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Abstract Fluid pressure plays an important role in the stability of tectonic faults. However, the in situ
mechanical response of faults to fluid pressure variations is still poorly known. To address this question, we
performed a fluid injection experiment in a fault zone in shales while monitoring fault movements at the
injection source and seismic velocity variations from a near-distance (<10 m) monitoring network. We
measured and located the P and S wave velocity perturbations in and around the fault using repetitive active
sources. We observed that seismic velocity perturbations dramatically increase above 1.5 MPa of injection
pressure. This is consistent with an increase of fluid flow associated with an aseismic dilatant shearing of the
fault as shown by numerical modeling. We find that seismic velocity changes are sensitive to both fault
opening by fluid invasion and effective stress variations and can be an efficient measurement for monitoring
fluid-driven aseismic deformations of faults.

1. Introduction

Stress perturbations associated with tectonic forcing or human activities are partly accommodated along
faults either by unstable, seismic slip or by stable, aseismic motion [Avouac, 2015]. Between those two
end-member cases, a variety of seismic behaviors emerge with different signatures such as tremors and
low-frequency earthquakes both observed along tectonic faults [Peng and Gomberg, 2010] and during fluid
injection experiments [Das and Zoback, 2013a, 2013b; Derode et al., 2015].

This spectrum of seismic signatures and slip behavior has a growing interest in clay-rich formations, which are
common both in deep seismogenic zones (crustal faults and subduction zones) [Ikari et al., 2009; Faulkner
et al, 2011] and in subsurface basins, especially in oil and gas reservoirs [Zoback, 2007; Davies et al., 2013;
Rutgqvist et al., 2013]. The presence of phyllosilicate minerals strongly reduces the frictional strength of faults
[lkari et al., 2009; Faulkner et al., 2011; Kohli and Zoback, 2013]. Thus, understanding seismic slip and aseismic
creep in clay-rich formations is a central problem with important implications for both reservoirs engineering
and tectonic faulting. However, assessing deformation and failure processes in shales is challenging. Several
factors can explain this situation: (1) the failure of shales is complex due to the dependences of their mechan-
ical properties to the mineralogy and the water content [lkari et al., 2009; Kohli and Zoback, 2013; De Barros
et al, 2016] and (2) laboratory experiments on shales are not fully representative of this complex behavior.

In order to go beyond these limitations and to better understand how clay-rich formations deform and fail
in natural conditions, an in situ experiment of fluid injection-induced fault activation was performed at a
few meters scale in a shale formation at a depth of 250 m in a former railroad tunnel at the Tournemire
underground Experimental facility (France) [Guglielmi et al., 2015]. At this site, the geological, stress, and
hydromechanical settings are known [Cornet, 2000; Constantin et al., 2004] (Figure 1a). Tournemire shale
has a high content of clay minerals (39-51% of phyllosilicate) and mainly accommodates deformation
through aseismic slip during hydraulic stimulation [De Barros et al., 2016]. Thus, this experiment enables
monitoring in situ aseismic behavior of faults developed in shales. Especially, we focus on investigating
the location and origin of aseismic deformations associated with the fault rupture from seismic velocity
changes using repetitive active sources (hammer shots on aluminium slab set on the tunnel walls,
Figure 1b) and accelerometers in boreholes located few meters from the fault. Fluid pressure, flow rate,
deformation, and seismic data were continuously recorded from several 20 m long boreholes drilled from
the tunnel toward the fault zone.
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Figure 1. (a) Faults crosscutting the Tournemire underground facility and experiment location. (b) Map view of the tested
fault zone together with measuring points. Black dotted lines show all the inclined boreholes with cemented acceler-
ometers (yellow squares) and with the injection chamber (blue rectangle). Aluminium slabs anchored in the tunnel wall are
shown by red squares. (c) Fluid pressure in the injection chamber and injected flow rate during the hydraulic stimulation
experiment (upper graphs) and fault western compartment horizontal and vertical displacements (lower graphs). Yellow
bars indicate the time of the hammer shots and active seismic imaging. (d) Horizontal displacements in polar coordinates.
Concentric circles show the displacement vector variations. Red line is the main fault plane. Directions of the subhorizontal
principal stresses o and o3 [after Cornet, 2000] are represented in black arrows.

Seismic velocity changes monitoring has proven its efficiency to detect slight changes (<0.1%) in the
mechanical properties in fault zones. Changes in seismic velocity around active faults associated with seismic
slip [e.g., Brenguier et al., 2008; Niu et al., 2008; Stehly et al., 2015] can provide valuable information about the
fault behavior. Moreover, seismic velocities are sensitive to aseismic deformation, as observed during slow
slip events [Rivet et al., 2011, 2014] and reservoir monitoring [Calo et al., 2011; Fiore et al., 2014; Hillers et al.,
2015]. As seismic waves are sensitive to changes in the poroelastic properties of the rock, they also allow
monitoring processes like pore-pressure changes, water table variations, and stress state changes using
ambient noise monitoring [Sens-Schoenfelder and Wegler, 2006; Meier et al., 2010; Hillers et al., 2014; Rivet
et al,, 2015] or 4-D P waves tomography [Calo et al., 2011]. In this work, we monitor aseismic deformations
from seismic velocity changes in order to better constrain their mechanical origin and to understand the
deformation accompanying a fluid-induced fault reactivation. Using active sources, we accurately (<0.1%)
measured seismic velocity changes for direct P and S waves before, during, and after the injection. Thanks
to the close multisensor monitoring, we link the seismic velocity variations near the fault with the fault dis-
placement and the hydromechanical observations.

2. Fluid Injection Experiment

The experiment was performed at 250 m depth in a tunnel of the underground laboratory of Tournemire
(France) (Figure 1a). The tunnel allows a direct access to a 250 m thick Toarcian shale formation [Constantin
et al., 2007] characterized by a low porosity (8-12%) and a low permeability (107" to 10722m?) [Bonin,
1998; Boisson et al., 2001]. Injections were performed across a ~20 m long and N0°~70-to-80°W segment of
a fault of kilometer scale. The fault has a 10 m offset and is crosscutting the underground laboratory at
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different places [Constantin et al., 2004] (Figure 1a). Fault structure is composed of a main brecciated and
foliated core zone of 20 cm to 2 m thickness and a damage zone of complex geometry made up of several
subsidiary faults. Here we focus the analyses on the injection performed from a borehole in a N0°~75-to-
80°W subsidiary fault (Figure 1b).

The injection was conducted with a probe that is composed of an upper and lower inflatable packer that iso-
lates a 2.5 m long chamber allowing the forced injection of water under pressure (supporting information)
[Guglielmi et al., 2013]. Inside the injection chamber, a displacement sensor based on optical fibers allows
measuring three-directional relative movements of the fault walls with a micrometric accuracy along a
0.5 m long base [Guglielmi et al., 2015, 2013]. In addition, fluid pressure in the chamber and injection flow rate
were measured.

The injection test lasted approximately 5 h and was composed of two cycles: (1) two quasi steady state pressure
injections of 1.3 and 1.5 MPa, respectively, 3 and 0.5 h long, and (2) two 10 min long step-rate injections, during
which the pressure is increased stepwise to pressure of 1.7 to 1.8 MPa (Figure 1c¢). The injected pressures were
maintained below the minimum horizontal stress (o3 ~ 2 MPa) [Cornet, 2000] but raised high enough to reacti-
vate the fault movements. The flow rate stabilized ~0.15 L/min at 1.35 MPa, reached ~1.5-2 L/min when pres-
sure was raised to 1.5 MPa, and more than 8 L/min above 1.7 MPa. When pressure fell below 1.25 MPa, no steady
flow rate was measured showing that effective stress variations strongly condition the fault permeability var-
iation. The displacements measured in the injection chamber (Figure 1c) are strongly related to the chamber
pressure variations, and they mainly display reversible variations with a residual value lower than 6 x 107%m.
The horizontal displacement (maximum: 30 x 10~°m) is showing a N170° dip direction in good accordance
with a shear movement induced on the fault plane by the maximum horizontal stress o (Figure 1d). Above
1.4+ 0.05 MPa, an additional N80° horizontal component occurs associated to a negative vertical movement.
Thus, at this pressure level, displacements can be interpreted as normal slip-induced dilation on the NO-
80 W main fault plane, leading to a fault hydraulic conductivity increase [Guglielmi et al., 2015].

3. Seismic Monitoring Setup and Method

Around the injection source, we used seven three-component accelerometers cemented into three bore-
holes: (1) one borehole (parallel to and located at 0.5 m of the injection borehole) with a single sensor and
(2) two subhorizontal boreholes (located 7.5 m south and 7.5 m north of the injection borehole, respectively)
equipped with three sensors each at distances from the tunnel of about 3, 12, and 20 m, respectively.
Accelerometric data were recorded continuously at a 10 kHz sampling frequency.

We use human-driven repetitive seismic sources during injection to measure seismic travel time changes due
to perturbations of the elastic properties in the medium. Seismic sources are hammer shots on five alumi-
nium slabs anchored in the tunnel wall (Figure 1b). Five different shot sequences, performed 1 month prior
to the injection test, are considered as the baseline response of the medium and are used as reference seis-
mic signals. Four series of shots were performed during the injection tests (yellow lines in Figure 1c) and are
compared to the reference shots. All hammer shot signals are band-pass filtered between 200 and 1000 Hz.

4. Measurements of P and S Waves Travel Time Change

We measure travel time changes on both P and S direct waves using the Multiple Window Spectral Analysis
method [Poupinet et al., 1984; Clarke et al., 2011] on the two horizontal components. With this method, the
travel time delay between the current and the reference seismic records on windows surrounding the direct
P and S waves, respectively, is measured in the frequency domain. The reliability of each travel time measure-
ment is estimated from the coherency between the reference and current windowed signals. Based on the
coherency, we estimate the weighted average of the repeated measures composed of the five reference
shots and the current shot sequence that is composed of two repeated shots. In order to increase the accu-
racy of travel time delay measurements between two shots, we synchronize the signals recorded at all sen-
sors based on the delay measured at the closest station to the hammer shot. Any local perturbation situated
at the vicinity of the tunnel and affecting all travel times to all sensors is thus minimized.

To ensure that travel time changes measured on seismic signals are related to velocity changes in the med-
ium, we evaluate the stability of the seismic source signal by comparing P and S wave travel time changes
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Figure 2. P waves travel time changes between all hammer shot positions and receivers indicated by the color of the lines
linking each source and receiver for the four hammer shot sequences performed during the injection experiment.

between the hammer shots performed four days before the injection and the reference shots (Figure S3).
Waveforms of the two shots performed more than 1 month apart are very similar, both for early and late arri-
vals. Travel time changes between the two shots for all source-receivers pairs are measured for the direct P
waves (Figure S3b). The average absolute travel time change over all pairs is 4.8 x 10° s for a mean P wave
travel time of 5.1 x 10~>s. On average, before injection, the relative travel time change is of 0.001. Similar tra-
vel time changes are measured for the S waves. These measurements are estimates of the sensitivity of the
method to detect seismic velocity changes in the medium, including the variations due to the injection probe
which was installed at that time.

Figure 2 displays the travel time changes for the direct P waves for four selected hammer shot sequences per-
formed during the injection. The travel time delays between the sources and receivers vary widely from one
sequence to another. Results show that (1) at 7:56 P.M., changes are dominant around the closest station to
the injection chamber, (2) at 9:48 P.M,, a recovery of the travel time changes is observed, (3) at 10:22P.M,,
strong travel time perturbations are measured, and (4) finally, at 11:03 P.M., a small recovery of the velocity
is observed. These observations suggest that the distribution of anomalies in the medium evolved during
the injection with contrasted velocity changes.

5. Localization of Seismic Velocity Changes

After processing all of the measurements of P and S wave travel time changes for all hammer source-receiver
pairs, we locate the velocity anomalies using a ray-based tomographic method. The slowness model is discre-
tized in a coarse grid composed of 6 x 8 square cells of 4 x 4 m to avoid underdetermination as the number of
rays crossing the model is small.

We adapt the approach of Barmin et al. [2001] that is based on ray theory with a Gaussian-shaped lateral
smoothing, and we estimate the 2-D distribution of the seismic velocity change anomalies in the medium
by minimizing a penalty function composed of data misfit, model smoothness, and magnitude of perturba-
tion, weighted by local path density. Finally, we use the relation linking the slowness change (As) and the rela-
tive velocity change (Av/v) [Mordret et al., 2014]:

A
Y vas (1)
v

P and S velocity models of 3500 m/s and 1900 m/s, respectively, except for cells that contain the tunnel excavation
damage zone (3 m around the tunnel) where the velocity is 30% lower were estimated using calibration shots.

RIVET ET AL.

SEISMIC SPEED CHANGES DURING FAULT SLIP 9566



@AG U Geophysical Research Letters 10.1002/2016GL070410

We assess the spatial resolution of the seismic velocity changes using the resolution matrix at all cells. Figures
S4a and S4b show the spike test results for cells located at the injection point and at the main fault position,
respectively. In the first case, the input perturbation is well resolved with a resolution close to the cell size
(4 x4 m) and a good recovery of its location and the amplitude. In the second case, the resolution decreases
with a shift of the solution toward the tunnel and a poor recovery of the amplitude.

6. Time-Lapse Imaging of Velocity Changes Perturbations

From travel time changes for both P and S waves measured for the different hammer shot sequences during
the injection experiment, we estimate the evolution of the spatial distribution of the velocity anomalies in the
medium. Figure 3 displays both the P and S wave velocity anomalies measured before, during, and after
the injections.

In details, the velocity perturbations observed for each hammer shot sequence indicate the following results:

1. In 4 April at 11:36 P.M,, 4 days before the injection (Figures 3a and 3b), the relative velocity changes in the
medium were lower than 0.01.

2. In 7 April at 7:56 P.M. (Figures 3c and 3d), about 1.5 h after the start of the long-duration injection with a
steady state pressure of 1.3-1.35 MPa (Figure 2), an increase in P wave velocity around the injection cham-
ber appeared as well as a moderate decrease of velocities in the damage zone of the tunnel wall and in
the fault damage zone. Synchronously, an S wave velocity increase occurred close to the injection cham-
ber in the fault damage zone immediately east of the P wave maximum.

3. At 9:48P.M. (Figures 3e and 3f), both P and S waves seismic velocity recovered when no injection was
performed.

4. At 10:22 P.M. (Figures 3g and 3h), the injection pressure was above 1.5 MPa. A major decrease in both
the P and S wave velocities in a north-south elongated volume located southwest of the injection
chamber occurred. These perturbations were surrounded by velocities increases close to the tunnel
and in the main fault.

5. At 11:03 P.M. (Figures 3i and 3j), approximately 5 min after the last injection, the velocity change patterns were
similar to the ones observed for the previous shots performed at 10:22 P.M.,, but with smaller amplitudes.

6. Finally, in 8 April at 8:12 A.M. (Figures 3k and 3I), 9 h after the end of injection, a complete P wave velocity
recovery was observed, while slight S wave velocity changes still remained.

7. Seismic Velocity Variations Related to Fault Hydromechanical Response

We use 3-D hydromechanical modeling to determine the evolution of stresses during fault movements and
fluid diffusion associated with injection and to compare with the evolution of seismic velocities. The 3DEC
code [ltasca Consulting Group Inc., 2013] is employed to represent the injected fault and four others, which
are potentially connected to it by slip planes in an elastic medium (20 x 20 x 20 m) (Figure 4). Additional dis-
cussion of the model can be found in the supporting information [Cundall, 1988; Witherspoon et al., 1980;
Detournay, 1980; Walsh, 1981; Cornet, 2000; Dick et al., 2013]. For simplicity, initial hydraulic and mechanical
properties of all faults are considered homogeneous and identical (for more details, see Guglielmi et al.
[2015]). The principal stresses measured in situ at the depth of the experiment (5, =4.0 MPa, 6, =3.8 MPa,
o3 =2.1 MPa) are applied to the six boundaries of the model. The field experiment is simulated by imposing
at a point source the time-dependent pressure variations measured in the injection hole. Fluid pressure gra-
dient and viscous forces associated with fluid flow are only allowed through the faults (i.e., the surrounding
medium is impervious). Model results reproduce reasonably well the measured fault displacements and
injected flow rates (Figure 4). The onset of fluid diffusion is, however, more progressive in the experiments
than in the numerical calculations, where it occurred in the interconnected faults when pressure was set
above 1.5 MPa.

We do not attempt to make an exact match of simulated and experimental data (the observed discrepancy is
related to the simple homogeneous properties assigned to the fault, the schematic four-fault geometry, and
the simplified imposed injection pressure history), but rather, we try to obtain a reasonable agreement to the
general evolution of both hydromechanical and seismic velocity data. Consequently, we focus on identifying
the size and the location of the elastic stress variation induced by faults movements. The model shows that
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Figure 3. Distribution of P and S wave seismic velocity changes (left and right columns) (a and b) before the injection
experiment 4 April at 11:36 P.M.; (c and d) during injection 7 April at 7:56 P.M.; (e and f) 9:48 P.M,; (g and h) 10:22 P.M,;
(iand j) 11:03 P.M.; and (k and |) the following day at 8:12 A.M., about 9 h after the end of the injection.
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below the injection zone for an injection pressure at 1.5MPa ||o|| = /o112 + 0222 + 0332 + 2x (0122 + 0132 + 0232).

the strike slip reactivation of the faults produces a variation of the elastic stress within an area of decameter
scale (Figure 4) for pressure above 1.5 MPa. It also reproduces the hydromechanical elastic behavior of the
injected fault which explains why at the end of the experiments both the measured fault displacements
and the seismic velocities almost return to initial following the drainage of the injected fluids.

Below 1.4 MPa, the flow in the fractures is small, a few 100 mL/min. However, during the first 3 h long injection
phase, 12 L had flowed into the formation and leaks were observed in boreholes up to 7.5 m from the injection
borehole. Fluid thus diffused in the fracture network. The displacements monitored at the injection point are,
however, small (Figure 1¢). The increase of P and S waves velocity of 0.01 observed around the injection cham-
ber might be due to the elastic closing of cracks surrounding the borehole as it is commonly observed around
pressurized holes [Schmitt et al., 2012]. It is also possible that fluid inflow at relatively low pressure filled some
initially void cracks, increasing P wave velocity but not S wave velocity, which may contribute to explain the dif-
ferent distributions of the P and S wave perturbations in Figures 3c and 3d. These effects are not seen in the
hydromechanical model that did not represent the borehole geometry or flow below 1.5 MPa.
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Above 1.5 MPa, flow occurs into faults related to stress-enhanced permeability. In the model, this is explained
by the complex combination of a poroelastic normal opening and a plastic dilatant slip on the different faults
[Guglielmi et al., 2015]. Both P and S wave velocities are affected when pressure exceeded 1.5 MPa (Figures 4g
and 4h), thus corroborating that the rock poroelastic properties were perturbed during injection. The velocity
drop zone close to the injection corresponds in the numerical model to the compartment bounded by the
two mainly reactivated faults. A left-lateral slip is observed mainly on the western fault, which experienced
a higher slip than the injected one, because it is more critically oriented toward the principal stresses. The
induced stress changes, together with the openings of the fault planes and smaller cracks in their damage
zones (not considered in the modeling), might be responsible for the decrease of both P and S wave veloci-
ties. The extent of the stress variation is in reasonable accordance with the extent of the velocity anomaly.
Differences in the location of the anomalies may result from the coarse meshing used for the velocity tomo-
graphy as well as the oversimplified mechanical model geometry that does not represent any eastern weak
zone corresponding to the main fault. Around this velocity drop zone, strike slip movements on the different
existing faults cause effective stress increase. Subsequent crack closure could explain the increasing veloci-
ties. After the injection ends, velocities come back to a near initial state as (1) most of the induced deforma-
tion is reversible at short time (Figures 3i and 3j) and (2) the pressure dissipates in a few hours (Figures 3k
and 3l).

In the present experiment, the amplitudes of seismic velocity change perturbations are at least 10 times
higher than those observed using ambient noise cross-correlation monitoring on active faults from receivers
located at the surface (Av/v ~0.001) [e.g., Brenguier et al., 2008; Wegler et al., 2009; Chen et al., 2010; Zaccarelli
etal, 2011; Stehly et al., 2015; Taira et al., 2015]. Nevertheless, in our experiment seismic velocity changes are
measured a few meters from the mechanical perturbation, with no averaging over long distances, and with
small seismic wavelength, which increases the sensitivity to small seismic velocity changes as opposed to stu-
dies performed from the surface. Seismic velocity changes from the surface might therefore be an average of
stronger positive and negative perturbations, as networks do not catch the full complexity of the perturba-
tions. Recently, seismic velocity changes monitoring was performed during geothermal injections in Basel
(Switzerland) [Hillers et al., 2015] and in Soultz-sous—Foréts (France) [Calo et al., 2011]. They both showed loca-
lized and contrasted velocity changes reaching 5% at the depth of the reservoirs, which is comparable with
the amplitude we obtain here.

8. Conclusion

We measured P and S wave seismic velocity changes associated with the aseismic stress perturbation around
a fault stimulated by fluids injection. When pressurized fluids force fault permeability to increase, a slight
micrometer-scale Coulomb reactivation associated to a dominant poroelastic response causes a velocity drop
of P and S waves, together with an increase of velocities outside the injection area. These perturbations relax
(to less than half of peak value) within minutes after the end of injections. Velocity changes are therefore
mainly sensitive to effective stress variation, associated with fault motion and fluid invasion in a complex fault
network. Finally, seismic velocities are sensitive to aseismic deformation that could precede larger fault slip
nucleation and accompany induced seismicity. Therefore, seismic velocity change appears as a promising
complementary method to the methods commonly used to track stress changes in storage reservoirs and
fault zone, even in the lack of seismic events.
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