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Abstract Earthquakes are induced by man-made changes of the stress field by injection or withdrawal
of fluids in hydrocarbon production, geothermal exploitation, and wastewater disposal. However, the actual
perturbation of the stress field and stress release by injection-induced seismicity remains largely unknown.
We provide evidence for currently not understood hydromechanical processes after shut-in of the well.

We invert earthquake focal mechanisms from a massive stimulation to invert for stress resolved in time
and depth to obtain changes of the stress orientation and magnitude. Prior information about fracture
orientations from well logs is taken into account. Comparison with independent stress measures reveals that
stresses obtained from inversion of fluid-induced seismicity are highly perturbed and not representative of
the initial stress field. The horizontal stresses change by tens of megapascals, turning the stress regime from
transitional normal faulting/strike-slip faulting to pure normal faulting. The observed stress changes are
attributed to large-scale aseismic deformation.

1. Introduction

The detailed geological and geophysical investigations around massive fluid injection experiments make
them a valuable tool for studying mechanisms of seismicity in a relatively well-controlled environment.
Hence, deep fluid injection experiments have a long tradition in research on the mechanical properties
and the stress state of the Earth’s crust [e.g., Raleigh et al., 1976; Zoback and Harjes, 1997]. Recently, induced
earthquakes in the surrounding of oil, gas and geothermal exploration, exploitation, and deep wastewater
injection have caused increased public awareness and the urge for a better understanding of the processes
responsible for generating seismicity [Ellsworth, 2013]. Besides, natural sequences of seismicity are often
connected with deep fluid flow [e.g., Toda et al., 2002; Hainzl, 2004]. Here induced seismicity might help us
to understand such sequences and the mechanics of earthquakes.

At the exceptionally well-documented enhanced geothermal system in Soultz-sous-Foréts (France) a mas-
sive injection with wellhead pressures in the order of 14 MPa was maintained over 6 days during the
stimulation treatments of well GPK2 in 2000. Obviously such a massive pressurization accompanied by thou-
sands of recorded microearthquakes tremendously perturbs the local stress field. Yet the actual evolution
of the stress field during stimulation remains largely unknown. Based on the analysis of recorded seismicity,
Cornet et al. [2007] suggest that the stress field rotates with depth. Cuenot et al. [2006] obtain different stress
regimes from focal mechanism solutions (FMS) at the top and the bottom of the reservoir. Resolved spa-
tially or temporally inversion of focal mechanisms can be used to study the evolution of the stress tensor,
e.g., during aftershock sequences [Michael, 1987; Hardebeck and Michael, 2006; Hardebeck, 2012]. Using
these methods, Martinez-Garzén et al. [2013] traced changes of the stress tensor in time and depth during
production in The Geysers geothermal field which correlate with production history.

In this study, we provide observations indicating hydromechanical coupled processes in connection with
the shut-in of the well that have been unidentified to date. We use the stress inversion technique, extended
with a probabilistic method to consider prior information of fracture planes, to study changes of the stress
field in depth and time during and after injection.

2. Observations

The 5000 m deep well GPK2 of the Soultz-sous-Foréts enhanced geothermal system penetrates granite in a
horst structure, covered by 1400 m of sediments [Genter et al., 2010]. Fresh water was pumped with rates of
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Figure 1. Injection rate (black) and wellhead pressure (red) of the stimulation and hourly seismicity rate (gray bars) of
events larger than M.. The gray shading shows the relative components of faulting style as sin2(5P’ p,7) averaged over a
sliding window 21 events wide. Blue are measurements of the self-potential made by Marquis et al. [2002] and averaged
at two sites, drawn in arbitrary units. On the top the occurrence times of events with a focal mechanism are marked by
vertical bars.

30 to Is~" for 6 days peaking in 14.5 MPa wellhead pressure. In total, 7215 seismic events with a maximum
moment magnitude of 2.5 could be localized. For 715 events with M, > 1 FMS were derived [Dorbath et al.,
2009; Schoenball et al., 2012], and these form the basis of our analysis. Figure 1 shows the hydraulic parame-
ters of the stimulation along with the seismic response. Seismicity rate was computed from the full catalog
cut down to its completeness magnitude of M, = 0.1 to correct for varying detection thresholds.

Following Frohlich [1992] the orientation of the pressure, null, and tension (P, B, and T) axes of the FMS are
related by

sin? 8p +sin? 8 +sin? 8; = 1, 0

where 6, 65, and 6; are the plunges of the P, B, and T axes, respectively. In this definition normal fault-

ing (NF) mechanisms have 6, ~ 90°, with 65 and §; close to 0°. Strike-slip faulting (SS) corresponds to

6g = 90°, and thrust faulting (TF) corresponds to 6; ~ 90° with the other plunges close to zero. The relative
proportions of faulting style are defined as fy; = sin® 8, fos = sin® 85, and fy; = sin® &; [Frohlich, 1992].

We compute an averaged FMS by applying a moving window of 21 events and decompose it into relative
proportions of fy, fss, and fiz. In agreement with earlier studies on FMS at the Soultz site [Cuenot et al., 2006;
Charléty et al., 2007; Hordlek et al., 2010], events have predominantly NF mechanisms with an averaged

fye ® 79%. However, following shut-in of the well, the TF component of the averaged FMS increases
significantly from an average of 7% during stimulation to around 15% after shut-in (Figure 1).

Further evidence for these yet not understood mechanisms is given by electric measurements that are
independent of the seismic observations. Marquis et al. [2002] show that the streaming potential increases
significantly just after shut-in (Figure 1). This observation can be interpreted as an enhancement of sub-
surface fluid flow during this period of the experiment. Peculiarities of postinjection seismicity migration
for this stimulation experiment have been noted before [Dorbath et al., 2009]. Calo et al. [2011] found

an alignment of seismicity in linear structures only during the postinjection period. Schoenball and Kohl!
[2013] demonstrate a clear change of event locations from stationary events during injection to a migration
toward the south and upward in the postinjection period. Here static stress transfer might be responsible
for progressive triggering, leading to a migration of seismicity locked on large-scale faults [Schoenball et al.,
2012]. Together these observations indicate to up to now not recognized hydromechanical processes in
connection with shut-in.

The phenomenon of pronounced seismic activity following shut-in has been widely observed at geothermal
sites, both during exploration and production phases [Evans et al., 2012], but remains poorly understood.
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Models by Baisch et al. [2010] and Goertz-Allmann and Wiemer [2013] may be able to explain the decrease
of the b value and the occurrence of the largest events in the postinjection periods, but they cannot explain
the observations such as a sudden change of earthquake mechanisms and of the hydraulic regime.

3. Fault Plane Identification

To further investigate the peculiarities observed in connection with shut-in, we conduct stress inversions
from FMS to obtain the spatiotemporal evolution of the stress tensor. This technique requires the identifica-
tion of the fracture plane among the nodal planes as a first step, which is a classical problem of seismology.
In the well-defined environment of hydraulic stimulation, additional information is available that helps

to identify the fracture plane. Schoenball et al. [2012] selected the plane, where the critical pore pressure
Pic Needed to rupture that plane is minimal, as the fracture plane. Terakawa et al. [2012] inverted both
nodal planes for the stress tensor individually and chose the plane which yields a stress tensor closer to
the stress tensor obtained from independent stress measurements as the fracture plane. However, no
structural information of the reservoir was taken into account in both approaches and no confidence
measure was estimated.

We propose here a multistep approach to the problem by accounting for available information on fracture
geometries derived from well logs. We then consider hydromechanical constraints implied by water injec-
tion. The aim is not only to identify the fault plane but to estimate the confidence of the identification as
well. Our approach is built up in a way that additional prior information about parameters or measurement
errors (for example, for the FMS) can be incorporated, if available.

In the first step, the proximity of a nodal plane orientation to the existing fractures in the reservoir is used
to derive a probability distribution for each nodal plane to be a preexisting fracture plane (gray path in
Figure 2). We use fractures identified from Ultrasonic Borehole Imager and Formation Micro Imager well-
bore imaging of wells GPK2, GPK3, and GPK4 in the depth section of 3000-5000 m (Figure 2a). A weight
is computed for all fractures to correct for the sampling bias of inclined fractures along a wellbore wall
[Terzaghi, 1965]. The correction factor 1/ cos a is capped at 10, corresponding to a maximum incidence
angle a with the wellbore trajectory of 84°. For each pair composed of a FMS and a randomly picked
fracture, we compute the angular distance <(fracture, FMS) of the normal vectors.

We then estimate the probability of each nodal plane to coincide with the selected fracture, considering the
error prone determination of the FMS. A von Mises-Fisher [Fisher, 1993] probability density function with a
mean direction y of a fracture normal with the concentration parameter « and the normalization constant
C(x) is assigned as

PDF(x) = C(x) exp (x u'X). 2

We compute the cumulative distribution function (CDF) for a concentration factor k = 200, corresponding
to a standard deviation of the focal mechanism determination of 4.05° for each direction angle (Figure 2b).
We consider the probability of a nodal plane to be the effective fracture plane as proportional to the prob-
ability density function (PDF) of the angular distance to the Terzaghi-corrected fracture data set: a nodal
plane is more probable to be the actual fracture plane if its orientation is close to the fracture directions
determined from wellbore imaging. Based on this consideration, we draw samples from the initial frac-
ture data set and retain them with a probability determined by inverse sampling the corresponding CDF in
Figure 2b. Then, the critical pore pressure p_;, for each perturbed fracture is computed from the fracture ori-
entation and assuming a stress field and Coulomb criterion as determined by Cornet et al. [2007]. Finally, we
obtain a distribution of accepted samples p.;, for both nodal planes (Figure 2d).

In the second step, we compute a PDF(p,,;,) for each nodal plane, taking into account the error of FMS deter-
mination (red path in Figure 2). Since the fluid pressure decreases with distance from the injection well, the
probability to trigger a fracture with a higher critical pore pressure p; is, in general, smaller compared to a
lower p_;;. To account for this effect, we multiply the PDF(p_,;,) for each nodal plane with a factor 1 for crit-
ical pore pressures of p_;; = 0 and linearly decreasing to 0 for p;; = 20 MPa (Figure 2c). All planes with
critical pore pressures of p.;; > 20 MPa are considered unrealistic given the maximum sustained injection
wellhead pressure of 14.5 MPa and allowing for uncertainty and spatial variation in the determination of the
Mohr-Coulomb criterion for reactivation of preexisting fractures (Figure 2e). This very simplistic model for
the pressure distribution was chosen on purpose over other analytical models in order to reduce a bias due
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Figure 2. Quantification of the probability to determine the fracture plane for one sample FMS. (a) Normal vectors of
fractures identified on wellbore logs and of the two nodal planes of the FMS on lower hemisphere projection. The red
shading corresponds to p;. (b) Cumulative distribution function of the von Mises-Fisher distribution for x =200. (c)
Probability to retain a nodal plane as function of pore pressure in the reservoir. (d) Distribution of p,;; for accepted sam-
ples for NP1 and NP2. (e) Distribution of critical pore pressures for nodal planes with added von Mises-Fisher distributed
errors (solid) and multiplied with the pore pressure probability (dashed) for the example FMS. (f) Probability distribution
of the fracture plane to be either NP1 or NP2 for all FMS.
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to a particular model requiring further assumptions on the hydraulic flow in the reservoir as either porous
matrix flow or fracture flow or mixtures. Yet it covers the first-order observation of pore pressure decrease
with radial distance from the injection well. In a final step, the normalized marginals for all samples of the
nodal planes are determined, yielding relative probabilities of each nodal plane to be the fracture plane.

Out of the catalog of 715 FMS the fault plane could be determined for 680 FMS and 467 fault planes could
be determined with > 90% confidence (Figure 2f). The fault planes of 35 FMS could not be determined by
our model, as p.;; > 20 MPa for both nodal planes; hence, they were rejected by the pressure distribution
factor. The mechanics of these events remain unclear, as they would require unusually low friction angles to
be triggered by the pore fluid pressure perturbation of the hydraulic stimulation when assuming a Coulomb
criterion. We still included them in the further analysis, since they were measured and might hold valuable
information. For these events we assumed a 50% probability for each nodal plane.

4, Stress Inversions and Results

In order to image the stress in the Soultz reservoir, we use the stress inversion code Spatial And Temporal
Stress Inversion (SATSI) [Hardebeck and Michael, 2006]. This code enables damped inversion when spa-
tially and/or temporally resolved inversions are performed, taking inversion results of neighboring bins
into account. This procedure enables a reduction of the complexity of the resulting stress model in order to
minimize artifacts due to poor data coverage or outliers [Hardebeck and Michael, 2006].

While SATSI is capable of 4-D inversion, we restrict our analysis to problems of lower dimensionality. In doing
so, we implicitly assume a stress field constant along the neglected dimensions. Inversions of the 1-D tem-
poral evolution of the stress tensor orientation showed an apparent rotation of the stress tensor during
the postinjection period. However, closer investigation revealed that this might be a geometrical effect, as
events migrate upward during this phase of the experiment [Schoenball and Kohl, 2013], and the observed
stress rotation reflects spatial stress changes rather than temporal stress changes. Also, postinjection events
have a higher TF component (Figure 1) which might be related to the observed rotation of the stress ten-
sor following shut-in. From these observations we conclude that the inferred rotation of the stress tensor

is either related to (a) the location of seismicity in depth, which might be due to changing geology. In fact,
the shallow section of the reservoir (down to approximately 4800 m) is different to the one in the deep
section [Hooijkaas et al., 2006]. Or (b) temporal changes of the stress tensor are caused by hydromechanical
couplings related to the transition from coinjection to postinjection phases of the experiment.

For further analysis we bin the catalog of FMS in 20 bins each in time and depth, implicitly assuming no vari-
ation of the stress field in horizontal directions. Due to the damping used during inversion even bins with
very few events still yield consistent results. To test the robustness and estimate confidence intervals of our
results we perform 2000 inversions each on a data set perturbed as follows. For each FMS, we randomly
draw the fault plane according to the previously determined probability distribution of the nodal planes. In
order to capture the location uncertainty, we add normally distributed errors with a standard deviation of
50 m to the depth coordinate and von Mises-Fisher distributed errors with ¥ = 200, as described above, to
the P, B, and T axes of the nodal plane. To test the robustness toward removal of data points, we perform
100 jackknife tests for each of these data sets by randomly removing 10% of the FMS from the data set that
is used for the inversions. The damping parameter e for the inversion is retrieved from the trade-off between
the complexity of the resulting model versus the misfit of the model with measured data (Figure 3a). A
slightly overdamped value of e = 0.8 was chosen. Stress inversion yields the nonisotropic parts of the
principal stresses o, 65, and o3 and therefore also the shape factor

0, — 03

¢ = (3)

0y — 03

The isotropic part of the stress tensor (which includes the pore pressure perturbation due to fluid injection)
and hence stress magnitudes cannot be determined from stress inversions without further assumptions.

We find a normal faulting regime with o, close to vertical for the entire experiment. Taking the stress mag-
nitudes of the unperturbed stress field as determined by Cornet et al. [2007], we would expect ¢ ~ 1.
The results of the stress inversion, however, show very different values. In Figure 3d, we show ¢ averaged
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Figure 3. Two-dimensional stress inversion in time-depth space. (a) The trade-off between the complexity of the model,
the data misfit, and the damping parameter e. (b and c) Sections of the results in time and depth, respectively, showing
median of ¢, its variation by first and third quartiles (shading), and range of the 95% confidence interval (dashed). (d)
Color-coded ¢; the position of sections in Figures 3b and 3c is indicated with black lines. The symbols in each bin indi-
cate the direction of Sy, and its 1o variation. Bins that were successfully determined in less than 25% of the inversions
(representing single events with large perturbations of depth) are not drawn. The gray line marks the time of shut-in;
green lines highlight two major fracture zones with significant fluid inflow.

from all inversions and the orientation of the maximum subhorizontal stress S, Figures 3b and 3c show
the distribution of ¢ in sections of the 2-D inversion (location of sections indicated with black lines in
Figure 3d). Starting from the open hole section of the well GPK2 between 4390 m and 4940 m depth, a front
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Figure 4. Lower part of stress polygon after Zoback
et al. [2003] at 5000 m depth with shading for ¢.
The range of the unperturbed stress field (double
arrow) and coefficient of friction 4 =1.0 are taken
from Cornet et al. [2007]. Dashed lines mark the
change of allowed stress states for a pore pressure
increase by 15 MPa.

of very low ¢ propagates both upward and downward,
delineating the propagation of induced seismicity. Ini-
tially, shallower parts of the reservoir show a high value
of ¢ but do not reach the expected order for the unper-
turbed rock of ¢ ~ 1, since their stress field is already
perturbed by seismicity. A minimum of ¢ is reached after
3 days in the depth where the open hole section of the
well is cut by two major inflow zones as identified by
Sausse et al. [2010]. Here ¢ is reduced to almost zero,
which translates to o, ~ o3 or applied to the NF stress
field in Soultz that Sy, .c & Spmin- Assuming that the
vertical stress is equivalent to the overburden, we can
consider it to be constant throughout the stimulation. A
change in ¢ can therefore be attributed to an increase
of Symin OF @ decrease of Sy, or both. Either way, the
stress changes required to change ¢ as determined are in
the order of tens of megapascals, as shown by the stress
polygon after Zoback et al. [2003] in Figure 4.
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The edges of the stimulated region show only a small perturbation of the stress field, whereas the strongest
stress perturbations are confined to the seismically active volume. Analyzing induced seismicity in The
Geysers hydrogeothermal field, Martinez-Garzon et al. [2013] find similar reductions of ¢ within the reservoir
and increasing values outside. This behavior was predicted for production scenarios considering poroelastic
coupling by Segall and Fitzgerald [1998].

Following shut-in, ¢ increases gradually. This is mostly a geometrical effect, as after shut-in seismicity
migrates into areas which were not active previously and therefore contain a largely unperturbed stress
field, as observed at the beginning of the injection in the shallow part. Seismic activity in the previously
active volume practically stops.

Also shown in Figure 3d is the orientation of S, and its standard deviation for each bin. Areas showing
low values of ¢ typically show a strong variation of the Sy,,., orientation. This behavior is expected as even
small stress perturbations can lead to significant stress tensor rotations when Sy & Shmin- OUr findings
of a strong reduction of horizontal shear stresses are supported by the fact that it is difficult to distinguish
between NF (o, vertical) and SS (o, vertical) stress regimes from stress measurements based on borehole
data, since S, & Sy, [Cornet et al., 2007]. Yet seismicity is predominantly of NF type. A reduction of S,
changes the stress regime from a transitional NF/SS regime (S, &~ Sy,.,) to a pure NF regime with S, > S,
hence, only NF mechanisms are observed.

5. Conclusions

New evidence is presented for the complexity of hydromechanical couplings occurring after termination of
massive hydraulic stimulation treatments. In a detailed investigation, we determined a changing behavior
of seismicity showing an upward migration and a change in mechanism during and after the stimulation
experiment. This observation can partly be related to triggering by static stress transfer [Schoenball et al.,
2012]. The observed change of earthquake mechanism and the enhanced fluid flow seen on measurements
of the streaming potential [Marquis et al., 2002] have not been explained previously.

Our analysis is based on stress inversions in which potential fracture planes were identified with a probabilis-
tic method considering 715 FMS and additional structural and independent stress data as prior information.
Random perturbation of the initial data set in its uncertainty domain allowed to quantify uncertainties in the
stress distributions in time and depth. Derived spatiotemporal stress changes during massive hydraulic stim-
ulation revealed a strong reduction of the maximum subhorizontal stress, changing the stress regime from
transitional NF/SS to a pure NF regime. As a result, almost only pure NF earthquakes are observed during the
stimulation. Similar results were obtained by Martinez-Garzon et al. [2013] for The Geysers geothermal reser-
voir in production conditions where a NF/SS stress regime was determined in an otherwise SS-dominated
region. The observed change in earthquake mechanisms following shut-in can be explained as a result

of the migration of seismicity into previously seismically inactive areas sampling a relatively unperturbed
stress field.

Calo et al. [2011] obtained a large low-velocity zone centered on the microseismicity cloud of the GPK2 stim-
ulation from 4-D tomography which was interpreted as a zone of large-scale release of stress in the order
of several tens of megapascals. These complementary observations agree well with our findings. The com-
parison of our results with an analysis of the coseismic static stress transfer [Schoenball et al., 2012] reveals

a large discrepancy with much more stress released than seismically observed. In line with the analysis of
Calo et al. [2011] and indirect observations of large-scale creep at previous stimulations in Soultz [Cornet

et al., 1997; Bourouis and Bernard, 2007], the stress discrepancy is strong evidence for large-scale aseismic
deformations occurring during massive hydraulic stimulation. If we succeed in triggering specifically these
aseismic processes during stimulation, we might hold the key to mitigate induced seismicity while meeting
our goals for reservoir enhancement.

Furthermore, we propose that stress orientations gained from inversion of focal mechanisms of
fluid-induced events are not representative of the initial virgin stress field. This interpretation is obvious
when comparing results of inversions with independent stress measurements obtained from wellbore
logs. First, they sample the perturbed stress field and second, due to the strong reduction of S,,,,,, during
stimulation, small (local) perturbations are sufficient to change the stress orientation significantly.
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