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Abstract Fluid pressure within the Earth’s crust is a key driver for triggering natural and human-induced
seismicity. Measuring fluid pressure evolution would be highly beneficial for understanding the underlying
driving mechanisms and supporting seismic hazard assessment. Here we show that seismic velocities
monitored on the 20-m scale respond directly to changes in fluid pressure. Our data show that volumetric
strain resulting from effective stress changes is sensed by seismic velocity, while shear dislocation is not. We
are able to calibrate seismic velocity evolution against fluid pressure and strain with in situ measurements
during a decameter-scale fluid injection experiment in crystalline rock. Thus, our 4-D seismic tomograms
enable tracking of fluid pressure and strain evolution. Our findings demonstrate a strong potential toward
monitoring transient fluid pressure variations and stress changes for well-instrumented field sites and could
be extended to monitoring hydraulic stimulations in deep reservoirs.

Plain Language Summary The pressure of fluids in the subsurface is generally a function of depth
as well as the regional geological history. Changes to the subsurface fluid pressure—be it natural or
human induced—disturb the stress field and are known to drive volcanic eruptions, as well as to trigger
earthquakes. For example, pressure increase by fluid injection for hydraulic stimulation and wastewater
disposal has been linked to earthquake activity. Unfortunately, pressure measurements need direct access
through boreholes, so that pressure data are only available for few locations. A method for estimating the
spatial distribution of fluid pressure remotely would thus be highly beneficial. From measurements in a
20-m-scale experiment in granite, we find that fluid pressure propagation can be predicted from observed
seismic velocity variations, based on a strong correlation between observed changes in seismic velocities
and fluid pressure measured within the rock. As seismic velocities can be readily measured on the reservoir
scale, our results demonstrate a strong potential of seismic velocity monitoring for remotely estimating
fluid pressure changes in deep reservoirs, along faults, or in volcanic systems. The estimated pressure and stress
changes could be an important input to real-time risk analysis of fault reactivation and volcanic eruptions.

1. Introduction

Fluid pressure migration induces effective stress changes in the Earth’s crust that can trigger earthquakes
(Husen et al., 2007; Miller et al., 2004; Pezzo et al., 2018). Subsurface pressure evolution therefore is a key
observable for understanding and predicting natural subsurface processes and also for obtaining a better
grasp on hazardous man-made-induced earthquakes. These have recently been brought to the spotlight
due to dramatically increasing levels of seismicity in regions with activities such as hydraulic fracturing to
extract shale gas or oil, wastewater injections (Ellsworth, 2013), or hydraulic stimulation to exploit
underground geothermal resources (Evans et al., 2005; Häring et al., 2008).

Such injection-induced seismicity is not only an undesirable by-product of these underground operations but
also inevitably accompanies the intended rock permeability enhancement (i.e., hydraulic stimulation). The
elevated fluid pressure creates new fractures, opens them, or produces slip on existing fractures—all
processes that add to improved subsurface fluid mobility essential for extracting gas, oil, or geothermal heat.
Thus, clouds of seismicity generated during reservoir creation are often used as means to infer properties of
the stimulated rock mass, such as size, shape, and hydraulic diffusivity (Cipolla & Wallace, 2014; Mayerhofer
et al., 2010; Shapiro et al., 1997, 2005).
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Not all pressure-induced fracture opening or slip radiates seismic energy, but it may also occur silently or
aseismically. Such aseismic processes have been proposed for many reservoir stimulation projects (Calò
et al., 2011; Cornet et al., 1997; Evans, 1998) but have only recently been directly observed in decameter-scale
scientific fault slip experiments (Duboeuf et al., 2017; Guglielmi et al., 2015). Their existence implies that the
stimulated volume may be underestimated if solely based on microseismicity clouds. An alternative proxy is
offered by an estimate of the entire pressurized volume. It has been suggested (Calò et al., 2011; Hillers et al.,
2015; Rivet et al., 2016) that monitoring of seismic velocity changes is a promising tool for measuring pressure
propagation and aseismic deformation associated with hydraulic stimulations.

Although seismic velocity variations have been studied in the past in the context of hydromechanical
processes (Hillers et al., 2015; Obermann et al., 2015; Rivet et al., 2016), it remains challenging to establish
a quantitative link between seismic velocity changes and the pressure field in absence of any direct pressure
observations. Such a relationship would be relevant not only for cases of induced seismicity but also for
understanding phenomena related to magmatic and hydrothermal volcanic processes, hydrocarbon
resources, and pressure migration in tectonically active regions. Pressurized volcanic fluids have been
mapped using seismic velocity variations (Brenguier et al., 2014). Also, temporal seismic velocity changes
could be correlated with the surface deformation around a volcano observed with radial tilt measurements
(Donaldson et al., 2017) indicating that seismic velocity also responds directly or indirectly through pressure
changes to crustal deformation. Within the field of hydrocarbon exploration, subsurface pore pressure has
been estimated from active seismic data prior to drilling (Sayers et al., 2002). On the larger scale, pore
pressure variations have been imaged from active seismic data within subduction zones (Kodaira et al.,
2004). Natural pore pressure migration within a tectonically active region has beenmonitored using repeated
earthquake tomography (Chiarabba et al., 2009).

We demonstrate here that seismic velocity variations measured on the field scale are a sensitive and
quantitative indicator for even subtle changes in pore pressure and rock deformation. Our data set combines
measurements of seismic velocity changes during a decameter-scale fluid injection experiment with inde-
pendent in situ pressure and strain monitoring that allow unique interpretation and validation of the results.

2. Fluid Injection Experiment

The fluid injection experiment (Amann et al., 2018) was carried out at the Grimsel Test Site, located in the
Central Swiss Alps. The underground laboratory is hosted within Variscan-aged granitic and granodioritic
rocks (Keusen et al., 1989) and consists of a network of tunnels and boreholes that allow direct access to
the rock volume. The rock mass within the test volume displays pervasive foliation (strike N50°E, dip 80°
toward SE) and is intersected by a set of shear zones (S1 and S3) that have formed under ductile (S1) or
brittle-ductile (S3) conditions during Alpine orogeny (Keusen et al., 1989). The three ductile S1 shear zones
are characterized by an increase in foliation as well as subparallel brittle fractures and have a strike of
N52°E and a dip of 77° toward southeast. The two brittle-ductile S3 shear zones within the experimental
volume are parallel with a separation of 2–3 m, strike at N93°E with a dip of 65° toward south, and bound
a fractured zone (see Krietsch, Doetsch, et al., 2018 for a detailed geological model). Apart from these
large-scale structures, the rock mass contains exceptionally few small-scale fractures (0–3 macroscopic
fractures per meter; Krietsch, Doetsch, et al., 2018). In the undisturbed rock, the porosity is <1% and
permeability on the order of 10�19 m2 (Wenning et al., 2018). The in situ stress field has been characterized
using stress relief (i.e., overcoring) and hydrofracturing techniques. The results show that the maximum
principle stress is subhorizontal with a magnitude of 13–14 MPa and an east-west to southeast-northwest
strike and that the two other principle stress components are similar in magnitude ranging between 8.6
and 10.2 MPa (Gischig et al., 2018; Krietsch, Gischig, Evans, et al., 2018). The S1 and S3 shear zones both sup-
port shear stress so that slip could be activated with injections at 5 and 7 MPa, respectively.

During the fluid injection experiment, 1.25 m3 of water was injected into the southern one of the two
east-west striking S3 shear zones at pressures up to 7.7 MPa. The injection protocol consisted of four cycles
(Figure 1b). Cycles 1, 2, and 4 were pressure controlled to allow systematic evaluation of prestimulation and
poststimulation injectivity and jacking pressure. In cycle 3, the main stimulation cycle, the flow rate was
controlled and successively increased from 10 L/min up to 25 L/min. Pressure, strain, and seismicity were
monitored using sensors at distances of 3.9 to 30 m from the injection point. Pressure was monitored in
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eight open borehole sections within the shear zones, in otherwise
cemented boreholes. Sixty Fiber-Bragg-Grating sensors with 1-m base
length measuring longitudinal strain were installed in three boreholes,
oriented approximately parallel and perpendicular to the shear zones
(Krietsch, Gischig, Jalali, et al., 2018). Continuous passive seismic monitor-
ing data were recorded using 26 piezo sensors in tunnels and boreholes
(Figure 1a), and the processing for detection and localization of induced
seismic events followed the workflow of Gischig et al. (2018).

3. Seismic Monitoring and Measurements of
Traveltime Variations

Active seismic surveys were performed during the fluid injection experi-
ment by repeatedly emitting seismic signals from 10 seismic hammer
and piezo sources (Figure 1a). These sources were designed to maximize
repeatability of the source wavelet. Inside the tunnels, eight 2-kg hammers
(black spheres near tunnels in Figure 1a) were installed on hinges and
released from a predefined height, so that they hit a hardened steel pin
on the tunnel wall with a well-definedmomentum. In addition to the ham-
mer sources in the tunnels, two piezo sources (black spheres below tunnel
level in Figure 1a) were installed in monitoring boreholes. As the signal of
these piezo sources is weak, signals were stacked 256 times during each
survey to increase the signal-to-noise ratio. The hammer and piezo source
signals are very repeatable, with waveform correlations>0.99 for repeated
surveys for most source receiver pairs (Figure S1 in the supporting infor-
mation for examples). The seismic signals were recorded using 26 piezo

sensors (Figure 1a), with source-receiver distances between 4 and 70 m. Eighteen piezo sensors were
installed in the tunnels, and eight receivers were installed in boreholes below the tunnel level and slightly
above and below the hydraulic injection point. The hammer signals were retrieved from the continuously
recorded seismic monitoring data, sampled at 200 kHz. The signals from the borehole sources were recorded
separately and sampled at 1 MHz.

During the 6:30-hr duration of the injection experiment, starting at 10 hr on 9 February 2017, 29 active
seismic surveys were performed. For obtaining high-precision traveltimes of the first arriving seismic waves,
the first arriving wave trains of the 28 monitoring data sets were cross-correlated with the corresponding
waveforms of a pilot data set, which was recorded prior to the fluid injection experiment. For this purpose,
data were band-pass filtered in the range of 1–8 kHz for the hammers and 1–20 kHz for the piezo sources,
with the dominant frequency within the first arriving wave train being 2 kHz for the hammer data and
8 kHz for the piezo sources. Data were then upsampled to a sampling rate of 10 MHz, and a tapered window
from 0.2 ms before to 1.8 ms after the first arrival (�0.1 to 0.4 ms for the piezo sources) was extracted for the
correlation analysis (Figure S1). The difference in arrival time between the pilot trace and the monitoring data
was then determined by finding the time lag that maximizes the correlation of the two waveforms (right
panels in Figures S1 and S2). For more than 75% of all source-receiver pairs, the correlation between the pilot
and time-shifted monitoring data remains above 0.99 throughout the experiment and only traces with a
correlation above 0.9 are considered for the following analysis. The decorrelation is used as a measure of
uncertainty, and the assumed traveltime difference error is calculated as ε = (1 � corr) × ef + 0.1 μs with
ef = 10 μs for the hammer and ef = 2 μs for the piezo data. Due to the higher frequency of the piezo-source
data and generally stronger hammer signals, correlations generally remain higher for the hammer data.

The traveltime differences throughout the experiment show a clear response to the four injection cycles
(Figures 1b and S2). Traveltimes associated with ray paths through the pressurized rock volume generally
show an increase of traveltime during the high-pressure water injections, while ray paths not traveling
through this volume show no change in traveltime. The traveltime variations are rather small: 75% of all
traveltime time series show variations of <0.1%, and only one source-receiver pair exhibits variations larger
than 1%.

Figure 1. Overview of the geometry and timeline for the stimulation experi-
ment. (a) Overview of the experimental setup of the decameter-scale
experiment, including seismic sources and sensors. (b) Time evolution of
injection pressure, flow rate, and observed seismic traveltime delays for one
source and two receivers during the four injection cycles (gray-shaded areas).
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4. Time-Lapse Traveltime Inversions

The traveltime differences along with their estimated uncertainties are used in a deterministic 3-D inversion
for the time-dependent seismic velocity changes throughout the experiment. The regularized linear inversion
directly uses the traveltime differences to estimate velocity differences from a reference model. The hetero-
geneous anisotropic 3-D reference model (Figure S3) was estimated using inversion of a comprehensive tra-
veltime data set (>10,000 data points) and is used here to calculate ray paths and data sensitivities. The
linearized inversion assumes that the ray paths do not change during the experiment, which is reasonable
with maximum traveltime variations of ≤1% and maximum velocity changes of 1.5% inside the medium.

The time-lapse inversion is performed on a 3-Dmodel covering the experimental volumewith a discretization
of 2 m in all directions. The time-lapse inversions fit the data (i.e., changes in traveltime) to the assigned data
uncertainties and deliver for the time of each seismic survey a 3-D tomogram of change in velocity compared
to the results from the pilot experiment (i.e., the first survey performed before start of the stimulation). The
inversion was performed for each of the 29 active seismic monitoring surveys during the experiment, yielding
a 4-D seismic velocity model of the rock volume. Examples of time-lapse tomograms are shown in Figures 2a
and S4.

5. Analysis of Seismic Velocity Variations

The 3-D inversions of the transient traveltime changes show a decrease in seismic velocity around the injec-
tion point (Figures 2a and S4) as a direct response to the high-pressure water injections. Changes in velocity
at the injection point already occurred for injection pressures larger than 3 MPa achieved with a flow rate of
only 1.5 L/min and became strongest during the maximum injection with a pressure of 7.7 MPa and injection
rate of 25 L/min. During the latter phase the velocity changes reached values of �1.5% at the injection point
and around�0.6% at the location of the closest pressure and strain sensors, 6.8 and 3.9 m from the injection
point (Figures 2c and 2f). The velocity change dropped fastest in north and south directions from the injec-
tion point—perpendicular to the shear zone strike. Within the shear zone, the velocity perturbation falloff is

Figure 2. Seismic velocity changes Δv/v and comparison with pressure and strain observations. (a) Cuts and (b) profiles of Δv/v at time 3:24 hr, shown with the
induced seismicity cloud and the locations of sensors shown in (c–g). (c–g) Pressure and strain evolution over time along with velocity variations, extracted at the
sensor locations (positive strain corresponds to tension). Observe the different y axis scale for the strain measurements. The zoom subfigure in (g) highlights
the long duration of the strong deformation slip event.
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nearly the same in the horizontal directions (east and west), while there is a significant difference in the
vertical direction, with a more gradual decrease in the upward direction and a decrease over shorter
distance downward (Figure 2b). Outside of the region of decreased velocity around the injection point,
areas with an increase of velocity can be observed (Figures 2a and S4). After each injection cycle, pressure
was released from the rock volume through venting and velocities recovered partly but did not reach the
prestimulation value within the short time before the next injection cycle (Figures 2c–2g). After the
experiment, velocities recovered to the prestimulation values within 12 hr. Extracting the inferred velocity
change Δv/v from the 3-D tomograms allows direct comparison of Δv/v with both pressure change ΔP and
strain recordings within the volume.

5.1. Linking Seismic Velocity and Fluid Pressure Variations

The time series of velocity change at the pressure monitoring locations show a high correlation with the
direct pressure measurements (Figures 2c and 2d), with a direct response to each injection cycle. Even the
short time delay (of 6–8 min) of the maximum pressure compared to the stimulation shut-in time can be
observed in the seismic response. Plotting Δv/v against ΔP for all sensors and recording times reveals a strong
correlation (correlation coefficient of �0.86) between change in velocity and pressure (Figure 3a).

We attribute the high correlation between observed pressure change ΔP and change in seismic velocity to
the dependency of seismic wave speed to the effective stress σef, an effect that is related to the stress depen-
dency of the elastic constants and is known from laboratory tests (see Text S1 and Eberhart-Phillips et al.,
1989). The effective stress is the actual net stress applied to the rock skeleton due to superposition of both

mechanical (in situ) stress and the pore pressure: σefi ¼ σi � αP. Here σefi and σi are effective and mechanical
stress tensors, respectively, α is the Biot coefficient, and P is the pore pressure. Most rocks show a nonlinear
deformational behavior with the elastic moduli decreasing with decreasing stress due the opening of micro-
cracks and flaws. Therefore, an increase of the pore pressure results in a decrease in the elastic moduli and
wave velocity. While this effect is well known (Eberhart-Phillips et al., 1989), experimental evidence directly
linking pressure and velocity has to date been restricted to laboratory measurements, where high effective
stress variations can be achieved. Here we demonstrate that even small (<0.1 MPa) changes in pore pressure
can be measured in field experiments using active seismic tomography with favorable geometry.

5.2. Comparing Seismic Velocity Variations and Strain

The comparison of velocity and strain measurements reveals three distinct patterns: (i) Sensors in intact rock
show extension, which is proportional to the velocity reduction (Figure 2e) and the proportionality coefficient
is roughly the same for all sensors (Figures 3b and 3c). This extension might be an expression of the elastic
deformation of the rock as the increased pore pressure counteracts stresses compressing the rock. (ii) For
strain sensors across fractures within the shear zone, the link between velocity change and strain signal is
strong (Figure 2f) but unique for each fracture (Figure 3b). We attribute this fracture-dependent linear propor-
tionality to a difference in fracture stiffness and orientation with respect to the in situ stress field. With the

Figure 3. Relationship between change in velocity Δv/v, pressure ΔP, and strain. (a) ΔP� Δv/v and (b, c) strain-change in velocity Δv/v relationship. For pressure (a) as
well as for strain measurements in intact rock (c), a linear relationship with change in velocity can be observed. For fractures, this relationship is fracture
dependent (e.g., fracture of Figure 2f shown as red line in b), and irreversible deformation (shearing) has no observable effect on seismic velocity. Note that in
(b) and (c), data affected by the strong opening and irreversible deformation at time 3:24 hr (see text) are not shown.
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same pressure increase, which is sensed by the seismic tomography, different fractures will show a different
aperture change, which is here measured with the strain sensors, yielding different strain magnitudes. The
strain curves in Figures 2e and 2f return to zero within 12 hr after the experiment and thus represent rever-
sible strain, while the sensor shown in Figure 2g experiences irreversible strain of ~120 με. (iii) Such irrever-
sible deformation (e.g., shear dislocation) recorded by the strain sensors is not evident in the velocity
tomograms. For example, Figure 2g shows a strong extensional signal, which is expression of shearing and
opening of a previously undetected fracture. The major deformation event happens over the course of about
8 min and has no expression in the seismic tomograms. We suspect a microfracture that was reactivated in a
combined opening and shear mode without emitting detectable seismic signals. Most microfractures in our
rock volume are oriented subparallel to shear zone S1 or S3. The irreversible rock deformation related to
shearing does not have a significant volumetric component, so that the seismic velocity changes are too
small to be detected. Due to the opening at the sensor shown in Figure 2g, the surrounding rock is being
compressed. For sensors capturing this compression, which is due to high stress transformation, the mea-
sured strain does not correlate to the change in velocity and they are thus excluded from Figures 3b and
3c. Using this departure from the correlation between strain and change in velocity makes it possible to dis-
tinguish primary poroelastic effects from secondary mechanical deformation, for example, compression
induced by the opening of an individual fracture. These results indicate that seismic velocity changes mea-
sure changes in effective stress—producing volumetric strain—while shear dislocation is not discernible
through seismic velocity.

5.3. The 3-D Pressure Propagation

The link between change in seismic velocities and pore pressure allows interpretation of the seismic tomo-
grams in terms of fluid pressure migration. Figure 2b shows the fastest decay of pressure perturbation in
north-south direction, perpendicular to the stimulated shear and fracture zone. Thus, the fluid propagates
mostly within this shear and fracture zone, as may be expected. Within the shear zone, the pressure propaga-
tion is symmetric in east and west directions. The faster decay of the pressure perturbation downward com-
pared to upward (Figure 2b) might be explained with the natural gradient of the pore pressure and the stress
field gradient in the system: during stimulation the upward pore pressure gradient is slightly larger than the
downward pressure gradient. At the same time, the vertical stress gradient may lead to an increasing fracture
permeability in upward direction. Together, these two effects accrue to promote enhanced upward
pressure propagation.

5.4. Poroelastic Compression

Outside the regions of decrease in velocity, zones of an increase in velocity can be observed (Figures 2a and
S4). We interpret these zones of increased velocity as areas of compression that compensate the extension of
the rock within the pressurized volume. In these zones, confining stress is locally increased, leading to an
increase in velocity. The borehole traces of strain and change in pressure in Figure S6 support this interpreta-
tion, as they show both the decrease in velocity along with extension (positive strain) in the deeper parts of
the boreholes near the injection point and the slight increase in velocity due to the compaction (negative
strain) of the rock. Our observations confirm predictions by Segall and Lu (2015), who describe compressive
regions around the volume perturbed by fluid pressure that may inhibit fault slip during injection.

5.5. Comparison With Laboratory Measurements

To verify the link between seismic velocity change and the pressurization of the rock, we performed labora-
tory measurements on cores from the boreholes within the experimental volume (Nejati, 2018). A transver-
sely isotropic material model was used to characterize the deformation response and the stress
dependency of the elastic moduli. We used uniaxial compression tests to obtain the static elastic moduli,
while ultrasonic measurements were used to obtain the dynamic moduli (see Text S1 for details).
Assuming that the in situ stress remains constant during the injection, the change of the effective stress is
negatively correlated to the change of fluid pressure, with Biot coefficient α being the proportionality con-

stant:Δσefi ¼ �αΔP. This indicates that the rate of effective stress drop is proportional to the rate of pore pres-
sure increase. We now use the laboratory data given in Table S1 for the stress dependency of elastic moduli
and a Biot coefficient of α=0.7 (reported for Barre granite; Bernabe, 1986) to predict the fluid pressure
change based on the velocity measurements.
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Figure 4 compares the prediction of the pressure change based on the laboratory data (shaded areas) with
the actual data obtained from the field measurements. These plots show that the change in fluid pressure
can be indeed predicted very well by the seismic measurement when laboratory data on the pressure depen-
dency of elastic moduli or wave velocity are available and the Biot’s coefficient is known. It is seen that both
static and dynamic measurements provide good predictions of the change in fluid pressure based on the
velocity values.

5.6. Comparison to Induced Seismicity

Numerous (>2000) seismic events with magnitudes smaller than �2 were detected and located during the
fluid injection experiment, with seismic events occurring at injection pressures larger than 7 MPa, the pre-
dicted slip activation pressure for the S3 shear zone. Similar pressure thresholds defining the onset of seismi-
city were also observed during stimulations at greater depths (e.g., 5 MPa at Soultz-sous-forêt, Evans et al.,
2005 and 10 MPa in Rosemanowes, Baria & Green, 1989) and were found to be indicative of how critically
stressed the rock mass is. At Grimsel, seismic events cluster within a volume of 5-m radius around the injec-
tion point (Figures 2a and S5), although pressure and strain propagate much farther. This illustrates that fluid
pressure and possibly irreversible fracture deformation may migrate farther than indicated by the current
seismic cloud.

5.7. Implications for Injections at Great Depths

The experiment presented here with a total injection volume of 1.25 m3 is small compared to reservoir stimu-
lations for oil and gas production, associated wastewater injections (Ellsworth, 2013), or development of
enhanced geothermal reservoirs (Evans et al., 2005; Häring et al., 2008). However, since seismic velocities
can readily be measured and monitored on many scales, there appears strong potential for enabling remote
pressure monitoring for large-scale applications. For target volumes at depths prohibiting direct active mea-
surements, velocities can be monitored using local earthquake tomography (Calò et al., 2011), interferometry
of seismic noise (e.g., Brenguier et al., 2014), or interferometry using a repeated natural source, such as vol-
canic tremors (Donaldson et al., 2017). Seismic velocity monitoring could be a way of monitoring pressure
evolution, which is important to assess the risk of fault reactivation. For seismic events near fluid injection
wells, knowing the pressurized volume could also help determine, if an event was injection induced or nat-
ural, a question of high societal importance that is inherently difficult to answer (Ellsworth, 2013).

6. Conclusions

Active seismic transmission data recorded during a 1.25-m3 water injection experiment show a direct
response to the high-pressure fluid injection cycles. Inversion of these data yields a transient 3-D seismic velo-
city model of the injection volume. Comparison with fluid pressure measured within the rock volume reveals

Figure 4. Prediction of the pore pressure change using laboratory data on the dependency of (a) static and (b) dynamic
elastic moduli on the effective stress. Data points are the field measurements, while the shaded areas are bounded with
two lines which show the dependency of the pressure change on the velocity change within and normal to the foliation
plane.
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a strong correlation, which enables prediction of subsurface fluid pressure based on the seismic velocity var-
iations. The link between seismic velocity variations and rock deformation is more complex, with a clear link
existing for reversible deformation driven by the fluid pressure-related stress change. However, we find that
seismic velocities show no trace of irreversible deformation such as shear displacement. We conclude that
seismic velocity changes measure volumetric strain resulting from effective stress changes, while shear dis-
location does not affect seismic velocity.

During deep hydraulic stimulations, seismic velocity variations can be recorded (Calò et al., 2011; Hillers et al.,
2015; Obermann et al., 2015), while pressure and rock deformation cannot be directly measured. Our results
show that the observation of velocity changes could then be used as proxy for the pressurized volume. We
propose to combine seismic velocity with induced seismicity monitoring so that the rock volume with
induced seismicity may serve as a lower bound of the stimulated volume, while the pressurized volume esti-
mated from velocity changes can act as the upper bound.
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