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[1] Seismicity triggered by fluid injection in boreholes usually has certain typical
spatiotemporal characteristics. These characteristics can be partly recognized as
signatures, when pore pressure diffusion is the dominant triggering mechanism. Starting
from these diffusion-typical signatures of man-made earthquakes, we seek analogous
patterns for the earthquakes in Vogtland/NW Bohemia (VB) at the German/Czech border
region in central Europe. VB is characterized by recurring intraplate earthquake swarms
with magnitudes up to ML 4.5. There is strong geophysical evidence that the seismic
events are correlated to fluid-related processes in the crust. This study aims to investigate
the possible role of fluids in VB. We test the hypothesis that ascending magmatic fluids
trigger earthquakes by the mechanism of pore pressure diffusion (i.e., relaxation). This
triggering process is mainly controlled by two physical fields, the hydraulic diffusivity and
the seismic criticality (i.e., critical pore pressure value leading to failure; stable locations
are characterized by higher critical pressures), both heterogeneously distributed in rocks.
The results of the analysis of the year 2000 VB earthquake swarm data support this
concept. We were able to recognize diffusive signatures and to obtain scalar estimates of
hydraulic diffusivities with values between 0.3 and 10 m2/s for the seismically active
region. Using a numerical model, where spatially correlated diffusivity and criticality
patches (where patches with higher diffusivity are assumed to be less stable) are
considered, we successfully simulate a general seismicity pattern of the swarms 2000,
including the spatiotemporal clustering of events and the migration of seismic activity.
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1. Introduction

[2] Earthquake swarms are seismic sequences with no
dominant magnitude, i.e., no main shock [Lay and Wallace,
1995]. In nature they often occur in volcanic regions, e.g., at
the Somma-Vesuvius volcano in Italy [Saccorotti et al.,
2002], but also elsewhere, e.g., in the area of the Vosges
Massif in France [Audin et al., 2002], the recurrent earth-
quakes at Parkfield in central California [Johnson and
McEvilly, 1995], the 1989 Dobi earthquake sequence of
central Afar [Noir et al., 1997], and in Vogtland/NW
Bohemia (VB) covering the northwestern part of the Bohe-
mian Massif [Parotidis et al., 2003] (Figure 1). Common to
all the above cases is the assumption that fluid flow is a
possible triggering mechanism.
[3] On the other hand, by hydraulic fracturing experi-

ments the induced seismicity shows certain spatiotemporal
characteristics, which can be sometimes recognized as
signatures for the triggering mechanism of pore pressure
diffusion. Shapiro et al. [1997] presented an approach for

describing diffusive characteristics of the pore pressure
relaxation process using fluid-injection-triggered earth-
quakes. This concept has been further developed [Shapiro,
2000; Shapiro et al., 2002; Parotidis et al., 2004; Parotidis
and Shapiro, 2004] and will be used here for the earthquake
swarms 2000 in Vogtland/NW Bohemia (VB).
[4] After Spicak and Horalek [2001] many earthquake

swarm regions are characterized by Quaternary volcanism,
indicating that ascending magmatic fluids trigger earth-
quakes. These authors also suggest magmatic fluids as
triggering mechanism in VB by stressing the similarity
between the fault plane solutions for the earthquake swarms
in VB and at the KTB borehole, �50 km from VB, where
fluid injections were carried out [Zoback and Harjes, 1997;
Rothert et al., 2003] (Figure 1).
[5] In this study the following hypothesis will be tested:

The earthquake swarms in VB are triggered by ascending
magmatic fluids, which change effective stresses by pore
pressure perturbations. These approximately propagate
according to the uncoupled pore pressure diffusion equation
(see section 2.1). The spatiotemporal pattern of the seismic
activity depends mainly on the spatial distribution of two
physical fields, the hydraulic diffusivity D(r) and the
seismic criticality C(r), i.e., critical pore pressure value
leading to failure for a point r (a smaller C(r) means a
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more critical medium). Criticality can also be understood as
a characteristic of the strength of the preexisting and
prestressed cracks. Wiprut and Zoback [2000] used instead
of criticality the term critical pressure perturbation, i.e., the
pore pressure change that results in failure after the Mohr-
Coulomb criterion [e.g., see Jaeger, 1972; Jaeger and
Cook, 1976]. We test our hypothesis by (1) analyzing the
data of the earthquake swarms in VB during the year 2000
and (2) simulating the seismicity pattern using a numerical
model. Both the data analysis and the numerical simulations
support the hypothesis formulated above.

2. Triggering Mechanism of Pore Pressure
Diffusion

2.1. Poroelastic Diffusion Equation

[6] The time-dependent interaction of fluid flow and rock
deformation is described by the theory of poroelasticity,

which is based on Biot’s equations [Biot, 1962]. One
governing equation of linear poroelasticity is the following
inhomogeneous diffusion equation for pore pressure p:

B

3

@skk
@t

þ @p

@t
¼ k

mSs
� r2p; ð1Þ

with B the Skempton’s coefficient, skk = s11 + s22 + s33 the
mean stress, k the permeability, m the viscosity of the fluid,
Ss the unconstrained specific storage coefficient, and t the
time [Wang, 2000]. For an irrotational displacement field,
assumed here to be approximately valid for fluid injections,
equation (1) is mathematically uncoupled from the
mechanical equilibrium equations, i.e., pore pressure
perturbations propagate independently of stress changes:

@p

@t
¼ D � r2p; ð2Þ

Figure 1. Map of Vogtland/NW Bohemia (VB). Circles denote earthquakes that occurred during 1994
and 2000 [see also Fischer, 2003; Fischer and Horalek, 2003]. The main epicentral region Novy Kostel
(star) is �50 km away of the German deep drilling site KTB (derrick). The straight lines symbolize the
Eger graben (EG) and the Marianske Lazne fault zone (MLF).
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with D the hydraulic diffusivity. The hydraulic diffusivity of
the crust is generally estimated to be between 10�4 and
10 m2/s [Talwani and Acree, 1984; Kuempel, 1991; Wang,
2000; Scholz, 2002]. In equation (2) the medium is assumed
to be homogeneous and isotropic regarding elastic and
hydraulic properties. The permeability k is related to the
diffusivity by D = k/(mS), where S is the uniaxial specific
storage coefficient [Wang, 2000].
[7] Besides for borehole fluid injections, pore pressure

diffusion (described by either the coupled or uncoupled
equations) as triggering mechanism has been proposed for
various case studies: e.g., for reservoir (large artificial lakes)
induced seismicity [Howells, 1974; Talwani, 2000], for water
table changes in large basins connected with microseismicity
[Costain and Bollinger, 1991; Lee and Wolf, 1998], for
volcanic seismicity in Italy [Saccorotti et al., 2002], and for
aftershocks of large earthquakes [Nur and Booker, 1972;Bosl
and Nur, 2002; Jonsson et al., 2003; Shapiro et al., 2003;
Miller et al., 2004; Koerner et al., 2004].
[8] In the following two signatures of the pore pressure

diffusion triggering mechanism are presented: the parabolic
envelope and the back front. These signatures are intro-
duced on the base of the uncoupled equation (2).

2.2. Parabolic Envelope Signature

[9] Shapiro et al. [1997, 2003] and Shapiro [2000]
developed a method, based on the uncoupled diffusion
equation, initially for describing pore pressure perturbations
caused by fluid injections into a borehole. They solved
equation (2) for a step function point pore pressure source in
a homogeneous isotropic saturated poroelastic medium, and
estimated the distance r of the propagating front of signif-
icant pore pressure perturbations from the source, i.e., the
injection point, with

r ¼
ffiffiffiffiffiffiffiffiffiffiffi
4pDt

p
: ð3Þ

Equation (3) describes a parabola in an r-t plot. Such a
parabola will be used in this study as a signature for

detecting earthquake swarms triggered by pore pressure
diffusion. Figure 2 shows a case study where this signature
is applied.

2.3. Back Front Signature

[10] By fluid injections earthquakes are triggered during
and after injection. The seismic activity after the end of
injection may persist over hours and even days; see, e.g., the
Hot Dry Rock experiments in Fenton Hill, New Mexico
[Fehler et al., 1998; House, 1987], and Soultz, France [Dyer
et al., 1994; Audigane et al., 2002]. In order to explain this
phenomenon we consider the pore pressure distribution due
to a boxcar pressure source of duration t0 (Figure 3) located
at the origin of the coordinate system.
[11] The three-dimensional (3-D) solution of equation (2)

for time t 
 t0 gives the pore pressure distribution pb(r, t)
during injection; r is the distance from the injection point
source of strength q (note, that q has physical units of power):

pb r; tð Þ ¼ q

4pDr
erfc

rffiffiffiffiffiffiffiffi
4Dt

p
� �

; ð4Þ

with D the hydraulic diffusivity, and the so-called error
function erf [e.g., see Carslaw and Jaeger, 1959]:

erfc xð Þ ¼ 1� erf xð Þ ¼ 1� 2ffiffiffi
p

p
Z1
x

exp �x2
� �

dx: ð5Þ

Figure 2. Plot of r-t for the Hot Dry Rock experiment in
Soultz, France, 1993 [Dyer et al., 1994; Audigane et al.,
2002]. Shapiro et al. [1999] estimated a diffusivity D =
0.05 m2/s by applying the parabolic envelope signature
(curve 1). Parotidis et al. [2004] confirmed this estimation
by using the back front (curve 2) for fitting the data with the
same diffusivity. Time t0 = 370 hours corresponds to the end
of fluid injection. Events above curve 1 (especially between
100 and 300 hours) may be due to hydraulic heterogeneities
(for more details, see Shapiro et al. [1999] and Parotidis et
al. [2004]).

Figure 3. Distribution of pore pressure p (top) for a
boxcar point pressure source q = 5 MPa, and of duration t0 =
2 � 105 s, for points at distances (middle) r = 50 m and
(bottom) r = 510 m from the injection point. The more
distant a point from the source, the later the maximum
pressure reached at time t1 > t0, i.e., after the end of fluid
injection.

B05S10 PAROTIDIS ET AL.: A TRIGGERING MECHANISM FOR EARTHQUAKE SWARMS

3 of 12

B05S10



For t > t0, equation (6) is applied for the pore pressure
pa(r, t) after the end of injection:

pa r; tð Þ ¼ q

4pDr
erfc

rffiffiffiffiffiffiffiffi
4Dt

p
� �

� erfc
rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4D t � t0ð Þ
p
 !" #

: ð6Þ

Assuming that for a given location events may be triggered
only as long as pore pressure is increasing, would result in
the absence of seismic activity after time t1 at locations r
where the maximum pressure is reached at this time t1(r)
(see Figure 3). Depending on distance and time, this end of
seismic activity should correspond to the solution of the
equation where the pore pressure reaches its maximum, and
therefore the time derivative of pore pressure after t0, i.e.,
equation (6), equals zero:

@pa
@t

¼ q

8 pDð Þ3=2

exp � 1

4

r2

Dt

� �
t3=2

�
exp � 1

4

r2

D t � t0ð Þ

� �
t � t0ð Þ3=2

2
664

3
775 ¼ 0:

ð7Þ

The solutions for t in equation (7) give for every distance r
the times t1(r) when the maximum pore pressure is reached.
These solutions can be represented in an r-t plot by solving
equation (7) for r(t), resulting in the 3-D back front
equation:

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6Dt

t

t0
� 1

� �
ln

t

t � t0

� �s
: ð8Þ

Equation (8) describes a region of seismic quiescence
developing after the end of injection. The corresponding 2-D

equation is identical to equation (8) but for the factor 6, which
must be replaced by 4. Figure 2 shows both the parabolic
envelope and the back front signatures for real data of a fluid
injection experiment. These signatures will be used in the
following for indicating diffusive processes (and thus
allowing diffusivity estimations) for the earthquake swarms
in VB.

3. Seismicity in Vogtland/NW Bohemia (VB)

[12] VB in central Europe (Figure 1, inset) is character-
ized by recurring earthquake swarms, known since the 16th
century with magnitudes up to ML 4.5. The region exhibits
CO2-rich mineral springs, some hundreds gas vents in eight
mofette fields, 0.2 to 0.5 Myr old Quaternary volcanoes, a
complex tectonic environment dominated by the Eger
graben, which is crossed nearly perpendicularly by the
Marianske Lazne fault zone [Fischer and Horalek, 2003]
(Figure 1). The whole epicentral region covers 60 � 50 km2

and corresponds to a transition zone from CO2-dominated
fluids to N2-dominated fluids at the periphery [Weinlich et
al., 1998]. After Weinlich et al. [1999] an active degassing
magma body located in the upper mantle provides the CO2.
[13] Since 1985/1986 the main swarm earthquake activity

in VB is concentrated in the Novy Kostel area (Czech
Republic) defining a volume of a few cubic kilometers.
The last large earthquake swarms were registered during
2000 with �10,000 events and magnitudes up toML 3.3 and
will be analyzed in the following. The seismic activity of
the VB swarms 2000 comprises nine swarms clustered in
time, designated P1 to P9 (Figure 4, left). All swarms but P9
are clustered also in space, comprising a volume of �3.0 �
0.6 � 2.5 km3 (N-S � E-W � depth) (Figure 4, right).
Fischer [2003] localized �4500 events with an accuracy of
±100 m horizontally and ±190 m vertically.

Figure 4. (left) Events versus time plot for the swarms 2000 in VB. The first event occurred on
28 August and the last on 26 December. The hours are calculated with reference to 28 August and time
0000. Fischer [2003] defined nine swarms, labeled P1 to P9. (right) Spatial evolution of earthquake
swarms in N-S component (Y) and depth for (top) the beginning (with 50 events), (middle) an advanced
state (with 600 events), and (bottom) the end of seismic activity (with 4400 events). This plot clearly
shows that the seismic activity started in a narrow area (Figure 4, right, top) and later extended farther
away (Figure 4, right, middle and bottom), thus explaining our assumption of a point pressure source that
initiated the whole seismic process. The events in the upper left corner of Figure 4 (right, bottom) belong
to swarm P9, the last triggered sequence.
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[14] The idea that ascending fluids trigger earthquakes in
VB is not new. Kämpf et al. [1989] proposed a seismohy-
drological effect for VB, meaning chemical changes of the
groundwater due to seismic activity. Weise et al. [2001],
after examining the gas composition and its relation to
seismic activity in VB, conclude that the seismicity is
very probably triggered by fluids. Horalek et al. [2001],
Vavryzuk [2001, 2002], Hainzl and Fischer [2002], Babuska
et al. [2003], and Klinge et al. [2003] also consider fluids of
importance for the seismic activity in VB. On the basis of
chemical changes correlated to seismic activity, Bräuer et
al. [2003] propose a fluid-driven mechanism for the swarms
in VB.

4. Data Analysis

[15] For hydraulic fracturing experiments fluids are
injected into boreholes. For VB we assume a similar
scenario but turned upside down, where fluids, e.g., of
magmatic origin, from deeper parts of the crust and/or
mantle intrude to higher areas. So again we define a point
pressure source. The aim of this analysis is to identify
diffusive characteristics of the swarms 2000 in VB. Fischer
[2003] defined nine swarms, designated P1 to P9, by
estimating a waiting time (i.e., time between consecutive
events with magnitudes above a defined value) for the
events (Figure 4, left).
[16] First, we assume that a single pore pressure source

triggered all swarms, and locate the injection point in the
hypocenter of the first event. Relative to this point, distance
r and occurrence time t are calculated for all events, in
order to plot the corresponding r-t graph (Figure 5). For D =
0.25 m2/s we fitted the data with a parabolic envelope and
a back front. Nearly all events lie underneath the parabola
and almost no earthquakes occur beyond the back front.
Nevertheless, large parts of space under the parabola are

without events; the events of the later swarms, between
3�106 s and 7�106 s, are clustered away of the envelope, and
the events of the first swarms are partly above the parabola,
thus rising two questions: (1) Could only one pressure
source and the mechanism of pore pressure diffusion
explain such a complex seismicity pattern. (2) If yes, what
is the meaning of the estimated D. Generally, the two
signatures deliver an effective upscaled diffusivity value
for the seismically active region, presuming the single
source assumption is valid; further, t0 corresponds to the
duration of the pore pressure perturbation triggering the
earthquakes. Both the estimated diffusivity (D = 0.25 m2/s)
and the pore pressure perturbation duration time (t0 =
7.8�106 s) must be verified with a numerical model, which
is presented in section 5.
[17] Second, we separately investigate each earthquake

swarm for diffusive characteristics. Thus it is assumed that
every swarm was triggered by its own injection point. These
injection points are considered as secondary sources result-
ing from the single source, which initiated the whole
triggering process. In order to exactly define the swarms
the following criteria were used:
[18] 1. The temporal criterion is that all events of a swarm

must be within a defined time window. The first event of the
defined swarm provides the starting time of the assumed
injection, i.e., a secondary source of the pore pressure
perturbation.
[19] 2. The spatial criterion is that all events must lie

within a defined volume. The location of the assumed
secondary point source is defined as the centroid of the
first 10 events of the swarm.
[20] Applying the above spatiotemporal criteria to the VB

swarms 2000, 13 swarms were identified, designated nP1 to
nP9 (including further subswarms, designated with a second
digit). These are of shorter duration but with stronger
clustering than the ones defined by Fischer [2003]. For

Figure 5. Plot of r-t for the VB swarms 2000 for the case of a single pore pressure source triggering all
swarms. Parabolic envelope and back front are fitted to the data for D = 0.25 m2/s, and t0 = 7.8 � 106 s.
This complex seismicity pattern is mainly characterized by grouped events (swarms) with a strong
temporal clustering, meaning events triggered in relatively short times over larger distances.
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example, Figures 6–8 show plots corresponding to the
earthquake sequences nP1 and nP5. Swarm P5, after apply-
ing the above criteria, resulted in three earthquake swarms,
labeled nP51 to nP53 (Figure 7). Further, we seek a

parabolic envelope for each swarm in order to estimate a
diffusivity characterizing the seismogenic zone of each
swarm (e.g., Figure 6, bottom, and Figure 8), which was
achieved for all but four swarms, namely nP4, nP6, nP71,
and nP72 (see Table 1); the last three comprise too few

Figure 6. Earthquake swarm nP1. (top) Spatial evolution
of the events in N-S component (Y axis) and depth.
Snapshots are for 10, 100, and 220 events (from left to
right). The diamond (left) denotes the hypothetical swarm’s
injection point. (bottom) Plot of r-t with parabolic envelope
for D = 0.3 m2/s.

Figure 7. Events versus time plot for the P5 swarm, which
shows that it actually comprises three swarms, labeled nP51
to nP53 (compare to Figure 4, left). Figure 8 shows the
corresponding r-t plots.

Figure 8. Plots of r-t with estimated hydraulic diffusivities
D and corresponding parabolic envelopes for the swarms
nP51 to nP53 (top to bottom), by assuming a (secondary)
pore pressure source for each swarm.
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events (from 50 to 100) for defining an envelope. For
swarm nP4, which although comprising a sufficient number
of events, a gap of data in the seismic catalogue exists
(T. Fischer, personal communication, 2003). The different
values of diffusivity for each swarm indicate the existence
of diffusivity patches. Also, these values correspond in-
versely to the waiting times estimated by Fischer [2003];
that was expected, as a higher value of diffusivity means
larger pore pressure propagation velocities, i.e., shorter
waiting times. Figure 9 shows the temporal migration of
the seismic activity for all swarms.
[21] Summarizing, the main results of the data analysis of

the swarms 2000 in VB are as follows: (1) We identified
diffusive characteristics for the earthquake swarms by ap-
plying two signatures, the parabolic envelope (equation (3))
and the back front (equation (8)); (2) the assumption of a
single pore pressure source triggering all events results in an
r-t plot with strong temporal clustering of the events, and
estimates for an effective diffusivity D = 0.25 m2/s, and
duration of a pressure perturbation t0 = 7.8� 106 s (Figure 5);
(3) by assuming that each swarm was triggered by its own
pore pressure source, i.e., a secondary source, diffusivities
with values between 0.3 and 10m2/swere estimated (Table 1),
indicating the existence of hydraulic patches; and (4) the
complex seismic activity evolution (Figure 9) can be simpli-
fied described as a counterclockwise migration of activity
[see also Fischer, 2003].

5. Numerical Model

[22] Rothert and Shapiro [2003] proposed a methodology
for modeling induced seismicity for various diffusivity/
criticality fields, when pore pressure diffusion is the main
triggering mechanism. Generally, diffusivity controls the
pore pressure propagation; criticality defines if earthquakes
will be triggered or not. The goal of the here presented
numerical model is first to investigate the influence of
heterogeneities on seismic signatures (section 5.1.); and
second, to simulate the general seismicity pattern of the
swarms 2000 in VB (section 5.2.) as found by the data
analysis above (in section 4).

5.1. Diffusivity and Criticality Effects on
Triggered Seismicity

[23] In this section, effects of heterogeneous spatial
distributions of hydraulic diffusivity D(r) and seismic
criticality C(r) on the seismicity pattern are modeled for

events triggered by pore pressure diffusion. For a 2-D
model we define a step function point pressure source in
the middle of the investigation area. For simplicity, we
consider a heterogeneity in the form of a rectangular patch
(see Figure 10). Then we solve the diffusion equation with a
finite element method (FEM) program. The result of each
FEM calculation is the spatiotemporal distribution of pore
pressure p(r, t), which depends on the diffusivity field D(r).
Earthquakes are simulated by comparing the calculated pore
pressures with the criticality at each discrete cell and for
each time step; an event is triggered when the pressure in a
cell exceeds its criticality. Then the corresponding r-t graph
can be plotted. Figure 11 shows how a heterogeneity of D(r)
and/or C(r) affects the r-t plot, or in other words, the seismic
signature we can expect under certain conditions. The last
plot shows that the spatially correlated high-diffusivity
and highly critical (unstable) patches result in a temporal
clustered seismic sequence, as observed in the data analysis
for the different VB swarms 2000 (see Figure 5). This
characteristic temporal clustering mirrors adjacent events
triggered (due the highly critical patch) over larger distances
in a relatively short time (due to the high-diffusivity patch).

5.2. Modeling of the VB Swarms 2000

[24] The aim of the following model is to simulate the
general seismicity pattern of the swarms 2000 in VB, as
found in section 4. We define a boxcar pore pressure source,
of 1 MPa and duration t0 = 7.8�106 s, and place it at the
bottom of five diffusivity patches, with diffusivities of 0.3,
3, 6, 10 and 8 m2/s (according to the data analysis results),
over a lower-diffusivity background with D = 0.01 m2/s
(Figure 12, top). Highly critical patches (randomly distrib-
uted with C(r) < 1 � 105 Pa), spatially coinciding with the

Table 1. Estimated Diffusivities D for Earthquake Swarms 2000

in VB

Swarm D, m2/s

nP1 0.3
nP2 2.0
nP3 3.0
nP4 -
nP51 8.0
nP52 6.0
nP53 7.0
nP6 -
nP71 -
nP72 -
nP81 10.0
nP82 9.0
nP9 7.0

Figure 9. Three-dimensional plot with injection points
(diamonds) of the 13 swarms of 2000 in VB. Injection
points are connected according to occurrence time. The first
triggered swarm was nP1, and the last was nP9. XS, YS, and
DS denote the E-W, N-S, and depth coordinate components.
Note that the extension of the swarm region along the X axis
is only 600 m (in contrast to 3000 m along other axes).
Therefore a 2-D approximation of the swarm geometry is a
reasonable assumption.
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diffusivity patches, are defined over a randomly distributed
stable background, with 105 Pa < C(r) < 1.1 � 106 Pa
(Figure 12, bottom). Thus the aim of the model is to
simulate five earthquake swarms. Events are triggered in
the cells where pore pressure exceeds criticality (Figure 13).
Figure 14 shows the resulting r-t plot, which is the analogue
of the data analysis result in Figure 5. The comparison of
Figures 5 and 14 shows that (1) the model with a single pore

pressure source successfully simulates the general spatio-
temporal seismicity pattern of the swarms in VB; (2) for
that, correlated criticality and diffusivity fields are required;
(3) the estimated diffusivity D from the r-t plot gives an
upscaled effective value representative for the whole seis-
mically active region; this value is strongly influenced by
high-diffusivity patches; (4) the back front beginning at time
t0 = 7.8 � 106 s corresponds to the end of injection, that is

Figure 10. (left) FEM solution of the diffusion equation for a point source. Contours give regions of
same pore pressures and are circles around the source for an isotropic homogeneous diffusivity field.
(middle) A diffusivity heterogeneity (rectangle, with a higher diffusivity than the background) which
causes a distortion in the pressure distribution (here a faster pressure increase due to the high-diffusivity
patch). (right) Criticality field with randomly distributed criticality values in the background and a highly
critical patch (dark rectangle). Dark cells correspond to more critical regions, meaning that lower pressure
changes can trigger earthquakes. So, bright cells represent more stable regions.

Figure 11. Plots of r-t with parabolic envelope for the input diffusivity value of numerical simulations
for the following cases of diffusivity (D) and criticality (C) fields (see also Figure 10): (a) Homogeneous
D and C. The majority of events are under the parabola for the input diffusivity value. (b) Homogeneous
D and heterogeneous C (see Figure 10, right). Some events are clustered above and along the parabola.
(c) Heterogeneous D (see Figure 10, middle) and statistically homogeneous C. More events than in case
a. are above the parabola but show no clustering, as in Figure 11b. (d) Heterogeneous D and C. This is the
only case resulting in a strongly temporal clustering of events (about t = 1000 s). Such event clusters are
observed for the VB swarms 2000 in the analysis (see Figure 5). A highly critical patch allows for the
spatial coherence of the seismic events (as in Figure 11b), but only in combination with a spatially
correlated high-diffusivity patch the events are triggered very fast, i.e., in a relatively short time, thus
presenting this characteristic temporal clustering.
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the duration of pressure perturbations triggering the swarms
2000; and (5) the existence of the back front signature
means that a part of the seismic events was triggered already
after the end of a hypothetic process of injection of
ascending fluids.

6. Discussion

[25] Here we discuss and summarize all assumptions and
limitations of our analysis.

6.1. Fluids and Seismicity in VB

[26] The main goal of this study is to investigate the role
of fluids in triggering earthquake swarms in VB. On the
basis of geochemical analyses, Kämpf et al. [1989] and
Weise et al. [2001] propose that seismic activity in VB is
connected to chemical changes of water and gas of the
region. On the basis of isotope observations before, during,
and after a swarm, Bräuer et al. [2003] conclude that
ascending magmatic fluids cause pore pressure changes

and thus trigger the earthquakes. Correspondingly, we
define a boxcar point source that causes the propagation
of pressure perturbations in fluids filling the pore and
fracture space in rocks. The fluid source is suggested by
Weinlich et al. [1999] as a magmatic reservoir beneath the
crossing of the Eger graben and the Marianske Lazne fault
zone.
[27] Bräuer et al. [2003] estimated fluid transport veloc-

ities in VB between 50 and 400 m/day, from the hypocenter
region to the surface. This large fluctuation agrees with the
here estimated diffusivity values (characterizing the seismi-
cally active region) between 0.3 and 10 m2/s (Table 1). We
explained this by introducing diffusivity patches accounting
for hydraulic heterogeneities. This idea is corroborated by
Bräuer et al. [2003], as they describe the region in VB with
differently permeable conduits and low-permeable rock
units capping the hydraulic system. That corresponds well
to our numerical modeling assumption of diffusivity patches
over a less permeable background. The spatial clustering of
seismic activity of the swarms 2000, and the spatiotemporal
seismicity pattern (Figure 5) led us to assume highly critical

Figure 12. Two-dimensional numerical modeling of the
VB swarms 2000. (top) Cutout (4 � 6 km2) of the area of
the FEM calculation. The single pressure source (circle) is
placed at the bottom of five higher-diffusivity patches, with
values of 0.3, 3, 6, 10, and 8 m2/s for the patches with
identities 1 to 5, respectively. The contours show regions of
equal pressure values. (bottom) Criticality field with highly
critical patches spatially identical with the diffusivity
patches. The extension of the area of interest is 10� 10 km2.

Figure 13. Two-dimensional numerical modeling of the
VB swarms 2000. (top) Event versus time step plot, where
1 time step equals 7 � 104 s. The numbers correspond to
the identities of the patches. (bottom) The 1238 triggered
events (crosses), which clearly mirror the criticality
patches (see Figure 12, bottom). The circle denotes the
injection point. Comparing Figures 13 (top) and 13
(bottom), it can be seen that a counterclockwise migration
of seismic activity occurred (swarms 1–4).
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patches, too. These patches coincide with highly permeable
patches.
[28] The hypocentral region of the swarms is mainly

between 6 and 10 km depth. For this depth region the
German seismic reflection profile DECORP3/MVE90, East,
shows low-reflection structures, called white spots. These
are interpreted as fluid enriched (i.e., porous) units [Behr et
al., 1994; Bräuer et al., 2003]. Further information about
the geologic and tectonic situation in VB is expected from
the BOHEMA project [Babuska et al., 2003].
[29] Also gravity changes are related to the seismic activity

in VB. Observations indicate that gravity reaches a maximum
before the highest seismicity rate occurs. As no topographical
displacements and no groundwater table changes were
observed, a possible explanation for the gravity anomalies
could be a CO2 flux increase before earthquakes are triggered
[Spicak et al., 1999; Bräuer et al., 2003].

6.2. Data Analysis of the Swarms 2000 in VB

[30] For the data analysis in section 4 we assumed that a
single point pressure source triggered all swarms. This is a
simplifying approximation replacing a possibly in reality
existing spatially constrained volume where significant pore
pressure changes occur (similar to an open hole section by
fluid injections). In order to produce the corresponding r-t
plot (Figure 5) an injection point had to be defined. There-
fore the first and deepest event was chosen, as the eventually
nearest to an injection point of fluids coming from deeper
regions. For each swarm we defined a secondary pressure
source as a location, where a significant pressure perturba-
tion has occurred (the centroid of the first 10 events).
[31] The assumption of secondary pressure sources is

supported by the r-t plots for each swarm separately
(Figure 6, bottom, and Figure 8), that allowed rough
diffusivity estimates by applying the parabolic envelope
signature. These estimates depend solely on the spatiotem-
poral seismicity pattern of each swarm. When the parabolic

signature is applied then it is assumed that a step-function-
like pressure perturbation triggered the events. The back
front could not be applied to the individual swarms, as no
corresponding signature could be observed. Nevertheless
the whole VB swarm events could be approximated with a
back front (Figure 5). This means that a boxcar like pore
pressure perturbation, with duration t0 = 7.8 � 106 s, can
explain earthquakes triggered after t0. In other words the
whole seismic activity of the VB swarms 2000 can be
regarded as a coherent process. This interpretation is further
supported by the presented numerical model (section 5.2.,
Figure 14). Perhaps the long duration of pressure perturba-
tion is responsible too that no back front signatures could be
observed for the different swarms, as all of them but P9
were triggered before t0 (see Figure 5). We are not aware of
any information or data that contradict our assumption of
such a long pressure change (t0 is about 3 months) in the
crust and/or mantle. However, we know from volcanic areas
that ascending magmatic fluids can significantly change
pore pressures over even longer periods of time. Note that
VB is characterized by Quaternary volcanism and magmatic
fluids (see section 3).
[32] It is of course possible that the swarms were trig-

gered by sources of independent fluid conduits, i.e., geo-
logic structures, where pressure changes occurred at
different times. Such a scenario is also possible to model
but it would also require the determination of certain free
parameters, e.g., location and duration of the different
pressure sources. We believe that the here presented model
was optimally determined in the sense of using a minimum
of arbitrary input parameters.

6.3. Numerical Modeling

[33] The value of the model presented in section 5 is that
it allowed us to use the derived results from the data
analysis as input, in order to simulate principal features of
seismicity pattern by defining a boxcar point pressure

Figure 14. Two-dimensional numerical modeling of the VB swarms 2000; r-t plot with parabolic
envelopes (curves I and II) for the diffusivities 0.01 and 0.25 m2/s, respectively. The numbers next to the
clusters denote the identity of each patch (see Figure 12, top). The characteristics of the seismicity pattern
are the time delay of the triggering between the diffusivity patches (controlled by the diffusivity contrast
of the patches to the background) and the vertical clustering of the events (controlled by the highly
critical patches). The parabolic envelope (curve II) and the back front (curve III), both for D = 0.25 m2/s,
approximate the events as found by the swarm 2000 data analysis in Figure 5.
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source, and spatially correlated diffusivity and criticality
patches. Thus the aim of the modeling was not to exactly
reproduce the VB swarm 2000 data and so the analysis
(Figure 5) and the modeling results (Figure 14) are not
identical but similar: They show the same spatiotemporal
characteristics but the model is restricted to the general
seismicity pattern exemplified by the simulation of 5 and
not 13 swarms. Further, the actual seismicity shows a more
complex picture with regions partly reactivated, and a
seismic activity migration path that only strongly simplified
seems to be counterclockwise.
[34] The 2-D model is justified by the fact that the

seismically active region shows a nearly planar character
(Figure 9), indicating that it coincides with a fracture zone
[Fischer, 2003] or a fault system. Thus the 3-D swarm data
were approximated with a 2-D numerical model. This has no
influence on the estimated diffusivities: The parabolic
envelope is applied according to equation (3) for both the
2-D and 3-D case [Shapiro et al., 1997, 1999, 2002]; the
back front is described with (only slightly) different equa-
tions for 2-D and 3-D, as presented in section 2.3. It is
reminded here that the diffusivity estimations with the
above signatures deliver an order of magnitude estimates
only [Shapiro et al., 1997; Shapiro, 2000; Parotidis et al.,
2004]. Thus the difference of equations for 2-D and 3-D
seismicity back front is insignificant here.
[35] The definition of 1 MPa as the magnitude of the

injection point has no influence on the produced seismicity
patterns, as this is compensated by the choice of the
absolute value of the criticality field for the model. Anyway,
the order of magnitude was proposed, as it agrees with
borehole fluid injection experiments; for example, for the
Hot Dry Rock experiment in Fenton Hill, New Mexico,
1983, the surface pressure was �48 MPa [Fehler et al.,
1998], and for the KTB test the borehole pressure reached
up to 50 MPa [Zoback and Harjes, 1997]. However, at
points far from the borehole the pressure is much smaller.

6.4. Triggering Mechanism

[36] For the study presented here, pore pressure diffusion
is considered as the main triggering mechanism in order to
investigate the VB swarms 2000. This allowed us to apply
the parabolic envelope and back front signatures for the
analysis. The assumptions on which our data analysis is
based were valid in the numerical model, but its results are
similar and not identical to the real data, e.g., neither a
complex migration of seismic activity nor partly overlapped
swarms were simulated. So, there are differences between
reality and analysis/modeling. We propose the following
explanations:
[37] 1. The main triggering mechanism is pore pressure

diffusion but more than one pressure sources are involved
and/or have a more complex character than the step func-
tion/boxcar approximations used in this study.
[38] 2. Pore pressure diffusion is not the only triggering

mechanism. Others, such as DCFS (change of Coulomb
failure stress [see, e.g., Beeler et al., 2000; Kilb et al., 2002;
Scholz, 2002]) and/or stress corrosion (subcritical crack
growth in presence of fluids [see, e.g., Atkinson and
Meredith, 1987; Atkinson, 1987]), may play an important
role too. DCFS alone cannot explain the swarm activity as
neither its static nor its dynamic components could explain

the time delaying factor of the VB seismic activity. So,
another triggering mechanism is needed. This could be pore
pressure diffusion and/or stress corrosion. Hainzl and
Fischer [2002] propose for the VB swarms 2000 a model
where fluids initiated the swarm activity and later stress
transfer and induced fluid flows are responsible for the
earthquakes. Also Hainzl and Ogata [2004] presented an
analysis based on statistical considerations for proposing a
combination of mechanisms (DCFS and fluid action) for VB.
These can be very reasonable models and further studies
including different seismicity signatures are required.

7. Summary

[39] Vogtland/NW Bohemia (VB) in central Europe is a
region characterized by natural recurring intraplate earth-
quake swarms. We hypothesize that ascending magmatic
fluids trigger the earthquakes by causing pore pressure
perturbations, which propagate according to the diffusion
equation. This triggering process is mainly controlled by
two physical fields, the hydraulic diffusivity and the seismic
criticality of the rock. The results of the data analysis and
modeling of the year 2000 swarms in VB support a concept,
where pore pressure diffusion is the main triggering mech-
anism. The analyzed swarms show diffusive characteristics
and render possible estimates of diffusivity, with values
between 0.3 and 10 m2/s, and an effective value of 0.25 m2/s
characterizing the whole seismically active region. Further
the analysis allowed an estimate for the duration t0 of the
source of the pore pressure perturbation that triggered all
events with t0 = 7.8 � 106 s. A 2-D numerical model was
proposed, that successfully simulates principal features of the
simplified seismicity pattern, by considering a boxcar pres-
sure source of a duration which was shorter than the duration
of the seismic activity. For that, the definition of spatially
correlated diffusivity and highly critical patches is required.
These patches could correspond to highly fractured and close
to failure compartments of the fault zone region in VB, which
allow enhanced fluid flow. In spite of the encouraging results,
more investigations are necessary in order to account for the
whole multitude of complex phenomena related to the earth-
quake swarms in VB.
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Bräuer, K., H. Kämpf, G. Strauch, and S. M. Weise (2003), Isotopic
evidence (3He/4He, 13CCO2) of fluid-triggered intraplate seismicity,
J. Geophys. Res., 108(B2), 2070, doi:10.1029/2002JB002077.

Carslaw, H., and J. Jaeger (1959), Conduction of Heat in Solids, Oxford
Univ. Press, New York.

Costain, J., and G. Bollinger (1991), Correlations between streamflow and
intraplate seismicity in central Virginia, U.S.A., seismic zone: Evidence
for possible climatic controls, Tectonophysics, 186, 193–214.

Dyer, B., A. Juppe, R. H. Jones, T. Thomas, J. Willis-Richards, and P. Jaques
(1994), Microseismic results from the European HDR Geothermal Project
at Soultz-sous-Forets, Alsace, France, Rep. IR03/24, CSM Assoc.

Fehler, M., L. House, W. Philips, and R. Potter (1998), A method to allow
temporal variation of velocity in travel-time tomography using micro-
earthquakes induced during hydraulic fracturing, Tectonophysics, 289,
189–201.

Fischer, T. (2003), The August-December 2000 earthquake swarm in NW
Bohemia: The first results based on automatic processing of seismo-
grams, J. Geodyn., 35, 59–81.

Fischer, T., and J. Horalek (2003), Space-time distribution of earthquake
swarms in the principal focal zone of the NW Bohemia/Vogtland seis-
moactive region: Period 1985–2001, J. Geodyn., 35, 125–144.

Hainzl, S., and T. Fischer (2002), Indications for a successively triggered
rupture growth underlying the 2000 earthquake swarm in Vogtland/NW
Bohemia, J. Geophys. Res., 107(B12), 2338, doi:10.1029/2002JB001865.

Hainzl, S., and Y. Ogata (2004), Detecting fluid signals in seismicity data
through statistical earthquake modeling, paper presented at XXIX Gen-
eral Assembly, Eur. Seismol. Comm., Potsdam, Germany.

Horalek, J., J. Sileny, T. Fischer, and J. Malek (2001), Source mechanisms
and seismic models of the upper crust in the west Bohemia/Vogtland
earthquake swarm region: Results obtained by the Webnet group, 26th
General Assembly of the EGS, Eur. Geophys. Soc., Nice, France.

House, L. (1987), Locating microearthquakes induced by hydraulic fractur-
ing in crystalline rocks, Geophys. Res. Lett., 14, 919–921.

Howells, D. (1974), The time for a significant change of pore pressure, Eng.
Geol., 8, 135–138.

Jaeger, C. (1972), Rock Mechanics and Engineering, Cambridge Univ.
Press, New York.

Jaeger, J. C., and N. G. W. Cook (1976), Fundamentals of Rock Mechanics,
CRC Press, Boca Raton, Fla.

Johnson, P., and T. McEvilly (1995), Parkfield seismicity: Fluid-driven?,
J. Geophys. Res., 100(B7), 12,937–12,950.

Jonsson, S., P. Segall, R. Pedersen, and G. Björnsson (2003), Post-
earthquake ground movements correlated to pore-pressure transients,
Nature, 424, 179–183.
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