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Abstract Permeability enhancement of a reservoir through hydraulic stimulation is ever so often
accompanied by potentially hazardous induced seismicity. Monitoring of in situ pressure propagation
remains an important step in understanding the underlying seismo-hydromechanical processes during
hydraulic stimulation and mitigating hazardous induced seismicity. In an effort to monitor pressure
propagation remotely, active seismic monitoring was performed during decameter-scale hydraulic
stimulation experiments at the Grimsel Test Site in Switzerland. Using cross-correlation schemes,
subtle traveltime variations that correlate well with the high-pressure fluid injections during hydraulic
stimulation become apparent. The 4-D seismic tomograms obtained through time-lapse differential
traveltime inversion reveal transient changesin the seismic velocity within the stimulated volume that
depend on the effective stress. In-depth comparison of the seismic velocity variations and measured
pressure data indicates that the seismic velocity variations can be used as a proxy for pressure propagation
within an equilibrated system. Observations show that traveltime tomography is insensitive to isolated,
high-pressure variations such as a breakthrough within the fracture network. Joint interpretation of the
4-D seismic tomograms with geological and hydromechanical data reveals fundamental differences
between the different experiments due to a large variability in the rock mass response to the hydraulic
stimulation. Using the observed velocity variations as a proxy for pressure propagation, we can infer
characteristics of the shear zones and the rock volumeat the Grimsel Test Site. The observed velocity
variations provide not only information on the characteristics of the reservoir itself but also its response to
different stimulation techniques.

1. Introduction

Artificial permeability enhancement of reservoirs through hydraulic stimulation has become an increas-
ingly widespread technique, finding use in hydrocarbon extraction in tight reservoirs (Raymond Warpinski
et al., 2009), cave inducement in mining (Van As & Jeffrey, 2000), and for the purpose of creating enhanced
geothermal systems (Häring et al., 2008). Through injections of fluid at high pressures, the targeted rock
mass is stimulated, resulting in an increase in permeability by potentially several orders of magnitude. The
increase in pore pressure associated with high-pressure fluid injections leads to changes in the effective
stress field of the host rock. An increase in pore pressure (i.e., fracture pressure in fractured granite) can ini-
tiate new fractures (hydraulic fracturing [HF]) or induce slip along preexisting fractures (hydraulic shearing
[HS]) and results in an increase in permeability. These high-pressure fluid injections are frequently accom-
panied by induced seismicity (Grigoli et al., 2018; Hillers et al., 2015; Obermann et al., 2015). While this
induced seismicity provides extensive information when designing enhanced geothermal systems, it may
be undesirable and potentially hazardous. In-depth understanding of underlying seismo-hydromechanical
processes of permeability creation as well as close monitoring of pressure propagation is not only essential
for predicting the outcome of hydraulic stimulation experiments (Amann et al., 2018) but also necessary to
mitigate induced seismicity (Hillers et al., 2015).

Conventional pressure monitoring using pressure sensors requires direct interference with the reservoir
and is often simply not possible at large scales due to inaccessibility at increasing depth. Alternatively, the
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distribution and magnitude of microseismic events are often used to track pressure evolution within a reser-
voir (Mukuhira et al., 2017). The seismicity clouds do not onlyindicate the connected fractures involved
during hydraulic stimulation (i.e., transmissivity) but also reveal seismo-hydromechanical characteristics
of the stimulated host rock (Shapiro et al., 2005). While this approach can outline the regions where the
propagation pressure for some fractures has been reached, it falls short in detecting high-pressure regions
with aseismic deformation or without deformation at all. Aseismic events may occur in the form of fracture
opening or slip along a fracture, which do not inherently emit seismic energy. Pressure monitoring based
on induced seismicity can therefore lead to underestimation of the extent of the rock volume affected by
hydraulic stimulation.

Seismic velocities have been shown to be sensitive to minor deformation caused by changes in the pore
pressure (Donaldson et al., 2017; Marchesini et al., 2017; Todd & Simmons, 1972). Active-source seismic
monitoring has been used to detect stress-induced seismic velocity changes from tidal effects (Yamamura
et al., 2003), to track fluid saturation within reservoirs (Daley et al., 2007; Daley et al., 2010) and to mon-
itor hydraulic stimulation (Ajo-Franklin et al., 2013; Calo et al., 2011; Rivet et al., 2016). Analysis of data
from a HS experiment at the Grimsel Test Site (GTS; Switzerland) (Amann et al., 2018) revealed an in situ
relationship between the changes in seismic velocity and the pressurization of the rock (Doetsch et al., 2018).

In this study, we analyze active seismic data acquired during six HS and six HF experiments at the GTS,
in order to monitor pressure propagation and compare the seismo-hydromechanical behavior of these 12
experiments.

2. Field Site and Hydraulic Stimulation Experiments
2.1. In Situ Rock Laboratory
Established in 1984, the GTS (www.grimsel.com) in Switzerland was developed to host a wide range of
experiments relevant to nuclear waste repositories. The GTS comprises a complex of tunnels at approxi-
mately 400-m depth within the crystalline rock of Central Swiss Alps and is operated by the Swiss national
cooperative for disposal of radioactive waste (Nagra). Within the framework of the In-Situ Stimulation and
Circulation (ISC) project, hydraulic stimulation experiments were carried out at the GTS (Amann et al.,
2018). The GTS offers a controlled environment to upscale laboratory experiments, thereby bridging the gap
to reservoir-scale experiments.

2.2. Geology
The GTS is located in southern Aar Massif with the host rock-comprising granites from the Central Aare-
granite formation as well as the Grimsel Granodiorite (Keusen et al., 1989). The granite and the granodiorite
within the volume of interest for the ISC experiments both show foliation with a strike of ENE-WSW and a
dip toward SE. The volume is intersected by two sets of shear zones of ductile (S1.0…S1.3) and brittle-ductile
(S3.1…S3.2) origin (Krietsch et al., 2018). The first set of shear zones (S1.0 to S1.3) strikes ENE-WSW, dips
SE, and includes three ductile shear zones, which show strong foliation and mylonitization. The second set
(S3.1 and S3.2) strikes E-W and dips toward south and includes two shear zones that bind a densely fractured
zone in-between.

2.3. Characterization
Designing an intermediate-scale hydraulic stimulation experiment such as the ISC project requires extensive
characterization of the target volume. The location as well as the procedure during the hydraulic stimula-
tion is influenced by multiple factors such as the petrophysical properties, the in situ stress field, and initial
transmissivities and preferential flow paths. Therefore, thorough characterization of the ISC volume was
performed prior to the HS experiments. The boreholes intersecting the ISC volume not only delivered infor-
mation in terms of geological structures but were also used to infer hydraulic properties and interborehole
connectivity using various cross-hole hydraulic methods (Dutler et al., 2018; Giertzuch et al., 2018; Jalali
et al., 2018). The in situ state of stress was determined through a combination of overcoring and HF meth-
ods, including monitoring of the induced microseismicity. (Gischig et al., 2018; Jalali et al., 2018; Krietsch
et al., 2018). Joint interpretation of the acquired data was used to create a 3-D geological model of the ISC
volume (Krietsch et al., 2018). Complementary to this geological base model, an extensive seismic travel-
time tomography was carried out to obtain a high-resolution velocity model of the ISC volume (Figure 1).
Three-dimensional active seismic data were acquired using 26 piezo receivers (Figure 2 and section 2.4) and
a sparker source in six open boreholes (Doetsch et al., 2018). More than 10.000 traveltimes contributed to
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Figure 1. Compressional wave velocity model of the ISC volume derived from an extensive seismic traveltime
tomography comprising more than 10.000 traveltimes. Anisotropy within the rock volume is accounted for in the 3-D
reference velocity model.

the inversion for the 3-D velocity model, and the source location in boreholes and receivers in a combina-
tion of tunnels and boreholes resulted in a very good ray coverage of the rock volume. Prior to the traveltime
inversion, data were corrected for anisotropy under the assumption that the direction of the axis of symme-
try coincides with the direction of foliation. The low-velocity zone observed in Figure 1 corresponds to the
intersection of the S1 and S3 shear zones (Krietsch et al., 2018).

2.4. Monitoring Setup
Adequate monitoring of the hydraulic stimulation experiments required a dense network of sensors to pro-
vide sufficient spatial resolution (Figure 2). Multiple boreholes ensured direct access to the ISC volume for
the purpose of injecting fluid (Figure 3) as well as monitoring. Sixty fiber-Bragg grating strain sensors as
well as eight pressure monitoring intervals were allocated in boreholes dedicated to the ISC experiments

Figure 2. Render of the ISC volume and the active seismic monitoring setup including the strain and pressure sensors.
The HF and HS injection intervals are shown in red and blue, respectively, along the INJ1 and INJ2 boreholes.
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Figure 3. Model of the ISC volume showing relevant fractures/shear zones and the injection intervals of the hydraulic
fracturing experiments. The intersections of the shear zones S1 and S3 with the boreholes are indicated by the green
and red discs, respectively. Fractures intersecting the boreholes are indicated by the gray discs. Hydraulic shearing (HS)
and hydraulic fracturing (HF) injection intervals along the boreholes INJ1 and INJ2 are labeled in red and blue,
respectively.

(Amann et al., 2018). Active seismic measurements were carried out using two piezo sources and eight seis-
mic hammer sources (Doetsch et al., 2018). The piezo sources were placed in monitoring boreholes using
a pneumatic system to ensure coupling of the piezoelectric emitters with the borehole walls. The hammers
were installed along the tunnels. Using hinges, the hammers were released from a predefined height onto a
steel pin on the tunnel wall, yielding highly repeatable signals (Figure 4b). A total of 26 piezo sensors were
installed to measure the active seismic signals and to monitor passive seismic events. Eight of these sensors
were installed in monitoring boreholes, and 18 sensors were placed along the tunnels ensuring adequate
sensitivity in the injection volume.

2.5. Experiments
Hydraulic stimulation of the ISC test volume was performedin two separate sets of experiments (Dutler et al.,
2019; Krietsch, 2019), one involving HS and the other using HF (Figure 3). The initial six HS experiments
were performed with the aim to enhance permeability of a natural, preexisting fracture system. Reduction
of the effective normal stress on the fault through high-pressure fluid injection triggers shearing and results
in a permanent permeability enhancement (Amann et al., 2018). In addition, six HF experiments were per-
formed by injecting fluid into intact rock intervals. Through high-pressure fluid injections into intact rock,
fractures are initiated and consequently propagated. While water was used for all HS experiments, half of the
HF experiments were carried out using an additional type of fluid. Three HF experiments were performed
with water, and the other three experiments used a mixture of xanthan, salt, and water (XSW). Xanthan
is a polymer that acts as a thickening agent and significantly increases the viscosity of a liquid. The XSW
mixture exhibits non-Newtonian properties and has a 35 times higher viscosity than water at a shear rate
of 1 Hz (Amann et al., 2018). The varying viscosity of the fluid allows for investigation of different propa-
gation regimes. While water as injection fluid leads to a rather toughness-dominated fracture propagation,
the XWS mixture promotes a more viscosity-dominated fracture growth (Detournay, 2016). Performing the
experiments on different days and in different injection intervals aims to minimize the influence between
different stimulations. However, a preconditional effect on the subsequent experiments is inevitable. Post-
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Figure 4. (a and b) Waveforms (n = 29) for piezo source 2 and hammer source 4 recorded by receivers 4 and 16,
respectively, during the hydraulic shearing experiment HS4. The highlighted trace is the initial waveform recorded
prior to the hydraulic stimulation experiment. The correlation window is given by the gray patch with the onset of the
compressional wave for the first trace highlighted in red. (c) Injection protocol of the experiment HS4 showing the
recorded flow rate and pressure, and the traveltime delays obtained from the waveforms shown in (a) and (b). The gray
areas indicate the injection cycles as described in section 2.5.

stimulation characterization shows increased transmissivity, reinforcing the fact that permanent changes to
the reservoirs have been made (Dutler et al., 2019).

For each of the 12 injection experiments, approximately 1,000 L of fluid were injected into either a 1- or
2-m-long test interval isolated by a double packer system over the course of multiple hours. The injection
protocol (e.g., Figure 4c for a HS experiment) of each experiment consisted of multiple injection cycles.
Amann et al. (2018) provide a detailed description of the injection protocols.

HS experiments begin with a cycle (C1) to measure the initial transmissivity and to break down the interval.
Gradual increase of the injection pressure followed by a sudden increase in flow rate signals the initial
injectivity. In a second cycle (C2), a hydro-jacking test is performed in order to estimate the jacking pressure.
After the interval is vented, thethird cycle (C3) stimulates the interval using step-rate injection tests with
a maximum rate of 35 L/min. The fourth and last cycle (C4) aims to measure the transmissivity and the
jacking pressure poststimulation. This is done using a step-pressure test.

The HF experiments follow a slightly different injection protocol. In an initial cycle (C1) the pressure in the
interval was gradually increased until breakdown (i.e., fracture initiation) occurred. Upon fracture initiation,
two propagation cycles (C2) using increasingly higher flow rates were carried out. In order to propagate
the initiated fracture, the interval was pressurized to a pressure greater than the fracture closure pressure.
The propagation cycle was split into two separate cycles as a different pump was used for flow rates higher
than 35 L/min. A flushing cycle (C3) is introduced following the propagation cycles when using the XSW
mixture as to flush remainders of the highly viscous fluid out of the fractures. In order to estimate the final
matrix injectivity as well as the jacking pressure, a pressure rate test was carried out in the last cycle (C4).
The individual injections reached pressures of up to 10 MPa and flow rates ranging up to 100 L/min.
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3. Active Seismic Monitoring
3.1. Acquisition
Active seismic surveys were repeatedly performed during the hydraulic stimulation experiments. A survey
including the two piezo and eight hammer sources was performed every 10 min. While the seismic hammer
sources delivered a high-amplitude signal with a center frequency of� c = 2kHz, the piezo source signal
showed lower amplitudes and higher frequencies at around� c = 8kHz. The weak signal strength of the
piezo sources was compensated by stacking the recorded data up to 700 times for a single measurement,
increasing the signal-to-noise ratio. Within the framework of the HS experiments, the hammer signals were
retrieved from the continuous seismic data recorded at 200 kHz. Given the higher frequencies of the piezo
signal, the signals were recorded separately at a higher sampling frequency of 1 MHz. For the HF experi-
ments, the piezo and hammer source signals were both extracted from the continuous seismic data recorded
at 200 kHz by each of the 26 piezo sensors. The piezo and hammer sources yielded highly repeatably source
signals (see Figures 4a and 4b for examples) with the waveforms of most source-sensor combinations show-
ing correlation coefficients>0.99. Ray coverage was not constant throughout all of the experiments as one
of the piezo sources malfunctioned, essentially eliminating valuable sensitivity within the ISC volume.

3.2. Traveltime Variations
Repeated active seismic surveys during the multiple high-pressure fluid injections delivered an extensive
data set for each of the experiments. The differences in traveltime of the direct compressional wave arrival for
each source-sensor combination are determined using a cross-correlation scheme as this is more accurate
than traveltime picking. In order to obtain the subtle traveltime differences in first arrivals, the data are
up-sampled to a sampling rate of 10 MHz and bandpass filtered in a range of 1…15 kHz for the piezo sources
and 1…8 kHz for the seismic hammer sources.

In order to concentrate the analysis on the first arrivals, a rather narrow correlation window is used to restrict
the cross correlation to the first arrival and one to two consequent cycles (Figures 4a and 4b). The correlation
window includes a few microseconds before the first arrival of the compressional wave up to the first or
second cycle of the waveform. The prior boundary of the correlation window is fixed atŠ0.1 andŠ0.3 ms
(with respect to the first arrival) for the piezo and the hammer data, respectively. The latter boundary varies
from trace to trace and is limited to a zero-crossing of the waveform with a maximum length of 0.4 ms for
the piezo data and 0.8 ms for the hammer data. In addition to the variable correlation window, the window
itself is tapered on both sides using a tapered cosine to reduce the influence of noise prior to the first break
and to reduce the impact of altered late arrivals.

Obtaining the differences in traveltimes (dtn in equation (1)) for each source-sensor combination by
cross-correlating the waveforms of the first measurement (i.e., as a reference measurement) to the conse-
quent waveforms relies on the reference trace exhibiting a high quality. In order to reduce dependency on
the reference traces, we use a more robust approach that cross-correlates all the waveforms against each
other (Brenguier et al., 2014; Maurer & Spillmann, 2018). This cross-correlation scheme yields a linear sys-
tem of equations, which includes the delays� t� Šk between the� th and kth survey with �, k � n, and n
being the total amount of surveys. This system of equations can be solved for the delaysdt� � n of the � th sur-
vey with respect to the first measurement. To further reduce the negative impact of noisy and faulty traces
on the results, only traces with correlation coefficients>0.96 for the hammer data and>0.8 for the piezo
data are used. In addition to the threshold, each individual correlation is weighted according to the squared
correlation coefficient denoted byr2
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.
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(1)

Similar to the approach used by Doetsch et al. (2018), the uncertainties of the obtained traveltime differences
are estimated using the decorrelation values and are calculated as� k = [ 1 Š (

� n
� =1 r� Šk� n)2] · e� + 0.1 � s
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with e� = 2 � s for the piezo data ande� = 10 � s for the hammer data. The factore� is based on the
center frequency� c and sampling rate of the respective source and a deviation of cross correlation by one
sample in either direction. The additional0.1 � s accounts for ambient noise during the experiments.

3.3. Four-Dimensional Traveltime Inversion
The acquired traveltime variations and their uncertainties are inverted for changes in velocity. Using a
deterministic, linearized 4-D inversion approach (equation (2)), the resulting velocity models are not only
regularized in the spatial domain but also smoothed over time. A heterogeneous anisotropic 3-D refer-
ence velocity model (Figure 1) with a spatial discretization of 2 m in all dir ections obtained prior to the
experiments is used to calculate the raypaths and sensitivities throughout the ISC volume. These baseline
sensitivities are used for all time steps, yielding a linear inversion scheme. Given the magnitude of the veloc-
ity variations observed during the stimulation experiments, the change in raypaths over time is negligible,
and a linearized inversion is justified. We solve thefollowing system of equations for the model vector�m.

�
�
�
�

‘W ‘J
10� ‘Cs

10� ‘Ct

�
�
�
�

�m =
�
�
�
�

‘W �d
0
0

�
�
�
�

(2)

The model vector �m contains the slownessesm(i) for all time steps i � n in the 4-D inversion (i.e., the
slownesses calculated for each survey throughout the hydraulic stimulation experiment).

�m =
�
�
�
�

m(1)

�
m(n)

�
�
�
�

(3)

Similarly, the data vector �d contains the acquired data setsd(i) for all time steps i � n. The matrix ‘J is a
diagonal block matrix with the blocks on the diagonal being the sensitivity matrixJ. This matrix J contains
the calculated raypath lengths for the given seismic acquisition setup throughout the volume.

‘J =

�
�
�
�
�
�

J 0 0 0
0 J 0 0
0 0 � 0
0 0 0 J

�
�
�
�
�
�

(4)

Both the sensitivity matrix �J and the data vector�d are weighted according to the estimated data errors�
using the error matrix ‘W. �W consists of diagonal elementsW(i), which in turn are a diagonal matrices with
the individual inverse data errors� k mapped as diagonal elements.

Geostatistical regularization (Jordi et al., 2018; Linde & Doetsch, 2010), denoted as�Cs, is used to add con-
straints to the given inverse problem. Similar to equation (4), the stochastic regularization operator‘Cs is
a diagonal block matrix. Stochastic operators are typically based on exponential covariance functions with
integral scales that define the spatial correlation of the individual model parameters (Linde & Doetsch,
2010). The stochastic regularization operator is scaled by a factor of10� with � � 2.1 to fit the inverted
models to the error level of the data.

Artifacts that occur in independent time-lapse inversions due to measurement errors lead to misinterpre-
tation of geophysical data. Time regularization may be included to reduce the impact of artifacts on the
inverted models (Karaoulis et al., 2011). This is here done in a linear approach between temporally adja-
cent models only as to not excessively smooth occurring velocity variations. The operator‘Ct implements
this time smoothing. ‘Ct is a tridiagonal matrix with the diagonal elements being identity matricesI and the
off-diagonal elements beingŠ0.5 � I or simply ŠI for n = 1 and n = k:

‘Ct =

�
�
�
�
�
�
�

I ŠI 0 0 0
Š0.5I I Š0.5I 0 0
0 � � � 0
0 0 Š0.5I I Š0.5I
0 0 0 ŠI I

�
�
�
�
�
�
�

. (5)
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Table 1
Experiment Parameters and Characteristics of the Six Hydraulic Fracturing and Six Hydraulic Shearing Experiments

Jacking Number of

Depth Fluid � v� vIn� pressure located seismic

Borehole (m) type Measurements (%) (MPa) events

HF1 INJ1 40.5 Water 45 N/A 2.2 N/A

HF2 INJ1 36.3 Water 37 Š0.393 3.3 2,204

HF3 INJ1 20.3 Water 29 Š0.951 5.8 1,997

HF5 INJ1 14.5 XSW 46 Š0.652 6.4 1,969

HF6 INJ2 38.9 XSW 58 Š0.322 3.0 94

HF8 INJ2 15.7 XSW 41 Š0.485 5.0 722

HS1 INJ2 40.25 Water 64 Š0.294 3.8 (5.5) 56

HS2 INJ1 39.0 Water 34 Š0.610 4.1 (4.8) 63

HS3 INJ1 34.8 Water 42 Š0.472 4.3 (4.5) 53

HS4 INJ1 27.7 Water 58 Š0.936 5.9 (6.8) 3,103

HS5 INJ1 31.7 Water 46 Š0.906 6.5 (6.5) 632

HS8 INJ1 22.5 Water 54 Š0.502 4.8 (5.0) 450

Note.The listed velocity variations were extracted at the respective injection intervals. Fluid type XSW stands for a
xanthan-salt-water mixture (see text).

Similar to the stochastic regularization, a factor10� is used to scale the temporal smoothing operator‘Ct . A
value of� � 2.5was chosen for the inversions as this proved to be the best compromise between appropriate
temporal smoothing and overregularizing the data.

The regularization factors were obtained by analyzing the properties of the inverse problem using the RMS
misfit. The target RMS value of the individual inversions should be on the order of the average data error� .

4. Results

Most traveltimes derived by correlation analysis as a preprocessing to the inversions show a direct response
to the individual injection cycles (see Figure 4c for an example). Raypaths that intersect the rock volume
adjacent to the injection point experience larger delays (i.e., an increase in traveltime), while remote raypaths
encounter no variation in traveltime. While the majority of the traveltime variations are smaller than 0.15%,
some variations range up to 0.4%, corresponding to 60� s.

Inversion of the traveltime variations obtained through cross correlation yields 4-D models of the seismic
velocity variations within the ISC rock volume. As part of the analysis, the velocity models are compared to
the geological data and other complementary geophysical data available. Velocity variations are extracted
at specific locations (e.g., pressure intervals) from the velocity models and compared to the corresponding
injection protocol as well as to the data measured by the respective sensor. This allows us to evaluate the
characteristics and response of the volume to hydraulic stimulation using seismic velocity as a proxy for
pressure propagation. Important experiment parameters for the individual HS and HF experiments as well
as relevant characteristics are given in Table 1. The experiment HF1 was carried out in two separate parts
on different days, and the individual inversion of the two data sets did not yield adequate results. Therefore,
the HF experiment HF1 is omitted from the discussion and interpretation.

4.1. Analysis of an Exemplary HS Experiment
A velocity model for the HS experiment HS5 is shown in Figure 5. The model resolution matrix is used
to visualize only well-resolved parts of the model. Upon start of the stimulation, a progressive decrease in
velocity can be observed at the injection point as the pressure in the injection interval increases. As the
fluid injection progresses, the velocity variations as well as the size of the low-velocity zone surrounding the
injection point increase. When the first and second injection cycles reach their final stages, the velocity at
the injection point decreases by 0.55% and 0.62%, respectively. Once the injection comes to a halt, the veloc-
ity variations between either cycle and the subsequentcycle slowly recover to approximatelyŠ0.36% and
Š0.46%. The velocity variations do not fully retrace to their original values before the next injection cycle
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Figure 5. (a) Injection protocol of the hydraulic shearing experiment HS5 with corresponding seismic velocity changes� v� v extracted at the injection point
(red dot). (b…d) Seismic velocity models at the indicated times revealing the increase in size and magnitude of the velocity perturbation during the injection
experiment. For the legend of the symbols, see Figure 2.

commences but instead only recover to approximately 65% and 75% of the maximum velocity decrease they
reached during the injection cycles lasting approximately 35 min. Similar to the first and second cycles, the
other injection cycles entail a decrease in velocity, reaching values down toŠ0.86% during the third cycle.
The velocity variations only recover to 69% of the maximumvalue observed during the third cycle over a
span of approximately 2.25 hr after the injection comes to a halt. The velocity variations at the injection point
for experiment HS5 show an almost immediate response to the start and end of each injection cycle. Obser-
vations show that the low-velocity zone extends radially around the injection point with minor increases in
velocity encasing the low-velocity zone. In the first and second cycles (Figures 5b and 5c), the low-velocity
zones slowly extend upward and toward the VE tunnel. In the third cycle, the velocity anomaly increasingly
expands in all directions radially surrounding the injection point, as well as upward into the direction of the
AU tunnel and the VE tunnel.

In the following discussion of the results and interpretation, certain hydraulic stimulation experiments are
illustrated to emphasize certain features and observations made during the stimulations. While these obser-
vations can be derived from other experiments as well, certain injection intervals display exemplary behavior
particularly well. A summary of the full range of the hydraulic stimulation experiments is shown in the
supporting information. Throughout the discussion of the velocity models and certain features, the relevant
figures in the supporting information are referenced accordingly.

4.2. Comparison of Injections into the S1 and S3 Shear Zones
Comparison of the transient seismic velocity models for two exemplary experiments (Figure 6) indicates
major differences in the response of the rock to the high-pressure fluid injections. Decisive for the response is
the location of the injection interval to a respectivestructure within the ISC volume. The two HS experiments
HS3 and HS4 shown here are located in the S1 and S3 shear zones, respectively. HS experiments within the
S3 shear zone show preferential expansion of the velocity anomalies along the shear zone (Figures 6d and
6f). Close proximity to the AU tunnel and therefore located at shallower depths entails a propagation of the
low-velocity zone toward the AU Tunnel (Figure S5). Fluid injections into the S3 shear zone at greater depth
cause a decrease in velocity to the west (Figure 5), toward and possibly even below the VE tunnel. Fluid
injections close to the S1 and S3 intersection manifest themselves in velocity anomalies that spread along
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Figure 6. Injection protocols of the hydraulic shearing experiments (a) HS3 and (b) HS4 with the corresponding seismic velocity variation changes� v� v
extracted at the respective injection points. The seismic velocity variation� v� v models at the end of the third injection cycles of the experiments HS3 and HS4
are shown in (c) and (d). The top views (e and f) are cross sections through the velocity model and shear zones at the injection point. The injection intervals of
the experiments HS3 and HS4 are located in the S1 (red) and S3 (green) shear zones, respectively. Note that both HS experiments were carried out using water.

the S1 and eventually into the S3 shear zone (Figures 6c and 6e). Injections into the S1 shear zone toward
the north of the volume result in local and isolated velocity anomalies (Figure S4). Velocity anomalies in the
north are more isolated and not as diffusive as anomalies observed for experiments within the S3 shear zone.
A noticeable difference between the two shear zones lies with the maximum observed velocity variation.
Observations show velocity variations of up to approximatelyŠ1% andŠ0.5% for the S3 and S1 shear zone,
respectively (Figures 6a and 6b).

4.3. Comparison of HF Experiments North and South of the S3 Shear Zone
High-pressure fluid injections during the HF experiments to the south of, or close to, the S3 shear zone gen-
erally show extension of the low-velocity zone toward the S3 shear zone (Figure S3). The 4-D velocity models
indicate that fluid injections at greater depth are followed by progressive expansion of the low-velocity zone
north in the direction of the S3 shear zone. Injections at shallower depth south of the S3 shear zone prop-
agate E-NE toward the shear zone as well as downward from the injection point. With increasing distance
from the S3 shear zone to the north, hydraulic fractures tend to propagate into the S1 shear zone (Figures
S1 and S4 for comparison). The velocity variations extracted at the injection points north and south of the
S3 shear zone exhibit different rates of decay after the fluid injections come to a halt (Figure 7). Velocity
variations extracted south of the S3 shear zone exhibit an immediate response after shut-in. The velocity
variations rapidly decay after the completion of an injection cycle (Figure 7a). In contrast, experiments in
the north show a prolonged decrease in velocity even after the fluid injections stop (Figure 7b). The pres-
sure buildup lasts as long as 10 min after shut-in before slowly decaying. The decay to the north of S3 is
significantly slower than south of the S3 shear zone. On average the velocity variations recover by 37% of
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Figure 7. Injection protocols of the hydraulic fracturing experiments (a) HF3 and (b) HF2 with the corresponding
seismic velocity variation changes� v� v extracted at the respective injection points. The injection intervals of the
experiments HF3 and HF2 are located south and north of the S3 shear zone, respectively. Both HF experiments were
carried out using water as injection fluid.

the maximum velocity variation at the end of the injection cycle between injection cycles south of the S3
shear zone. In comparison, the velocity variations recover by only 17% of the observed maximum velocity
variation north of the S3 shear zone.

4.4. Comparison of the Spatial Evolution of the Low-Velocity Plume
The spatial evolution of the velocity anomalies surrounding the injection intervals is shown in Figure 8.
For all of the hydraulic stimulation experiments, the velocity variations were extracted perpendicular (i.e.,
north-south) and parallel (i.e., east-west) to the closest shear zone at the respective injection interval and
averaged accordingly. The velocity variations were extracted at the end of the main stimulation cycle (C3
for HS and C2 for HF) cycle. The velocity variations were classified according to their stimulation technique
(Figures 8a and 8b), in which shear zone the injection interval is located (only HS, Figures 8c and 8d),
location with regard to the S3 shear zone (i.e., north or south of the S3 shear zone, Figures 8e and 8f), as
well as according to the type of fluid used for the experiment (Figures 8g and 8h).

Figures 8a and 8b show no preferential propagation in either of the cardinal directions and no difference
in the maximum observed velocity variation at the injection point can be seen. When comparing the HS
experiments with regard to the shear zone in which the injection intervals were located in, a higher velocity
variation can be observed at the injection point for experiments carried out in the S3 shear zone (Figures 8b
and 8c). Furthermore, when injecting into either of the shear zones, we can see a major secondary peak
either to the north (S3 shear zone) or to the south (S1 shear zone) of the injection point. This may be due
to fluid leaking from one into the other shear zone. When injecting into the S1 shear zone, a preferential
propagation to the north and to the west can be observed.However, it is important to note that the east-west
propagation heavily depends on the location of the injection internal. Intervals close to the S3 shear zone
entail a westward propagation, while injection intervals further away from the S3 shear zone cause an east-
wards propagation (e.g., experiment HF6). Comparison of the spatial evolution for the different hydraulic
stimulation experiments with regards to the relative location of the injection interval to the S3 shear zone
highlights the influence of the structure on the evolution of the low-velocity anomalies. Figure 8e illustrates
that injecting north of the S3 shear zone entails no preferential propagation to the north or the south and
the velocity anomaly concentrates around the injection interval. However, injecting fluid into the south of
the S3 shear zone is followed by propagation toward the north. The velocity variations at the injection inter-
val are significantly higher when injecting south of the of the S3 shear zone than north of the S3 shear zone.
Experiments to the north of the S3 shear zone show a preferential velocity anomaly extension toward the
west of the injection interval. In contrast, the low-velocity zones in the south of the ISC volume exhibit no
direction of preferential east-west propagation
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Figure 8. Spatial evolution of the velocity variations as a function of distance from the injection interval. The spatial
evolution is categorized according to (a and b) stimulation technique (HS and HF), (c and d) in which shear zone the
injection interval is located (S1 and S3, HS only), (e and f) relative position of the injection interval to the S3 shear zone
(North and South), and (g and h) fluid type used for the experiment (water and XSW). The average and the standard
deviation of the data is shown in bold and by the patched areas, respectively.

4.5. Comparison of Water and the XSW Mixture as Injection Fluid
As previously mentioned, two types of fluid were used for the HF experiments. Plain water and a mixture
of XSW. Given their difference in viscosity, a different pressure propagation within a fracture network was
to be expected. Observations show that upon reaching the final stages of the second cycle when injecting
water, the anomalies tend to be slightly more diffusive and spread out more (Figures 8g and 8h and Figures
S2 and S3 for a visual comparison). It is important to note that while minor differences can be observed,
the effect of the fluid cannot be clearly distinguished due to other factors influencing the experiments, for
example, the mechanical properties of the rock (i.e., whether the interval is north or south of the S3 shear
zone). Also, three HF experiments each with water and the XSW mixture are not enough to gain statistical
evidence for a dependency. The effect visible in our analysis is that pressure propagation of the XSW mixture
manifests itself in more local low-velocity zones in the close vicinity of the injection interval, compared to
water injections.
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Figure 9. Extracted velocity variations at the pressure sensors (a) PRP1-3 (HS4) and (b) PRP2-1 (HF6) with the
respective pressure data.

5. Interpretation

The considerable difference between the inverted velocity variations of the 12 experiments indicates a large
variability of the rock mass response to hydraulic stimulation. Above, we have discussed the variations in
seismic velocity, but the variations in pore/fracture pressure or rock deformation would be more relevant for
interpreting the stimulations. Doetsch et al. (2018) established a direct link of seismic velocities to pore pres-
sure using data from 1 of the 12 experiments discussed here (HS4). Based on their data, it seems possible to
use active seismic surveying for monitoring pressure propagation using seismic velocities as a proxy. Below,
we investigate the relationship between pressure and seismic velocity change for our comprehensive data
set. In the following, we evaluate the inversion results of the HS and HF experiments and compare them
with complementary data acquired during the stimulation experiments (Dutler et al., 2018; Krietsch et al.,
2018; Krietsch et al., 2018; Villiger et al., 2019) in an effort to characterize the ISC volume and highlight dif-
ferences in hydraulic stimulation techniques. Previous research on the ISC volume shows a drastic change
within the stress regime from south to north of the S3 shear zone that is accompanied by an increased frac-
ture density within the S3 shear zone. The primary focus lies in drawing conclusions on the characteristics
of the shear zones, the protolith, and the hydraulic stimulation experiments in general based on inverted
4-D active seismic data in accordance with available complementary geological and geophysical data.

5.1. On the Correlation of Pressure With Seismic Velocity
The link between the effective pressure of a rock volume or sample and the seismicPwave velocity has been
studied in laboratory experiments (Eberhart-Phillips et al., 1989). The petrophysical parameters that link
stress andPwave velocity in our rock volume have been determined using cores from our boreholes (Dambly
et al., 2019; Nejati, 2018). These laboratory results are in good agreement with those of the HS4 experiment,
analyzed by Doetsch et al. (2018). For these comparisons, seismic velocity variations are extracted from the
transient velocity models at the locations of the pressure sensors throughout the volume and compared to
the measured pressure data.

For further interpretation we differentiate between fluid pressure that can be observed in fractures and
pressurized rock volume. The effective stress within the volume is given by� �

i = � i Š 	 P with � i being the
mechanical stress tensor. HereP and 	 are the pore pressure and Biot coefficient (Biot, 1957), respectively.
As the changes in effective stress are caused by fluid pressure variations within the fractures, we will refer
to transient changes in the effective stress field as pressure propagation.

Considering all 12 experiments allows to analyze the velocity-pressure relationship for a wider range of
circumstances. Establishing an in situ relationship is complicated by the fact that each injection inter-
val throughout the volume exhibits, for example, varying hydromechanical properties, which influences
the relationship between seismic velocity and pressure. Figure 9 shows extracted velocity variations and the
respective pressure data for the experiments (a) HS4 and (b) HF6. These two examples illustrate how the
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Figure 10. Extracted velocity variations at the pressure sensors and the respective pressure data for all (a) HS and (b)
HF experiments. Pressure data classified as breakthroughs (i.e., pressure fronts) are shown in red, and pressure data
representative for linear pressure diffusion are shown in blue. The linear relationship between the applied pressure and
velocity variations as observed on cores from the GTS is shown in gray.

varying hydromechanical properties of the host rock north and south of the S3 shear zone (as described in
sections 4.3 and 5.3) as well as the stimulation mechanisms might complicate further interpretation. When
interpreting these data, it is important to keep in mind that during the inversion, the velocity variations are
smoothed over time. This results in a smearing of the velocity variations over time, making observations on
the temporal sequence of the velocity variation and pressure data on smaller timescales difficult.

In order to establish an empirical relationship between measured pressure and inverted seismic velocity
variations, the velocity variations at the given measurement times are plotted against the respective pressures
as shown in Figure 10. Due to the complex nature of pressure propagation within the fracture network, as
well as due to limitations of the method itself, the data do not follow the linear relationship established on
cores from the GTS.

While this spread and nonlinearity may very well highlight the complexity of a 20-m-scale reservoir and
simultaneously explain the deviation from laboratory experiments, the major factor influencing the correla-
tion between these two observable parameters seems to be the limitation of the method itself. The nonlinear
behavior becomes stronger with increasing pressures but is not consistently observed by all pressure sensors
and only occurs during some injection cycles. We attribute these pressure increases to breakthroughs (i.e.,
generated hydraulic connections between regions of the volume). While these breakthroughs are more likely
to be expected for HF experiments when creating new fractures and fluid paths into preexisting fracture sys-
tems, pressure observations show sudden breakthrough during some HS experiments. These breakthroughs
cause pressure fronts, which may result in an exceptionally high-pressure values in monitoring intervals
and are often only observed on individual pressure sensors (Krietsch, 2019).

It is important to note that the fluid pressure propagation within the fracture system does not behave linear,
but rather fractal as described by Dutler et al. (2019). This implies that the pressure propagation within
the fracture network is highly dependent on fluid flow paths. By using active seismic monitoring, we are
able to detect the averaged pressure within the rock volume. Due to the large footprint of active seismic
monitoring, the inverted velocity models only representthe in situ pressure if the system is in equilibrium
at the time of measurement. We show that if the system is not in equilibrium (e.g., due to localized effects
such as a breakthrough), the linear relationship as shown in laboratory measurements does not hold. For
the interpretation we distinguish between a linear pressure diffusion when the linear relationship holds
and a nonlinear pressure diffusion when events such as breakthroughs occur that lead to a short-lasting
disequilibrium within the system.

Figure 10a shows the pressure data and velocity variations for the HS experiments. The predominantly lin-
ear correlation of the two quantities reflects an equilibrated system and a linear pressure diffusion regime.
While most data indicate a linear pressure diffusion for the HS experiments, individual nonlinearities
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can be observed. Certain pressure measurements and their respective velocity variations that result from
breakthroughs do not follow the linear trend given by the laboratory measurements.

Fracturing of the host rock creates new flow paths throughout the fracture network and may result in
pressure fronts being measured across certain affected pressure monitoring intervals. This is reflected in
the comparison of the pressure data and the velocity variations for the HF experiments (Figure 10b). The
majority of the data points lie beyond the laboratory values toward greater pressures indicative for such
breakthroughs. While almost no values lie within the expected range given by laboratory experiments, a sig-
nificant amount of data points show variations in seismic velocity while no pressure changes are measured.
This lack of pressure change in the presence of a seismic velocity variations can be observed in pressure
monitoring intervals, which are isolated from the pressurized fracture network. While no direct pressure
variation caused by fluid flow can be observed in these intervals, the rock volume is nevertheless affected
by the fluid injections. Certain isolated, yet transmissive pressure monitoring intervals (e.g., highly trans-
missive S3 shear zone) that are unaffected by any fluid flow (e.g., injection occurs near the S1 shear zone),
may be able to absorb and diffuse the overpressure caused by poroelastic stressing resulting from the distal
high-pressure fluid injections. The HF experiments, as opposed to the HS experiments, represent an extreme
case. The data points for the HF experiment in Figure 10b clearly form two clusters. Breakthroughs express
themselves similarly as in the HS experiments and represent a hydromechanically dominated process. The
second cluster, comprising the velocity variations in absence of pore pressure changes, results from stress
rearrangements in the host rock and is mechanically driven due to poroelastic effects.

It is important to note that pressure sensors and active seismic monitoring operate on different scales. While
pressure sensors deliver high-fidelity pressure measurements across single or multiple fractures, which
intersect a pressure monitoring interval, traveltimetomography operates on larger scales. While seismic
traveltimes are highly sensitive to variations in seismic velocity (traveltime variations smaller than 0.1% can
be observed), changes localized in volumes much smaller than a wavelength do not cause velocity changes
large enough to be detected. In addition, the resolution suffers from constraints on the acquisition setup
(i.e., ray coverage within the volume of interest) and consequently from regularization. Notably, the accessi-
bility to the target volume is a critical factor in hydraulic stimulation experiments. With only limited surface
recordings around a volume, no exact local effect can be measured.

A high and rapid pressure buildup due to, for example, a breakthrough within a fracture network, may be
detected by pressure sensors, if the sensor lies within anaffected interval. Traveltime tomography is insensi-
tive to such local events and is therefore not able to detect these breakthroughs. Using the presented method,
we are able to measure velocity variations that correlate well with a linear pressure diffusion regime. How-
ever, isolated, high-pressure variations such as a breakthrough in a single fracture, as mostly expected for
HF experiments, are often too local and too evanescent to cause a large-scale effect, which could signifi-
cantly affect the observed traveltimes. In conclusion, active seismic monitoring is able to monitor large-scale
linear pressure diffusion but fails to detect local effects such as breakthroughs. Therefore, this method is
not suitable to resolve small-scale events (i.e., localizing newly created fractures and flow paths with a high
certainty).

5.2. Observations on Differences Between S1 and S3 Shear Zone
Comparison of the 4-D seismic velocity models (Figures 6a…6f) with the geological model of the GTS Kri-
etsch et al. (2018) reveals major characteristics of the shear zones within the ISC volume. Evolution of the
low-velocity zones around the injection points during different experiments indicates that the S1 and the S3
shear zones are to some degree two independent systems. Recovery and outflow rates observed during the
hydraulic stimulation experiments conform with the velocity models. Fluid injections into intervals close to
the AU cavern show an increased outflow of the injected fluid into tunnels through discontinuities and bore-
holes. This is consistent with the velocity anomalies indicating pressure propagation toward the AU tunnel.
Observations show that injections into the S1 shear zone close to the S1…S3 intersection entail a propagation
along the S1 shear zone toward W-SW followed by propagation into the S3 shear zone (peaks observed in
Figures 8c and 8d). These observations are likely due to the higher fracture density gradient toward south.
Anomalies when injecting into the S1 shear zone to the north of the ISC volume indicate an isolated fracture
system.

The difference in magnitude of the observed velocity variations originating from either shear zone is some-
what unexpected. Assuming a lower fracture density and an isolated system for the S1 shear zone, a higher
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peak velocity variation due to the increased pressure buildup would be expected. On the other hand, lower
variations would be anticipated for the fracture-rich S3 shear zone. The velocity models indicate the oppo-
site. While counterintuitive, this may be explained by the fact that the S3 shear zone exhibits a higher jacking
pressure compared to the S1 shear zone, which essentially leads to a greater decrease in velocity surrounding
the injection point within S3.

According to Warpinski et al. (2004), the opening of a fracture and therefore an extension in the fracture
plane needs to be compensated by a compressional regime surrounding the injection volume. The extension
of the host rock around the injection interval during the high-pressure fluid injections is compensated by
compression of the host rock surrounding the pressurized zone Doetsch et al. (2018). The velocity models
show this as an increase in velocity surrounding the low-velocity zones at the injection interval.

5.3. Observations on Differences Between North and South of S3
Dutler et al. (2018) show that combined interpretation of pressure tests, strain measurements, and fluid
recovery rates within the frame of the HF experiments reveals a different behavior from south to the north
of the S3 shear zone. In agreement with geological data, the volume south of the S3 shear zone shows an
increasing fracture density toward the S3 shear zone. Hydraulic stimulation at shallow depths near the AU
Tunnel results in E-NE pressure propagation, which can be observed in multiple HF experiments. This high-
lights a minor shear zone S1.0 subparallel to the S1 set that was previously not fully characterized using, for
example, OPTV logs. With increasing distance from the S3 shear zone to the north, the reduced influence of
the fractured protolith surrounding the S3 shear zone causes newly created hydraulic fractures to propagate
into the S1 shear zone. Fluid leaking from the protolith into the S3 shear zone can be observed in the decay
of the velocity variations (Figure 7a) after the fluid injections come to a halt. Low recovery rates from the
injection interval are consistent with immediate and rapid decay of the velocity variations. This indicates
loss of fluid into the far-field due to the high fracture density. As most hydraulic fractures in the north of
the ISC volume propagate into the rather isolatedS1 shear zone, a large percentage of injected fluid can be
recovered. This is reflected in the velocity variations as shown in Figure 7b. As the fluid does not drain away
quickly, the pressure builds up even after the injections come to a stop and decays rather slowly in injection
intervals north of the S3 shear zone. The combined effect of the increased pressure needed in the south and
the simultaneous higher fracture density is illustrated in Figures 8e and 8f.

5.4. Observations on Differences Between the XSW Mixture and Water
The effect of either the XSW mixture or water as injection fluid on the pressure buildup is potentially visible
in the velocity models. However, it remains difficult to distinguish between effects caused by the properties
of the rock and effects solely resulting from the fluid used. Figure 8g shows similar spatial evolution of exper-
iments using water and the XSW mixture. The difference in velocity variation at the injection point visible
in Figure 8g is due to the influence of the location of the injection interval (i.e., different jacking pressures
needed north/south of the S3 shear zone). Intuitively, a higher pressure at the injection interval would be
assumed for the higher viscous XSW mixture. Nevertheless, a slight difference may be observable in the dif-
fusivity of the low-velocity plume. Experiments using the XSW mixture show a minor difference in the rate
of decay close to the injection interval (Figure 8h). The velocity plume when using the XSW mixture seems
to be ever so slightly more concentrated toward the injection point, while the velocity plume when using
water appears to be more diffuse. A plausible explanation is that the non-Newtonian properties and the
higher viscosity of the XSW mixture result in a slower infiltration of the fracture network and a nonlinear
pressure buildup (Yan & Zheng, 2016). Consequently, the extent and the rate at which the velocity varia-
tions occur during the high-pressure fluid injections do not only depend on the hydromechanical properties
of the fracture network but also on the rheology of the fluid used. Water on the other hand is in theory able
to infiltrate further into the fracture network, resulting in a more diffuse pressure propagation that reaches
further away from the injection interval. While numerical simulation (Yan & Zheng, 2016) illustrates the
effects of fluid viscosity on HF, real-world observations are more complex and uncertain due to multiple fac-
tors influencing the pressure propagation (e.g., fracture density and injection rates). However, as previously
mentioned, the low number of comparable HF experiments using water or the XSW mixture is not adequate
for an extensive statistical analysis on the difference between the XSW mixture and water. The significance
of this observation is therefore debatable and requires further investigation under more controlled settings.

5.5. Comparison to Induced Seismicity
Monitoring of fracture propagation (and thereby monitoring pressure propagation to some degree) during
hydraulic stimulation experiments using induced seismicity is common practice. This approach fails with
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Figure 11. (a) Injection protocol of the hydraulic shearing experiment HS5. The corresponding seismic velocity
variation changes� v� v extracted at the injection points as well as the normalized cumulative number of microseismic
events are included in (a). The seismic velocity variation� v� v model at the end of the injection second cycles of the
experiment HS5 is shown in (b) and includes located microseismic events. (c) Top view of the velocity model and shear
zones S1 (red) and S3 (green) as a cross section through the injection point.

aseismic deformation of the rock. Using seismic velocities as a direct proxy for pressure propagation in the
volume can provide direct insight into processes where inference based on induced seismicity falls behind.
Comparison of the methods shows shortcomings on both sides. In general, the located events and velocity
anomalies show good agreement surrounding the injection points (Figures 11b and 11c). However, induced
seismicity data also show events occurring at large distance to the injection point, which cannot be consis-
tently observed in the transient velocity models andvice versa. Whether or not these events occur due to
fluid propagation or simply due to stress rearrangements within the rock is unclear. Fluid flow into the AU
tunnel via the shear zones as observed during the hydraulic stimulation experiments is in good agreement
with the transient seismic velocity models. The fluid flow toward, for example, the AU tunnel through the
fracture network is accompanied by pressurization of the surrounding host rock. While the seismic velocity
models show propagation of the low-velocity plume toward the AU tunnel, the lack of microseismic events
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Figure 12. Distribution of the number of microseismic events observed during the hydraulic stimulation experiments
and their corresponding velocity variation values.

leaves this fluid flow unresolved by induced seismicity data. Furthermore, Figure 11c shows significant
velocity variations surrounding the S1.0 shear zone in absence of induced seismicity. In general, the velocity
models predict a larger volume that is affected by the hydraulic stimulations than the induced seismicity.
The size of the affected volume estimated throughseismic velocity variations may not necessarily correlate
with increases in transmissivity.

Figure 12 shows velocity variation values extracted from the velocity model at the locations of induced seis-
mic events from the corresponding velocity models. Comparison shows that the majority of mircoseismic
events during HF occur aroundŠ0.28% velocity deviation. While a similar peak can be observed for the HS
experiments, the majority of induced seismic events occur within a wide range from approximatelyŠ0.23%
to Š0.97% velocity variation. We attribute the seismic events corresponding to negative velocity variations
directly to near-field hydromechanical processes directly caused by the high-pressure fluid. Additionally,
a few microseismic events are recorded at locations where positive velocity variations are observed. These
events tend to occur at large distance to the injection point and can most likely be attributed to poroelastic
effects. However, in-depth analysis of the microseismic data and discussion of poroelastic effects during the
hydraulic stimulation exceed the scope of this study and require separate investigation.

6. Conclusion

Active seismic monitoring data acquired during hydraulic stimulation shows systematic traveltime vari-
ations, which correlate with the high-pressure fluid injection cycles. Four-dimensional deterministic dif-
ferential inversion reveals seismic velocity variations of up toŠ1.5% within the ISC volume at the GTS.
The majority of the velocity variations observed during the hydraulic stimulation experiments strongly cor-
relates with pressure measurements within the rock volume, especially for experiments showing linear
pressure diffusion. However, traveltime tomography is insensitive to isolated, high-pressure variations such
as a breakthrough within the fracture network and is therefore not able to detect these as they are too local
and evanescent. While this posed less of an issue for the HS experiments carried out at the GTS, the method
reached its limitations during the HF experiments. In conclusion, the here presented method is suitable for
monitoring large-scale linear pressure diffusion but is unable to detect local effects such as breakthroughs.

Joint interpretation with complementary data acquired during the hydraulic stimulation validates the here
presented 4-D seismic tomograms to a high degree. Recovery and outflow rates indicate direct correlation
of the seismic velocity variations with pressure propagation dueto fluid flow. However, the inverted models
also show remote seismic velocity variations potentially caused by complex stress rearrangements through-
out the fractured volume. The varying stress regime from the south to the north of the S3 shear zone as
well as the varying fracture density have a significant impact on the pressure propagation and therefore on
the transient velocity variations within the volume. Data show preferential pressure propagation toward the
higher fracture density within the S3 shear zone. The S1 shear zones to the north of the ISC volume represent
an almost isolated system as the velocity anomalies appear rather confined.

The observed microseismicity clouds and the low-velocity zones overlap for the most part. Results illustrate
that inferring pressure propagation from velocity variations allows for characterization of a highly complex
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volume without direct access. The extent and intensityof the transient velocity variations not only give
insight into the connectivity of the fracture network but also allow for deductions on the present stress
regime and the influence of different fluid types such as water and the XSW mixture on pressure propagation.
However, uncertainties do remain as the sensitivity of the seismic acquisition setup does not fully cover the
volume of interest.

While the approach delivers significant results, further assessment to determine the full potential of the
method is necessary. Joint inversion using coda wave data could increase sensitivity within the volume and
possibly resolve permanent changes within the system. The here presented method relies on transmission
data (i.e., traveltime tomography) and requires a dense seismic setup, which was possible at the GTS. How-
ever, limitations on the accessibility and therefore on direct coverage of the stimulated volume may deem
additional information such as coda waveform interferometry necessary. Nevertheless, given the results
of the active seismic monitoring within the ISC project and the validation through complementary data,
seismic velocity variations can be used as a proxy for pressure monitoring during hydraulic stimulation
experiments.
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