleseismic tomography investigation.

3 L O C A L E A RT H Q UA K E DATA

The data set for this study was generated based on recordings of
permanent and temporary seismic networks in Germany and Czech
Republic during the time period of 2000–2010. WEBNET and
KRASNET—the permanent local seismic networks of the Czech
Republic—have build up the main part of data in addition to per-
manent stations of BAYERNNETZ, SXNET and Thuringian net-
work in Germany. Temporary networks BOHEMA (Plomerová et al.
2003), PASSEQ (Wilde-Piórko et al. 2008) and temporary networks
of institutions such as GFZ, SZGRF, University of Potsdam and
University of Freiberg were the other sources of our data set. Fig. 2
shows the distribution of stations used in this study.

Considering that swarms are concentrated within small hypocen-
tral volumes and about 90 per cent of the recorded earthquakes
are located near Nový Kostel, our initial catalogue contained many
earthquakes from almost identical source locations. To avoid redun-
dancy and unbalanced distribution of information with respect to
the proposed inversion of the data, we carried out a subsampling
of the original database, in several steps. First, for each period of
swarm activity, we divided the swarm area into cubes with 1-km
side length in each dimension. For each cube only the events with
magnitudes larger than the mean magnitude were selected for the
next step. Large number of events in a swarm usually occurs in a
short period of time, therefore waveforms will overlap. Hence, in
each cube, we furthermore selected only events with no overlapping
waveforms. The number of events was reduced by these selection
procedures from about 14 000 to about 2000 at this stage of the data
preparation.

In order to avoid possible phase misinterpretations from auto-
mated routines all arrival times were manually re-picked using the
SeismicHandler software of Stammler (1993). An example with
analysed waveforms and corresponding traveltime picks is given in
Fig. 3. Based on the arrival time weighting scheme of Evans et al.
(1994) quality classes of 0 (highest), 1 and 2 were assigned to each
traveltime pick regardless of wave type according to the estimated

Figure 2. Distribution of seismological stations used in this investigation.
The data were compiled by using stations from different sources: PASSEQ
(PQ); BOHEMA (BH); German permanent stations (GPS); Czech Republic
permanent stations (CZ); GeoForschungsZentrum Potsdam (GFZ); Univer-
sity of Potsdam (UP); University of Freiberg (UF); SZGRF (SZ). Reference
station NKC shown with green star is used for delay time calculations.

Figure 3. Data examples for an arbitrary chosen event (2008 October 12,
07:44:56.311 000 UTC, 12.447◦E, 50.213◦N, 9-km depth and magnitude of
3.8). Waveforms and traveltime picks of P- and S-wave arrivals are shown
for one station from the WEBNET network (SKC) with 8-km epicentral
distance and for another station from the BayernNetz network (VIEL) with
25-km epicentral distance.

picking accuracy of 0.025, 0.05 and 0.1 s, respectively. 88, 3 and
19 per cent of the P wave picks were in classes 0, 1 and 2. For S
waves the corresponding numbers were 84, 6 and 10 per cent. The
average picking error was 25.5 ms for P waves and 28.3 ms for S
waves. For the subsequent 1-D and 3-D inversions, we only used
events with a minimum number of six arrival times for P waves and
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Figure 4. Wadati diagram derived from the traveltime data of 543 earth-
quakes. Linear regression provides an average Vp/Vs value of 1.70.

with a minimum number of six arrival times for S waves. Further-
more, an azimuthal gap criterion of 160◦ had to be fulfilled for each
event. Magnitudes of the finally selected events vary between 0.5
and 4.5. Ultimately, the data set consists of 543 events with a total
number of 13 378 picks including both P and S waves.

4 I N V E R S I O N O F T R AV E LT I M E DATA

4.1 1-D Reference model

Kissling et al. (1994) and Eberhart-Phillips (1986) proposed as a
first step the simultaneous least-squares solution of the 1-D velocity
model and hypocentre relocation which is called minimum 1-D
model. The intention of defining a 1-D velocity model is that it
is used for earthquakes relocation and also as an initial model for

the 3-D inversion. Defining the minimum 1-D velocity model is
a trial and error procedure (Kissling et al. 1994), as the solution
may strongly depend on the starting model. To consider all possible
solutions, we have started with a wide range of initial velocity–
depth functions including both realistic and unrealistic models as
suggested by Boncio et al. (2004). This approach ensures that all
possible solutions have been considered. The ratio of Vp/Vs was
initially defined as 1.70 based on the analysis of the Wadati diagram
(Fig. 4). This value is in agreement with the average Vp/Vs of 1.7 for
West Bohemia as determined by Málek et al. (2005). Station NKC
(green star in Fig. 2) was chosen as the reference station based on
its central location in West Bohemia and because of a high number
of event recordings. We used the VELEST (Kissling et al. 1995)
program and started with 100 random P-wave velocity models. The
models consist of layers with 1-km thickness. Other layer thickness
values were tested as well. From these tests we conclude that the
choice of the layer thickness was not a critical parameter as similar
inversion results were generated for different layering models. A
random velocity value between 4 and 7.5 km s−1 was assigned to
each layer. After completion of the inversion process, all models
converged to similar velocity–depth functions in the depth range
between 3 and 12 km where hypocentres were located and that
contain the highest density of ray coverage. The final minimum
1-D velocity model is the model with minimum RMS residuals
among all output models and is indicated by a red line in Fig. 5. All
models (grey lines) show a strong increase of Vp with increasing
depth within the upper layers of the model and reaching values of
around 6 km s−1 below 5 km depth. The 1-D inverse modelling
using VELEST also included the inversion for Vs and relocation of
hypocentres. The RMS error for the chosen minimum 1-D model
was around 60 ms. Compared to the average picking error of our
data, the relatively high value of final RMS of 60 ms was due to
3-D structure that could not be modelled by a minimum 1-D model.
To estimate the ‘absolute error’ (Kissling 1988) in location of the
hypocentres, we relocated 30 shots which had 12 or more P-wave
arrivals (see Růžek & Horálek (2013) and references therein) using

Figure 5. Final minimum 1-D velocity model for (a) P-wave, (b) S-wave and (c) Vp/Vs ratio. All output models are indicated by the grey lines. Solid red lines
indicate the best final model with lowest RMS. The range of input models are indicated by the thin dashed black lines.
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Figure 6. Station delay times determined for P- and S-wave arrivals based on the results of the 1-D inversion. Red crosses and blue circles indicate the polarity
and size of station delay times relative to the reference station (NKC) which is marked as a yellow star.

our final 1-D velocity model. The maximum mislocation of shots in
latitude, longitude and depth is less 1 km, however for majority of
them it is less than 0.5 km. It is obvious that the mislocation error for
shots is higher than that of earthquakes since the corresponding ray
paths for earthquakes are less affected by near-surface heterogeneity
(Kissling 1988).

4.2 Station corrections

Station corrections represent lateral variations of data fitting within
the 1-D velocity model (Kissling et al. 1995). Variations in sta-
tion corrections can reflect near-surface heterogeneity (for stations
within a network) and large-scale velocity variations (for peripheral
stations). The magnitude of station corrections reflects the local
geology of the study area. Positive values of station corrections in-
dicate that velocities are slower and negative values indicate that
velocities are higher beneath the station compared to the 1-D ve-
locity model. Fig. 6 shows the calculated station corrections for P
and S waves. Station delay times relative to the reference station
NKC are observed in the range of −1.3 to +0.7 s. The anomalies
are most likely related with local features such as the Cheb basin,
which deviate from the average velocity structure estimated by the
1-D inversion.

4.3 3-D Tomographic model

After estimating a proper reference 1-D velocity model we applied
the traveltime tomography program SIMUL2000 (Thurber 1983,
1993; Eberhart-Phillips 1993). The package allows for the simulta-
neous inversion for hypocentre locations and 3-D isotropic velocity
structure (Vp and Vp/Vs). Forward calculations to predict travel-
times and ray paths are carried out using a pseudo-bending method
(Um & Thurber 1987). A damped least-squares algorithm is applied
to determine model parameter updates for velocities and hypocentre
locations during the iterative inversion. Noteworthy, the inversion
is carried out for Vp and Vp/Vs instead of Vp and Vs to address
the generally lower resolution of the Vs model, which is typically
related with problems to determine S-wave arrival times with high
accuracy (Thurber 1993; Thurber & Eberhart-Phillips 1999).

The starting models for the tomographic inversion was con-
structed following the recommendations given by Evans et al.
(1994). The initial P-wave velocity model and initial earthquake
locations were based on the optimum 1-D model inversion using
VELEST. For the initial Vp/Vs model we used a uniform value
instead of a 1-D Vs starting model. A constant Vp/Vs of 1.70 was
applied based on the Wadati diagram analysis (Fig. 4). During the
next steps, the grid node spacing was continuously decreased during
the iterative inversion work flow as suggested by Evans et al. (1994).
The horizontal node spacings were successively reduced, starting at
20 km spacings and finishing with 4 km spacings during the final
inversion. Vertical nodes were spaced with 3 km during the entire
inversion work flow. To address for the heterogeneous ray cover-
age, node spacings were enlarged in the outer parts of the model
(Fig. 7).

Adequate damping parameter values were determined based on
test inversions where a wide range of potential damping parameter
values were applied. Trade-off curves generated from these tests are
shown in Fig. 8. Optimum damping values of 100 for the Vp inver-
sion and 200 for Vp/Vs inversion were chosen to balance between a
sufficient data misfit reduction and a weak model variance. Although
trade-off curve for Vp/Vs suggests smaller optimum damping value
(around 100), we chose 200 to obtain smoother results.

4.4 Resolution tests

The presentation and discussion of the final inversion results re-
quires knowledge of resolution of the derived tomographic models.
A first impression of resolution can be obtained by plots of the ray
paths used in the tomographic inversion (Fig. 7). High resolution
can be expected when a large number of rays are travelling in dif-
ferent directions within a given subvolume of the model. To better
quantify the resolution for each grid node, we have analysed the full
resolution matrix provided within the SIMUL2000 package.

Here we make use of spread function (SF) which was calculated
from the full resolution matrix based on the procedure described
in Eberhart-Phillips & Michael (1998). The SF considers both di-
agonal elements and off-diagonal elements of the resolution matrix
and, hence, it is reflecting the sensitivity of model nodes as well
as the degree of smearing of information over neighbouring model
regions. The advantage of the SF is that the information described
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Figure 7. Map view and vertical sections show ray paths between earthquakes (white circle) and receiver stations (black triangles) for selected seismic events.
The model grid nodes are indicated by black crosses. Histogram plot shows the depth distribution of earthquakes.

within one row of the resolution matrix is compressed into a single
number which can be displayed easier than the full matrix infor-
mation (Toomey & Foulger 1989). Results are shown in Fig. 9.
Generally, low SF values are indicating high resolution and vice
versa. The pattern of resolution is similar for Vp and Vp/Vs. The
highest resolution is reached in the central part of the model where
the swarm cluster is located.

Another possibility to evaluate the resolving power of the tomog-
raphy is to generate synthetic data from theoretical models and try
to reconstruct the given model by using the inversion algorithm. For
such a test inversion we defined a model with blocks of 10 per cent
positive and negative anomalies for Vp and Vp/Vs (Fig. 10) which
mimics the characteristic features of the real data inversion results
as can be seen in the next section. The geometry of the anomalies
was defined independently in Vp and Vp/Vs because we cannot
assume that both parameters are correlated in each case. Actually,
using such a pattern of independent Vp and Vp/Vs anomalies is even
a more challenging task for the inversion algorithm than a coupled
anomaly pattern. The source and receiver locations were chosen
identical to the real experiment. Synthetic traveltimes were calcu-
lated within SIMUL2000, and Gaussian noise in accordance with
the pick uncertainty weighting scheme was added to simulate sim-
ilar conditions as observed for the real data. The results of the
tomographic reconstruction of the synthetic test models are shown
in Fig. 10. Red and blue boxes show the outline of synthetic low and

high velocity anomalies. The features mostly could be recovered by
the inversion. As expected, the anomalies are getting more smeared
in the deeper parts and outer regions of the model. A comparison
with Fig. 9 confirms that the well-resolved parts of the characteristic
model show SF values smaller than 2.5, and that such a value can
be used to identify well-resolved parts in the results as presented
below. It should be mentioned that we kept the hypocentres fixed
during the inversion process for the synthetic test. This may produce
a slight bias towards a favourable recovery of the original model,
but given the high accuracy of original hypocentre locations in the
real dataset, this will not be of significant importance.

5 R E S U LT S

The results of the 3-D tomographic inversion for Vp and Vp/Vs are
presented in Figs 11–13. The RMS error for the final model was
about 35 ms, slightly above average picking error. We show four
horizontal slices and four vertical sections to visualize the major
features of the model. The images were interpolated from the in-
version grid by applying the identical interpolation method as used
in forward and inverse calculations within SIMUL2000. Horizontal
slices of Vp (Fig. 11) and Vp/Vs (Fig. 12) are plotted at the vertical
nodes of the final inversion grid, at 2.5, 5.5, 8.5 and 11.5 km depth.
Note that we shifted the depth of grid nodes, sources and receivers
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Seismic tomography in West Bohemia/Vogtland 1119

Figure 8. Trade-off curves used for the determination of optimum damping
parameter values used in the damped least-squares inversion. A value of 100
was chosen for Vp and 200 for Vp/Vs.

by 500 m and inverted at 0, 3, 6, 9 and 12 km. Later for the presen-
tation of results, we were undoing the depth shift. These map views
also include the surface projection of the seismicity as well as the
outline of the Cheb basin and the location of the Bublák/Hartoušov
mofette fields. The vertical sections along profiles A–D (Fig. 13)
are crossing major structures such as the earthquake swarm region
and the Cheb basin. A lateral, perpendicular projection of seismic
events is displayed in these vertical sections, if the projection dis-
tance is smaller than 1 km (Fig. 13). For orientation, the location
of the profiles A–D can be found within the horizontal slices of Vp
(Fig. 11) and Vp/Vs (Fig. 12).

The most prominent feature resolved within the upper crust is
an anomaly of relatively low-Vp values, which coincides with the
outline of the Cheb basin. Within this body the P-wave velocities
vary between 4.7 km s−1 at the surface and 5.5 km s−1 at 2.5 km
depth (Fig. 13, profile B). Another, slightly smaller feature with
similar lower P-wave velocities is located north of the Cheb basin
in the border region between Germany and Czech Republic. At the
location of these low-Vp anomalies, we observe increased Vp/Vs
ratios, which, however, are slightly smaller in size compared to the
low-Vp anomalies (Fig. 13). The high-Vp/Vs spot within the Cheb

basin corresponds to the location of the Bublák/Hartoušov mofette
fields.

Another pronounced upper crustal anomaly was imaged at the
western edge of the resolved area. This feature is represented by a
circular anomaly of high Vp/Vs around the western end of profile
B at 2.5 km depth (Fig. 12). A corresponding high-Vp anomaly is
found but this is not coinciding perfectly with the circular Vp/Vs
feature and it is slightly shifted northward. Based on the resolution
tests using the characteristic model recovery approach we have to
assume that a larger degree of smearing is degrading the reliability
of this structure. Hence, this feature was not considered in our
interpretations.

In the deeper parts of the model, at mid-crustal level, the most
prominent feature is imaged just below the swarm hypocentres.
Within the horizontal slice at 11.5 km depth the anomalous regions
shows high-Vp values of 6.5 km s−1 (Fig. 11) and increased Vp/Vs
values of 1.75 in comparison with the average value of 1.7 (Fig. 12).
The structure is covering parts of the swarm cluster region around
Nový Kostel and extends further northward as far as the Czech–
German border. At 11.5 km depth it has a diameter of about 9 km.
The anomalous body of high Vp and increased Vp/Vs is changing
its shape to a more complex and heterogeneous feature at shallower
depth where it can be followed up to the 8.5 km depth slice in Vp
(Fig. 11) and in Vp/Vs (Fig. 12).

6 D I S C U S S I O N

Combining Vp and Vp/Vs in the interpretation of tomographic mod-
els is an efficient approach to better constrain the lithological nature
of the subsurface in comparison with the separate consideration of
each parameter (e.g. Bauer et al. 2003). Vp is particularly suited
to distinguish between sediments showing low-Vp values and the
hard rock basement which is characterized by Vp values larger than
5.5 km s−1. Moreover, very high crustal velocities are typically
associated with igneous rocks whereby larger portions of mafic
components may further increase Vp. The ratio of Vp/Vs can pro-
vide additional constraints on the mineral composition (Christensen
1996). To give some examples, quartz as an important rock-forming
mineral has a very low Vp/Vs and, hence, granites and felsic ma-
terial in general are characterized by decreased Vp/Vs whereas
mafic rocks show Vp/Vs higher than average values (Christensen
1996). Furthermore, Vp/Vs is rather sensitive to the presence of
fluids where a high fluid content is often related with increased
Vp/Vs values. The relation between Vp/Vs and fluid content is,
however, complicated by additional influences of pore space ge-
ometry and pore pressure (e.g. Nur & Simmons 1969; Mavko &
Mukerji 1995; Takei 2002). In the following, we interpret the litho-
logical nature of the major features in our Vp and Vp/Vs tomograms
and discuss their possible relation to the earthquake swarm around
Nový Kostel.

6.1 Cheb basin shows low-Vp anomaly

Our tomography study reveals for the first time a velocity anomaly,
which reflects the geometry of the Cheb basin (see dashed out-
line in Figs 11 and 12). The tomographic investigations of Růžek
& Horálek (2013) and Alexandrakis et al. (2014) did not provide
hints for such an anomaly. The larger number of seismological
stations used in our case might be the reason for this difference.
Low-to-moderate Vp values between 4.7 km s−1 at the surface and
5.5 km s−1 at 2.5 km depth indicate that the basin is not filled
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Figure 9. Map views and vertical sections showing SF values to illustrate the resolution of the tomographic models for Vp and Vp/Vs. SF values were
calculated from the full resolution matrix. The location of the vertical sections is indicated within the map views.

by very soft and unconsolidated material (Figs 11 and 13). This
could be related with a predominant input of eroded crystalline
hard rocks from the surrounding Bohemian Massif into the basin.
Remarkably, we see no continuation of the Cheb basin velocity
anomaly into the Eger rift. From this observation we infer a partic-
ular role of the Cheb basin within the rift system. Deeper rooted
updoming, extensional or more complex processes, or possible ef-
fects from very localized crustal and sub-crustal structures can be
assumed to explain the local character of the basin. Noteworthy,

north of the Cheb basin we observe a slightly smaller and shallower
basin structure with similar P-wave velocities as imaged within the
2.5-km depth slice (Fig. 11). To our knowledge, this was not named
as a distinct geological feature so far.

Underneath and outside of the Cheb basin and the smaller basin
to the North, P-wave velocities show values in the range of 5.7–
5.9 km s−1 near the surface and values of 6–6.2 km s−1 at upper
crustal levels. These observations are in agreement with an inter-
pretation of a predominantly granitic composition for the abundant
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Figure 10. Recovery of theoretical models derived from the inversion of synthetic data. A pattern of characteristic anomalies was defined to generate the
theoretical model. Blue and red boxes indicate the geometry of negative and positive anomalies. The anomalies were defined independently in Vp and Vp/Vs.

crystalline rocks of the Bohemian Massif. This interpretation is also
supported by the estimation of in situ Vp values for granitic rocks
within the study area based on laboratory measurements (Pros et al.
1998). The distribution of Vp/Vs values is not showing a simple
pattern which could be used to distinguish between basin sediments
and the crystalline basement. At least, there is a tendency of higher
Vp/Vs values found within the central parts of the basin regions
(Fig. 12). This can be explained by generally larger porosity in sed-
imentary rocks and the related capacity to absorb larger amounts of
fluids.

6.2 Fluid outflow at the Bublák/Hartoušov mofette fields

As an interesting observation we found a steep channel of high
Vp/Vs within the Cheb basin (Fig. 12 and profile A in Fig. 13).
It can be followed from the surface down to about 4 km depth. If
only the geometry is considered, the channel can be further tracked
down to the location of the earthquake swarm (profile A in Fig. 13).
Along this way, Vp/Vs is changing from increased values of 1.75 at
the surface to average values of 1.7 within the swarm cluster. The
surface outcrop of the anomaly coincides with the location of the
Bublák/Hartoušov mofette fields.
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Figure 11. Horizontal slices show the final Vp distribution at 2.5, 5.5, 8.5 and 11.5 km depths. Regions with less resolution are shown faded, and non-resolved
parts are blank. The location of profiles A, B, C and D are given for orientation. Seismic event locations are plotted as grey circles. The outline of the Cheb
basin (CB) is shown as a dashed line. A mid-crustal intrusive anomalous body (I) is outlined by a red ellipse at 11.5 km depth. The white star indicates the
location of the Bublák/Hartoušov mofette fields.

Our interpretation is that the channel represents a pathway for
fluids which originate from magmatic sources in the deeper crust
or upper mantle which are passing the earthquake swarm focal
zone. The fluids reduce the shear strength and stimulate earthquakes
within the swarm focal zone. This argumentation is following the
proposed scenario suggested by Weise et al. (2001) which was based
on geochemical sampling of fluids and gas emissions measured at
the Bublák mofette. The Vp/Vs within this channel is highest in
the upper, sedimentary parts of the fluid pathway because of the
potentially high porosity in sedimentary rock. Within the deeper

parts of the pathway, down to the depth of the earthquake swarms,
the Vp/Vs values are still larger than in the surrounding upper crustal
rocks. We assume that fluids are transported along fractures in this
part of the channel.

6.3 Seismic properties within swarm focal zone

Vp/Vs values found within the swarm focal zone are in agree-
ment with a previous study by Dahm & Fischer (2013). However,
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Figure 12. Horizontal slices show the final Vp/Vs distribution at 2.5, 5.5, 8.5 and 11.5 km depths. Regions with less resolution are shown faded, and not-resolved
parts are blank. The location of profiles A, B, C and D are given for orientation. Seismic event locations are plotted as grey circles. The outline of the Cheb
basin is shown as a dashed line. Labelled features F (fluid pathway) and I (mid-crustal intrusive body) are discussed in the text. The white star indicates the
location of the Bublák/Hartoušov mofette fields.

a detailed comparison should be considered carefully, because we
derived our tomographic models based on a longer period of seis-
micity observations whereas Dahm & Fischer (2013) focussed on
temporal changes of Vp/Vs before, during and after single swarms.
Dahm & Fischer (2013) used double-differences in traveltimes for
pairs of earthquakes to estimate Vp/Vs values within the swarm
region. Inside the focal zone they found short periods of strong
decrease in Vp/Vs as low as 1.33 during the initiation of swarm
activities and an increase to saturation values of around 1.7 when

the swarm decays. According to Dahm & Fischer (2013) the very
low-Vp/Vs values could be explained by overpressurized gas in the
establishing phase of the swarm. Our tomography delivered veloc-
ity ratios of around 1.7 in the earthquake swarm region similar to
the values determined by Dahm & Fischer (2013) when only the
background seismicity was considered. Values of around 1.7 are
not very high compared to global average Vp/Vs values. However,
these values in the focal zone are still larger than within the sur-
rounding granitic crust where values of around 1.65 are obtained

 at The A
ustralian N

ational U
niversity on June 6, 2016

http://gji.oxfordjournals.org/
D

ow
nloaded from

 



1124 S. Mousavi et al.

Figure 13. Vertical sections showing the final Vp and Vp/Vs distributions along profiles A, B, C and D. The location of the profiles is given in Figs 11 and 12.
Regions with less resolution are shown faded, and not-resolved parts are blank. Seismic events are plotted if the horizontal projection distance is smaller than
1 km. Labelled features CB (Cheb basin), F (fluid pathway) and I (mid-crustal intrusive body) are described in text.

(Fig. 13). In our interpretation the slightly increased Vp/Vs val-
ues are related to fluids which are passing the fractured earthquake
zone.

Considering Vp, the swarm focal zone cannot be associ-
ated with a distinct anomaly. Tentatively, we would expect low
P-wave velocities as an effect of fracturing and damaging within
such a zone of repeating seismicity. Instead, the earthquakes are
located in a transition zone between normal crust and a high
velocity crustal body imaged below and north of the swarm
(Fig. 13).

6.4 Mid-crustal intrusive body stimulates fluid flow

and earthquake swarms

Our tomography revealed an anomalous crustal body located just
below and north of the earthquake swarm zone. The feature is most
obvious at the 11.5 km depth slices of Vp (Fig. 11) and Vp/Vs
(Fig. 12) where it is highlighted by a red-coloured ellipse. P-wave
velocities reach values as large as 6.5 km s−1 within the anomaly
against average values of about 6 km s−1 in the surrounding crust
(Fig. 11). A similar pattern is imaged by Vp/Vs (Fig. 12). With
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Figure 14. Conceptual model showing major crustal features as imaged and
interpreted in this study. The coloured background represents the Vp/Vs
distribution along profile A (Fig. 13). The indicated intrusive body was first
identified and interpreted within the 11 km depth slices of Vp (Fig. 11) and
Vp/Vs (Fig. 12). Potential fluid pathways are identified based on a channel-
like increased Vp/Vs structure. Crustal fluids and supercritical fluids from
greater depths may trigger earthquakes and are mixed before their ascend to
the Bublák/Hartoušov mofette fields.

reference to the average value of 1.70 derived by the Wadati diagram
(Fig. 4), we observe increased velocity ratios within the zone of high
Vp and decreased velocity ratios in the surrounding crust. Assuming
a lithostatic pressure of larger than 300 MPa at 11 km depth and
referring to petrophysical data presented by Christensen (1996) the
anomaly values of 6.5 km s−1 in Vp and 1.75 in Vp/Vs can be
assigned to a Diorite composition. The surrounding crust with Vp
values of around 6 km s−1 and Vp/Vs values of around 1.65 can
be explained by a quartz-rich granitic composition. Considering
the distribution and juvenescent shape of the anomalous body at
shallower depths (Fig. 11) we interpret the anomaly as a solidified
igneous body which intruded into a reactivated crust during the
formation of the Cheb basin and Eger rift. Alternatively, the intrusive
body could be older than the basin and rift structures, and, possibly,
influenced the location of the extensional features.

Many tomographic studies show pronounced velocity and Vp/Vs
ratio anomalies in earthquake swarm areas (e.g. Husen et al. 2004;
Vidale & Shearer 2006; Lin & Shearer 2009; Kato et al. 2010;
Muksin et al. 2013). These studies implied that non-volcanic seis-
mic swarms are related to fluid movements. For West Bohemia,
Weise et al. (2001) supposed that earthquake swarms are triggered
by supercritical fluids ascending from deeper magmatic sources oc-
curring within the mantle or around Moho depths. The earthquake
processes could lead to a mixing of deep-sourced supercritical fluids
and crustal fluids, which further propagate to the surface along po-
tential fluid pathways (Weise et al. 2001). Our tomography brings
a new feature into this proposed scenario. As shown in Fig. 14,
we assume that the found intrusive body could be part of the fluid
pathway from the mantle through the earthquake zone up to the
Bublák/Hartoušov mofette fields at the surface. Additionally, we
speculate that enhanced fluid flow could be driven by a thermal
anomaly associated with the assumed solidified intrusion if cool-
ing is not fully completed. Kato et al. (2010) imaged high-Vp and

high-Vp/Vs anomalies below a cluster of earthquakes on a non-
volcanic earthquake swarm system in Japan. Similar to our study,
the anomaly was interpreted as a solidified intrusive body which
contributes to the triggering of earthquakes by feeding fluids into
the swarm focal zone. The intrusive body represents a pronounced
heterogeneity within the crust and this might lead to increased stress
which could contribute to the triggering of earthquakes in the swarm
focal zone. Subsequently, stress changes in the vicinity of intru-
sive bodies are assumed to control the position of swarm activity
(e.g. Dahm et al. 2008).

7 C O N C LU S I O N S

We presented results from a new LET study for the earth-
quake swarm region in West Bohemia (Czech Republic)/Vogtland
(Germany). Using a large number of widely distributed seismo-
logical stations, more details of Vp and Vp/Vs in the upper
and middle crust could be revealed in comparison with previous
investigations.

For the first time, the Cheb basin and the Bublák/Hartoušov
mofette fields located within the basin are imaged by distinct Vp
and Vp/Vs anomalies and a high-Vp/Vs channel could be tracked
down to the earthquake swarm hypocentres. We proposed that this
is the image of a fluid pathway. A new feature with high Vp and
increased Vp/Vs was found below and north of the swarm focal
zone. We interpreted this anomaly as a solidified intrusive body
which emplaced prior or during the formation of the Eger rift and
Cheb basin. Earthquakes are concentrated at the southern bound-
ary of the assumed intrusive body, at the junction of the rift and
the basin. We assumed that the solidified intrusive body is provid-
ing fluids and gas which propagate towards the earthquake swarm
focal zone along pathways formed along weak structures at the
junction of the rift system and the MLF zone. The intruded mid-
crustal body might contribute to the triggering of the earthquakes
not only by delivering fluids into the focal zone. We speculate that
the intrusive body also leads to stress accumulations particularly
at the junction of the Eger rift, Cheb basin and MLF. This could
potentially support the triggering of earthquakes in the swarm focal
zone.

Future work should focus on the confirmation of the imaged struc-
tures by using different geophysical methods. Our interpretation
could be furthermore tested from the perspective of geochemical
sampling of fluids at the surface which potentially allows indepen-
dent inferences on the composition of the source rocks and pressure
and temperature conditions at depth.
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