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[11 During creation of an Enhanced Geothermal System, massive fluid injections are
conducted to induce fracture shear which generates reservoir permeability. In this study
we analyze coseismic static stress transfer caused by induced seismic events during a
stimulation at the European research project at Soultz-sous-Foréts (Alsace, France).

For this purpose we developed an efficient method to calculate coseismic static stress
changes from an elliptical slip distribution on a circular fracture using superposition of
rectangular sources, which enables us to apply an analytical solution for fast computation.
This method is applied on a data set of 715 focal mechanisms derived from seismic
recordings of the stimulation of the well GPK2 to calculate temporal evolution of static
stress transfer. We find that the resulting structure of coseismic stress changes can be
divided into three parts: a quiet zone where no spreading of seismicity occurs, an active
zone within the created reservoir with ongoing fracturing and a process zone where the
growth of the reservoir occurs. Static stress changes in the active zone are of the order of
1 MPa, both positive and negative, but may exceed this value considerably on a local scale.
Analysis of stress changes from a cluster of events that occurred after shut-in lets us
conclude that triggering by coseismic static stress changes is possible for some events.
Our analysis shows that triggering by static stress transfer plays a minor role for injection
induced seismicity in a volumetric reservoir, whereas it can be quite effective for

rupture propagation along single large fault zones.

Citation: Schoenball, M., C. Baujard, T. Kohl, and L. Dorbath (2012), The role of triggering by static stress transfer during
geothermal reservoir stimulation, J. Geophys. Res., 117, B09307, doi:10.1029/2012JB009304.

1. Introduction

[2] The phenomenon of fluid induced seismicity is widely
observed and may impose barriers for future large scale
operation of EGS plants [Evans et al., 2012]. For the pre-
diction of future reservoir performance, knowledge of the
thermo-hydro-mechanical response of the geothermal reser-
voir to hydraulic stimulation and production is a key issue.
In previous studies on the mechanisms of induced seismicity
the focus was mainly on the role of the pore pressure per-
turbation or thermal stresses [Bruel, 2002; Shapiro et al.,
2002; Kohl and Mégel, 2007]. Little attention was paid to
the possible interaction of such events. However, in the
field of seismology of tectonic earthquakes, interaction of
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earthquakes has gained significant attention. Aftershock
sequences for tectonic earthquakes could be described as
induced by changes of static stress due to the dislocation by
the main shock [e.g., King et al., 1994; Toda and Stein,
2003]. The basis for such modeling was laid by Okada
[1992], who derived analytical expressions for the displace-
ments in an elastic half space caused by dislocations on a
fault plane. Based on these stress changes and e.g. a rate and
state law for seismicity rates [Dieterich, 1994] aftershock
sequences could be modeled successfully [Toda and Stein,
2003; Catalli et al., 2008]. Apart from modeling of after-
shock sequences, migrating seismicity on large faults could
be explained by interaction of events [e.g., Stein et al., 1997],
where increases of stress arising at the edge of the slipping
plane triggered failure at neighboring fault patches.

[3] Orlecka-Sikora et al. [2009] analyzed coseismic static
stress changes and interaction of induced seismicity in a
Polish coal mine environment. They observed that about 60%
of events are located in areas where Coulomb stress changes
encouraged failure and 50% in areas where the stress pertur-
bation by static stress transfer surpassed 0.01 MPa, a value
which is a generally accepted threshold perturbation for trig-
gering of natural earthquakes [Hardebeck et al., 1998; Prejean
et al., 2004; Xiong et al., 2010]. While Orlecka-Sikora et al.
[2009] and this study focus on triggering by static stress
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changes, it shall be noted that dynamic triggering by the
passing wave train has also been observed [e.g., Felzer and
Brodsky, 2006; Prejean et al., 2004].

[4] Phillips et al. [2002] performed a multiplet analysis
and relative relocation of events induced during a stimula-
tion operation in 1993 at Soultz-sous-Foréts and five other
geothermal and hydrocarbon sites. From high precision
relative locations they concluded that slip induced changes
of static stress migrate seismicity along larger fault planes
at hydrocarbon sites and state that such slip-induced stress
could cause systematic migration of seismicity also at Soultz.
Dorbath et al. [2008] studied static stress changes due to the
microseismic events of the stimulation of the well GPK2 in
the year 2000, by approximating the microseismic cloud
with one unique plane. Using this approach, they found a
shift in the azimuth of the faults optimally oriented for failure
in two different depth zones of the reservoir. This result is in
agreement with the observation of a change of the orientation
of the microseismic cloud produced by the later stimulation
of the well GPK3 in 2003. However, their hypothesis that the
microseismic activity in the reservoir could be depicted by
one single fault has not been validated.

[5] In this paper we present 3D computations of change
of static stress during the stimulation of the well GPK2 at
the EGS site Soultz-sous-Foréts to analyze the mechanical
interaction of induced events. For this analysis we use an
extensive database of 715 derived focal mechanisms [Dorbath
et al., 2009]. In order to find a computationally efficient way
to approximate circular sources taking into account an ellip-
tical slip distribution, we test various idealized fault plane
geometries. We then compute the time evolution of static
stress changes due to events in the Soultz reservoir during the
stimulation of the well GPK2. This allows us to conclude that
the stress perturbation of all microseismic events induced
during stimulation cannot be depicted by one single fault,
but varies strongly on a local scale. Analysis of a cluster of
12 events, which occurred at the edge of the stimulated volume,
demonstrates the effectiveness of static stress triggering for the
propagation of seismicity along faults.

2. Data Description

[6] At the European deep geothermal research project at
Soultz-sous-Foréts (Alsace, France) [ Genter et al.,2010] four
wells were drilled to 5 km depth in a horst structure within the
granite basement of the Upper Rhine Graben. In order to
develop an Enhanced Geothermal System (EGS) several well
stimulations have been conducted in order to enhance the
reservoir productivity [Dorbath et al., 2009]. These opera-
tions were accompanied by thousands of induced microseis-
mic events. During the stimulation of the well GPK2 about
25,000 m® of fresh water were injected with flow rates of
30to 50 15~ over a duration of 6 days [Weidler et al., 2002].
The stimulation of GPK2 was seismically recorded by both a
down-hole and a surface network of seismometers. About
14,000 events could be located by the down-hole network
[Dyer, 2000], from which three stations with 4-component
accelerometers at about 1500 m depth (i.e. at the top of the
granitic basement) were used for analysis. The temporary
surface network consisted of 14 stations, 6 with 3-component
velocimeters and 8 with 1-component vertical velocimeters.
For further details on the monitoring network we refer to
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Dorbath et al. [2009]. Our input data consists of 715 focal
mechanisms of events induced during and immediately after
the stimulation of GPK2 with magnitudes >1 [Dorbath et al.,
2009], for which relatively good signal-to-noise ratio wave-
forms were obtained from both networks. The microseismic
sequence used does not contain the largest events induced
during the operation with magnitudes 2.6 and 2.7, respec-
tively. They occurred long after shut-in when the temporary
monitoring network was already removed from the field. The
hypocenter locations were obtained using a modified version
of HYPOINVERSE [Klein, 1978] and station corrections.
Uncertainties are about 50 m in horizontal and 70 m in ver-
tical directions. Event magnitudes, My, were calculated from
the duration of the coda [Charléty et al., 2007]. To calibrate
this duration magnitude, Charléty et al. [2007] determined
the moment magnitude for several events with magnitudes in
the range 0.7-2.9 using waveforms with good signal-to-noise
ratio recorded during the stimulation of the well GPK3 in
2003. The seismic moment, M,, was calculated from My
using Kanamori [1977]:

__log M,
w=—g —607. (1)
Slip could then be derived from
My = GSd, (2)

where G is the shear modulus, S is the surface area of the fault
plane and d is the average displacement. The ratio of dis-
placement to surface area is determined by the stress drop
Ao. Following the relation of Eshelby [1957] for stress drop
Ao on a circular rupture of radius r,

T Gd Tm My
AT e Tl6 ®)
the fault radius and the displacement can be determined using
a stress drop value together with equation 2. Stress drops
from fluid induced events have been analyzed for the injec-
tion experiments at the KTB project [Jost et al., 1998] and at
the Basel Deep Heat Mining project [Goertz-Allmann et al.,
2011]. For the Soultz reservoir, stress drops and source
dimensions have been studied by Charléty et al. [2007]. In
general agreement with the previously mentioned studies at
KTB and Basel, Charléty et al. [2007] found the stress drop
to vary between 0.1 MPa and 10 MPa. We use the previously
mentioned studies as a basis for a statistically distributed value
of Ao. We use a constant log-mean value of 1 MPa for the
following study; the influence of variable stress drop on the
significance of the results is discussed below. The method to
differentiate the fault plane and the auxiliary plane from the
two nodal planes given by the focal mechanism is described in
section 3. Figure 1 shows the events and their fault planes
derived by the procedure above.

[7] Elastic rock properties have been assumed in agree-
ment with the previous study by Dorbath et al. [2008], i.e. a
shear modulus of G =32 GPa and a Poisson’s ratio v = 0.25.
The coefficient of friction is assumed to be 0.8, which is the
lower estimate of the two models developed by Cornet et al.
[2007]. A comparison of density of fracture normals in the
three wells GPK2-4 obtained from UBI wellbore logging with
those of the fracture planes from focal mechanisms is given in
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Figure 1. (a) Map view and (b, c) depth views of the fault planes obtained from focal mechanisms.
The circles mark a cluster of events discussed in section 5.3.

Figures 2a—2c. These plots show two major fracture families
dominating the reservoir (average orientations are strike
N180°E, dip 80° and strike N335°E, dip 80°, respectively).
Note the slight counter-clockwise rotation of average azimuth
with depth (Figures 2a vs 2c). The fracture families are also
evident in the fault planes derived from the focal mechanisms
(Figure 2d). The focal mechanisms are in better agreement
with the deeper fractures, which consistent with the greater
depth of the focal mechanisms. The focal mechanisms have
generally lower dip angles than the fractures identified in the
wellbore image logs.

3. Method

[8] The displacement field in a homogeneous elastic half
space due to a dislocation on a rectangular fault has been
analytically derived by Okada [1992]. We use a code based on
the software EDCMP [Wang et al., 2003] to calculate the
displacement field in the reservoir as it evolves through sub-
sequent microseismic events during the stimulation. Having
obtained the displacement field u from Okada’s solutions, the
strain tensor e is readily obtained from

1 (Ou;  Ou;
i—~ | = -~ |- 4
i 2 (6xj + ax,-) ( )

(b)

GPK3
606 fractures
Depth: 4000 - 5000 m

349 fractures N
Depth: 3000 - 4000 m

We assume a linear elastic medium by applying Hooke’s law
to obtain the change of the stress tensor from the strain tensor.
To express the effect of changes to the stress tensor on the
occurrence of failure by a single quantity, the concept of
Coulomb failure stress is commonly applied. Following this
concept, failure occurs if the Coulomb stress . exceeds a
critical value [King et al., 1994] given by

o = |7| = pl(o - p), ()

where 7 is the shear stress on the plane in consideration, o is
the corresponding normal stress, 4 is the coefficient of static
friction and p is the pore fluid pressure. In this paper our focus
is on stress changes due to dislocations, so we do not consider
changes of pore fluid pressure. Furthermore we neglect any
poroelastic interaction of stress and pore fluid pressure, which
would introduce minor transient effects. Finally we obtain for
changes of Coulomb failure stress

ACFS = A1 — ulo, (6)

where AT is the change of the absolute value of shear stress and
Ao is the change of normal stress on the fault plane considered.
In this concept a positive value of ACFS means that the point
considered is driven toward failure whereas for a negative
ACEFS stress is released and consequently failure is hindered.

(d)

0

s GPK2 Events Relative
581 fractures 715 fault planes N Fracture
Depth: 4000 - 5000 m Depth: 4100 - 5300 m Density

Figure 2. Distribution of fracture plane normal densities in a lower hemisphere projection, where a point
in the center indicates a horizontal fracture while a point near the outer edge is a vertical fracture with dip
direction as indicated on the edge. (a—c) Fractures obtained from UBI logs of GPK2, GPK3 and GPK4,
(d) the focal mechanisms of the stimulation of GPK2. The color shows the relative density of fractures
where each segment is of equal solid angle [after Meller et al., 2012].
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Figure 3. (a) Partitioning of one square source (bold) into 10 rectangles (thin). (b) Slip distribution for
one square source, approximation by 10 rectangles and the Madariaga source.

[s] For the computation of coseismic stress changes the
tectonic stress field and its orientation is not to be considered,
and we may arbitrarily choose the stress field prior to stim-
ulation to be zero. However, to obtain the orientation of
optimally oriented fault planes to compute ACFS we use the
linear stress profiles given by Cornet et al. [2007], the ori-
entation of Sy max 1S assumed to be N170°. The computation
of ACFS on fault planes optimally oriented for failure is
described in detail in King et al. [1994]. If not mentioned
otherwise computations of ACFS are for optimally oriented
failure planes. As noted above, computations presented here
neither consider changes of pore fluid pressure nor thermal
stresses. Obviously, because it is based on seismicity, the
ACFS does not consider either stress changes induced by
aseismic slip [e.g., Bourouis and Bernard, 2007; Calo et al.,
2011], for which no reliable data exists.

[10] To discriminate the two nodal planes given by the
focal mechanism between the fault plane and the auxiliary
plane, we apply the Coulomb criterion. The critical pore
fluid pressure p. needed to rupture a fault plane is obtained
from equation 5:

-
Pe=0 =7 (7
o and 7 are obtained from the orientation of the planes and
the tectonic stress field. The critical pore pressure is calcu-
lated for both nodal planes; the plane where p,. is lower is
assumed to be the fault plane.

4. Partitioning of Source Zones

[11] In geothermal reservoirs with microseismicity of mag-
nitudes of up to My-= 3 fault planes with more or less circular
shapes could be expected, which is what we assume in the
following. Furthermore the slip must reduce to zero at the
boundary of the source area to assure continuity and avoid
stress singularities. The kinematics and deduced slip distribu-
tion of such circular sources were described in Madariaga
[1976]. The analytical solutions for computation of displace-
ments due to dislocations by Okada [1992] are for point sour-
ces and rectangular sources with constant slip. Due to the
linear nature of the stress perturbations, the perturbations by
several sources can be added linearly to obtain the cumulative
stress perturbation. A widely used approximation for van-
ishing displacement at the fault boundary is by tapering slip

by the superposition of several slip rectangles of similar
aspect ratio. As will be shown in the following, this method is
not suitable for modeling circular fault planes. To approxi-
mate the behavior of circular faults with vanishing displace-
ment at their boundaries, the microseismicity sources were
partitioned into superimposed rectangles of varying aspect
ratio as shown in Figure 3a. Each rectangle is given the same
slip which, summed up over all rectangles, gives the seismic
moment of the recorded event. A slip distribution very similar
to the elliptical one derived by Madariaga [1976] is obtained
by this approximation scheme (Figure 3b).

[12] The effect on the change of Coulomb failure stress
using several superimposed rectangles instead of square
sources is analyzed in Figure 4. Here we show the resulting
3D Coulomb failure stress change by one seismic event
represented by different slip distributions. The event source
is implemented as one square of constant slip, four squares
of different sizes representing the tapering used in many
studies, 3 rectangles, 10 rectangles and 30 rectangles, respec-
tively. For reference the stress change due to a slip distribution
according to the shape of Madariaga’s model is implemented
using a grid of 40 x 40 source tiles (i.e. 1600 sources) with
their respective slip. To visualize the ACFS perturbation in 3D
space isosurfaces of =1 MPa are plotted in Figure 4 along with
the slip distribution. For the one square source the isosurfaces
occupy only a small volume concentrated on the tips of the
shear displacement. For the case of four squares superimposed
on the center of the fault we obtain a stress perturbation with
tips of the isosurface on the very outer edge of the source.
However, comparing with Madariaga’s source shows that
the stress tip is pointing to the outer edge at the middle of the
fault plane. This behavior is much better approximated by
three rectangles of different aspect ratios (Figure 4d). Going
further to ten rectangles gives very smooth stress perturbations
close to that of the Madariaga’s source. By increasing the
number of rectangles further to 30 only a marginal improve-
ment of the approximation is achieved. However, a feature that
cannot be obtained by the approximation by rectangles are the
small lobes of opposite stress perturbation close to the fault
plane. To sum up, using three rectangles to represent the stress
perturbation by a circular Madariaga source yields a much
better approximation than using four squares. Additionally it
provides faster computation as the effort for calculating ACFS
increases linearly with the number of source rectangles used.
At about ten rectangles a reasonable compromise between
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(b) 1 square (c) 4 squares

(d) 3 rectangles (e) 10 rectangles (f) 30 rectangles
Figure 4. (a—f) DeltaCFS isosurfaces of +1 MPa (red) and —1 MPa (blue) obtained from different slip
distributions (green and insets) for a faulting mechanism with equal seismic moment corresponding to
1 mm slip on a 10 x 10 m square fault.

computational efficiency and accuracy is reached. Thus, inthe [2011]. They are depicted along with injection rate and

following this source model is used. wellhead pressure and number of events per hour in Figure 5.
Figure 6 shows the temporal evolution of the cumulative
ACFS i t a depth of 4700 m f h subset.

5. ACFS During Stimulation of GPK2 o mab VIEW & 8@ CEp T © i

This depth section is about the vertical center of the stimu-
[13] In order to study the temporal evolution of the ACFS, lated volume. During the first nine subsets the cloud of
the data set is split into 14 subsets analogous to Calo et al. ~ seismic events spreads continuously. The ACFS perturbation
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Figure 5. Injection rate, wellhead pressure for the hydraulic stimulation of GPK2 (June/July 2000).
Vertical lines mark the times for the 14 snapshots in Figure 6. The bars indicate the event rate per hour
(My> 1) during the experiment.
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Figure 6. Temporal evolution of cumulative ACFS during stimulation of the well GPK2 after each sub-
set defined in Figure 5. Map view of the Soultz reservoir at 4700 m depth, the green cross marks the injec-
tion point of GPK2. Blue areas are where failure is discouraged (ACFS < 0), red areas are where failure is

encouraged (ACFS > 0), with respect to optimal oriented fault planes.
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Process Zone
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Figure 7. ACFS for optimal oriented fault planes in the Soultz reservoir (a) for one source fault repre-
sentative of all events [after Dorbath et al., 2008] and (b) for the full catalog of 715 source events, same
color scale as in Figure 6. (¢) A schematic of the time-evolving coseismic ACFS perturbation in the

reservoir.

is dominated by small events that create a pseudo-random
pattern of areas with positive and negative ACFS. The stress
perturbations reach values on the order of 1 MPa, both pos-
itive (encouraging failure) and negative (hindering failure),
with strong local variations. Areas of strongly positive ACFS
are found neighboring to areas of negative ACFS, especially
in the central portion of the stimulated region. Subset 10
includes the biggest induced event (Mj, = 2.5) that dominates
a large area with negative ACFS. In the following subsets, a
number of relatively large events occur, producing mainly
negative ACFS areas in this depth section. In the far field of
the reservoir, a large-scale area with negative ACFS prevails
over the whole monitored period with stress release of less
then 100 kPa. No large areas with positive ACFS are found,
it is thus unlikely that slippage of large surface areas is trig-
gered by static stress transfer. On the contrary, it can be
speculated that slippage of large surfaces is hindered by
stress release on some patches of potential large structures
which would lead to segmentation of slip.

[14] In a previous study of static stress transfer at Soultz,
Dorbath et al. [2008] assumed that the stress perturbation
due to the thousands of microseismic events induced during
the stimulation was equal to that of one large event whose
seismic moment was the sum of that of all the microseismic
events. The orientation and size of that one hypothetical
fault plane was chosen to coincide with the geometry of the
observed microseismic activity. We compare the distribution
of'the ACFS obtained from one source according to Dorbath
et al. [2008] with the computation of the ACFS according
to our method taking into account 715 located events with
My > 1.0 (Figure 7a). In contrast to Dorbath et al. [2008]
we apply the source model presented in section 4 and parti-
tion the unique source into 10 rectangles (Figure 4e), while
Dorbath et al. [2008] used a tapering method shown in
Figure 4c. From comparison of Figures 7a and 7b it is obvi-
ous that the approximation to use one single source to rep-
resent the stress perturbation due to dislocation is not valid
entirely. Both computations deliver fundamentally different
results, in particular the central region of the stimulation is
essentially free of high stress perturbations whereas many
high stress perturbations and undulations result from the
detailed computation in this region of the reservoir. However,

looking at the far field of coseismic ACFS both results are
very much comparable, yielding a large-scale patterns of
negative ACFS along the seismic cloud and of positive ACFS
at the edges of the seismic cloud. From these observations and
with respect to the temporal evolution of the ACFS (Figure 6)
we can derive a schematic on the development of the pertur-
bation of ACFS with three distinct zones (Figure 7¢). These
are an active zone within the seismic cloud with large varia-
tions of ACFS on a local scale, where most of the induced
events occur. Furthermore there is a process zone at the tips
of the seismic cloud with positive ACFS encouraging fail-
ure, where growth of the microseismic cloud occurs and
finally a quiet zone parallel to the cloud where negative
ACEFS predominates and failure is discouraged. These three
distinct zones can also be observed in vertical direction, with
a developed process zone also at the top and bottom of the
stimulated volume.

5.1.

[15] In Figure 8, we compare ACFS down to different
magnitude values contained in the catalog of the focal
mechanisms varying from My = 2.0 down to My = 1.0 at a
depth of 4700 m. Also indicated in Figures 8a—S8f is the
number of events up to a given magnitude and the cumulative
seismic moment compared to the total seismic moment
recorded during the experiment. For events down to My=1.6
about 60% of the cumulative seismic moment is included in
the perturbation of ACFS. The ACFS perturbation of the
largest recorded event with magnitude 2.5 is remarkable. Its
contribution to ACFS dominates a region of several hundred
meters radius (bottom of subplots in Figure 8). Figure 9
shows the mean of the relative variation of ACFS for a
reduced catalog down to My ;,,.;; compared to the full catalog
down to My = 1.0 after

Sensitivity to Limiting Magnitude

1 N ACFSIO - AC‘]?‘Sv/l/lw,lmm

ACFS) ’

(8)

with N the number of points where ACFS is calculated. The
difference of computed values of ACFS reduces linearly with
magnitudes contained in the catalog. Small events therefore
contribute a significant amount of static stress transfer. Small
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Figure 8. (a—f) Map view of ACFS at z=4700 m for a subset of the full catalog, where the magnitude
My imi down to which events are contained in the catalog varies. The number of events of each subset and
the cumulative seismic moment relative to the total recorded moment is given in each image. Optimal

oriented fault planes are assumed.

events cause a smaller stress perturbation, but there are a
greater number of them. The significant effect of small earth-
quakes for static stress transfer is in full agreement with the
study by Helmstetter et al. [2005] on the triggering potential
of small earthquakes. They find that for a set of events on a
fractal fracture network of dimension D with a Gutenberg-
Richter law with b = D/2 [Aki, 1981; Chen et al., 2006] small
events areas important for triggering as large events. However,
including even smaller events will contribute to the ACFS
perturbation only very locally, on a scale where errors in
location dominate any possible conclusion.

5.2. Triggering Potential and Stress Drop

[16] In this section we discuss the distribution of ACFS
values obtained from a constant stress drop and its implica-
tion for triggering. We study the effect of varying stress drop
and make some preliminary conclusions. Then we analyze
the distribution of ACFS on the hypocenters of the micro-
seismic events to investigate how the occurrence of micro-
seismicity is influenced by ACFS. For a given event we
compute the cumulative ACFS of all previous events at
its located hypocenter. We do this for each event in our data
set and analyze two scenarios. In the first we compute ACFS
for optimally oriented fault planes, as in the calculations
before. In the second calculation we compute ACFS at the
hypocenter using the orientation of the fault plane of the
given event, to derive normal and shear stresses and finally

the value of ACFS (Figure 10a). For both fracture orienta-
tions we obtain almost a normal distribution centered on
ACFS = 0.

[17] All results presented above have been acquired using
the assumption of a constant stress drop of 1 MPa. For the
stimulation of the granitic reservoir at Basel, stress drops were
quantitatively analyzed by Goertz-Allmann et al. [2011]. They

0.8f

0.6f

0.4}

0.2

1f4 1f6 1f8 2
MW,Iimit

Figure 9. Relative error of ACFS for a reduced catalog

down to My, j;,;; compared to the full catalog down to My, =

1.0 after equation (8).
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Figure 10. Distribution of ACFS at the hypocenters for fault planes optimally oriented for failure (red)
and for the actual orientations of fault planes (blue). Stress drop is (a) constant 1 MPa and (b) log-normal
distributed about 1 MPa using 10 runs with different random seeds. Note the break in the y axis.

found the stress drop to vary over two orders of magnitude
around a mean value of 2.3 MPa. In order to analyze the
impact of our assumption on stress drop, we compute ACFS
using random stress drops for each event. The stress drops
are chosen using a log-normal distribution to resemble the
distribution of stress drop values obtained by Goertz-Allmann
et al. [2011], with a log-mean of Ao = 1 MPa and a log-
standard deviation of 0.5. The computation is repeated 10
times using different random number seeds (Figure 10b).
We obtain relatively large variations of values of ACFS for
each single fracture. However, the overall behavior of ACFS
is statistically the same for different sets of stress drop including
the constant stress drop of 1 MPa. We therefore conclude that
the approximation of constant stress drop is acceptable for
our analysis. Overall we find that 61% and 58% of the events
occur in areas of positive ACFS for optimal and the actual
orientation of faults, respectively. A closer look at the dis-
tributions on ACFS reveals that optimal orientation yields
more negative values, especially below —0.5 MPa, whereas the
actual fracture orientation yields more positive values above
+0.5 MPa. The variation observed is interpreted as a depen-
dency of the triggering potential on the relative fracture
orientations. When calculating the stress transfer for simi-
larly aligned fractures, e.g. actual fracture families, con-
structive superposition of stress transfer is more likely than
for dissimilar fracture orientations, e.g. the optimal orienta-
tion given by the stress field. Therefore similarly aligned
fractures are more efficient at triggering than randomly ori-
ented fractures.

5.3. Triggering: An Example

[18] For further analysis of potential triggering of seis-
micity by static stress transfer we analyze a cluster of rela-
tively large events (1 < My < 2.2) that occurred after shut-in
during a period of four days, when the general seismic
activity already declined. The cluster is located at the top of
the northwestern edge of the stimulated volume (Figure 1). It
was noticed by Cuenot et al. [2008] for its large ratio of high-

magnitude events to low-magnitude events and its detached
location at the edge of the reservoir. Inter-event times range
from six minutes to more then one day, so dynamic trig-
gering can be ruled out. Twelve focal mechanisms from this
cluster are contained in our data set. All approximately share
the same focal mechanism (Figure 11a). Hence it is likely,
that each event ruptured a different segment of the same
large scale structure. This structure coincides very well with
a major fault structure named VSP-GPK1-3490 and GPK3-
FZ4770 from the 3D geological model by Sausse et al
[2010], identified from a VSP study and image logs of the
wells. This structure is known to hydraulically connect the
wells GPK1, GPK2 and GPK3 and is probably responsible
for the good hydraulic communication of these wells as
revealed by tracer tests [Sanjuan et al., 2006]. Under the
assumption of a fault plane common to all events of the
cluster, we computed a mean focal plane (strike N135°, dip
70°) and projected all derived focal planes onto that plane, for
computation of ACFS. The distance of each focal plane to
the mean plane was below 60 m, and within the location
errors which underpins the assumption. The orientation of
the mean plane was assumed for the computation of normal
and shear stresses to obtain ACFS. Figures 11b—11e are
snapshots of the 3D ACFS with isosurfaces at 0.3 MPa. After
the first three events (Figure 11b) a distinct pattern of
matching jigsaw puzzle pieces of ruptured fault segments
evolves. Each event appears to rupture a different slip patch,
generating regions of positive ACFS at its edge, which in
turn propagates shearing along the fault zone by triggering
the next event. Rupture propagation by slippage of neigh-
boring slip patch has been already observed by Phillips et al.
[2002] on a reservoir scale. Due to the spatial proximity and
the shared orientation of slip patches on a fault zone, static
stress transfer is very effective. Rupture propagation is main-
tained during the whole sequence, with some areas being
ruptured more than once.

[19] Assessing the role of triggering by static stress transfer
versus the role of pore pressure increases for the propagation
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Figure 11. Cluster of 12 events that occurred during four days after shut-in. (a) Determined focal planes
(red) and a mean fault plane (blue) on which the focal planes were projected. (b—e) Isosurfaces of
+0.3 MPa (red) and —0.3 MPa (blue) for different times (given relative to the beginning of injection) dur-
ing the sequence after 3, 6, 8 and all 12 events, respectively.

of the cluster is very difficult. The cluster occurred about
900 m away from the open hole section of GPK2. The cluster
of events could be associated with a large-scale fault structure
with high transmissivity which is unlikely to allow high pore
pressure build-up. Additionally, this cluster occurred after
shut-in of the well and beyond the previous front of micro-
seismic events (cf. Figure 1). Neither a reliable model for the
propagation of pore pressure, especially after the shut-in of
the well nor measurements of pressure away from the injec-
tion well exist. However, it is plausible that pore pressure still
increased at the clusters location, also after shut-in [McClure
and Horne, 2012; Baisch et al., 2010]. At the well GPK1, ata
distance of about 1400 m to the open hole section of GPK2,
pressure was monitored but no response could be recorded
during stimulation. During a later stimulation of GPK3 (ca.
600 m away from GPK2) in 2003 the maximum pressure
response measured in GPK?2 was about 4 MPa before the dual
stimulation with pumping in GPK2 began [Dorbath et al.,
2009]. At that point seismicity progressed from GPK3 to
beyond GPK2 and through a volume already stimulated
during the stimulation of GPK2 in 2000. Following these
observations the pore pressure at the cluster is certainly well
below 4 MPa and probably below 2 MPa with a small pres-
sure gradient. Thus, the static stress transfer contributes a

considerable amount to the overall perturbation of stress, at
least at the edges of individual slipping patches.

6. Discussion

[20] From the seismic recordings of the stimulation more
than 14,000 events could be located, but only from 715
events focal mechanism could be derived due to their signal-
to-noise ratio. It is therefore important to note that potentially
some fracture families did not generate large enough events,
and their focal mechanisms are not represented in our study.

[21] The analysis is based on the assumption of an ellip-
tical slip distribution on a penny-shaped crack given by the
Madariaga [1976] model. Estimations of slip distribution
and actual shape of a sheared crack cannot be obtained from
fluid induced seismicity due to their low magnitudes. The
methodology applied allows calculation of arbitrary geom-
etries. It can be speculated that the slipping areas are boun-
ded by locked portions on a fault surface, leading to
fragmentation of slip with temporal and spatial clustering of
events. Slippage might also be stopped at intersections with
other cracks, leading to angular areas of slippage.

[22] Uncertainties of location and stress drop of the events
are of large importance. As rupture dimensions (=150 m) are
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in the order of the location error (=50 m) and stress drops
generally vary over two orders of magnitude great care must
be taken on the interpretation of the results. We therefore
analyze the ACFS values in a statistical sense to confirm
the robustness of the results. For varying stress drop this is
given by the trade-off between small slipping areas with
large slip, and large slipping areas with small slip given a
certain moment magnitude. The first yields higher stress
perturbations with smaller perturbed volume while the latter
yields larger volumes with a smaller stress perturbation. These
competing mechanisms equalize each other out within certain
limits. It has been shown both, statistically and by an example,
that triggering by static stress transfer is possible also in the
environment of hydraulic stimulations. Also, if a slip patch is
at the verge of failure e.g. by a perturbation of stress by pore
fluid pressure increase, static stress transfer might deliver the
last bit of stress perturbation necessary for rupture. Due to the
large local scattering of the static stress transfer we cannot
predict the growth of the seismic cloud due to triggering.

[23] Above we show that triggering by static stress transfer
is of little importance in a volumetric reservoir but it can be
quite efficient if the seismic response is confined to single
large scale structures. The latter is exemplified on a cluster of
events within the Soultz reservoir. However, it is still under
debate whether EGS reservoirs are dominated by single large
scale structures or by a volumetric network of fractures. In
general, the locations and focal mechanisms in our data set of
the stimulation of GPK2 suggest that the reservoir created by
the stimulation is volumetric in structure rather than domi-
nated by one or two major structures. This is supported by the
relocations with small location errors, furthermore the focal
mechanisms show distinct families of fractures which are
distributed over the whole reservoir volume. Specifically,
there are fracture families distributed over the whole seismic
cloud with fault plane orientations almost perpendicular to
the major axis of the seismic ellipsoid (see Figure 1). Fur-
thermore, the b-value of 1.23 obtained by Dorbath et al.
[2009] indicates a volumetric fracture network with a frac-
tal dimension D > 2, whereas stimulations of GPK3 and
GPK4 have b-values indicating to fracture networks of fractal
dimension D =~ 2 using the relation of b-value and fractal
dimension of a fracture network by 4ki [1981]. We therefore
regard the reservoir created by the stimulation of GPK2 as
volumetric as suggested by the locations and orientation of
the focal mechanisms. On the other hand, due to inevitable
location errors, events occurring on a plane will be apparently
located in a volume rather than at their actual position on the
plane. Hence, our method tends to underestimate the stress
interaction.

[24] Static stress transfer after seismic events was incor-
porated in several numerical codes simulating fracture of
fault segments by elevated pore pressure. Usually slip pat-
ches are considered in different kinds of geomechanical
simulations and eventually are brought to failure. Upon fail-
ure stresses are redistributed to neighboring slip patches.
To compute the displacement field and derive changes to
the stress tensor arising from simulated slip, the codes, for
example, by McClure and Horne [2012] and Yamashita
[1998] use numerical and analytical methods, respectively.
Baisch et al. [2010] used a generic stress redistribution pat-
tern for stress release at the failing slip patch and stress
increase in neighboring slip patches. A number of other codes
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incorporating static stress transfer are currently under devel-
opment by the community. All of these simulators are able to
propagate failure along larger fractures and, by adding of slip
of subsequently failing slip patches, are able to predict event
magnitudes. The latter two codes are also used to predict
b-values. Our study has shown, that considering static stress
transfer is a viable means to propagate shearing of individual
segments over a large fault. However, application of static
stress transfer on a 3D fracture network may be difficult due
to large local variations of the stress perturbation.

7. Conclusions

[25] We use a computationally efficient method to analyt-
ically compute coseismic changes of Coulomb failure stress
due to dislocations in the volume of a reservoir. This method
accounts for an elliptical slip distribution on a circular fracture.
We applied this approach on a data set of 715 focal mechan-
isms obtained from the stimulation of GPK2 in Soultz.
Changes of Coulomb failure stress of the order of £1 MPa
were obtained and showed strong local variations due to the
great number of events. Due to these variations a statistical
interpretation has to be applied, rather than a deterministic one.
However, static stress changes develop a consistent pattern
during the stimulation with an emerging process zone, an
active zone and a quiet zone. We showed that the local stress
perturbation by dislocations estimated from microseismicity
induced by hydraulic stimulation cannot be depicted by one
large source, except if our interest is in the far field zone of
the reservoir, where ACFS is more uniform. On the contrary,
our analysis shows a fundamentally different distribution of
the stress perturbation and much more internal structure when
analyzed in high detail. The values of ACFS at the event
hypocenters just before the events show distribution about
0 MPa with about 3% of events with ACFS > 1 MPa. In a
volumetric reservoir ACFS by dislocation is thus only a minor
contribution to the whole stress perturbation induced by
stimulation, compared to e.g. an increase of pore fluid pres-
sure. The latter typically is in the order of a few MPa, even at
larger distance from the stimulated wells [Dorbath et al., 2009,
Figure 6]. The study by Langenbruch et al. [2011] supports
this result by showing that induced seismicity can be described
by a Poisson process, i.e. the events are not causally related to
each other. However, inevitable relocation errors tend to bias
these results toward underestimating stress interaction. If more
events are located on a single plane, the possibility of con-
structive interference of ACFS will increase. Additionally we
showed the triggering potential of neighboring slip patches on
a larger fault zone and conclude that in such cases static stress
transfer may propagate rupture, as proposed by Phillips et al.
[2002].
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