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Abstract Seismicity induced by fluid injection in a natural fault is investigated in situ in the near field of
the source. We present synchronous seismic and hydromechanical measurements directly recorded in
the decametric injection zone. The three main types of seismic events were recorded during injection and
shut-in: high-amplitude and short duration seismic events (SE) (i.e., microearthquakes), low to constant
amplitude and 5 to 17 s long tremor-like signals (TLS), and long period events (LP) with a narrow-frequency
band content. Seismicity first initiates with a sequence of SE and TLS, when pressure is high (~3.5MPa), slip is
activated on the fault, which experiences a twentyfold increase of permeability. Then LP events appear to
be associated to fluid leakage in the fault caused by dilation during slip. During shut-in, residual pressures as
low as 0.6 MPa still trigger SE events. We show that the initial TLS sequence triggers when a progressive
transition occurs from rupture controlled by effective stress variations close to the injection source to a large
friction weakening-dominated slip on the fault. We conclude that the combination of these different seismic
signal types may be a proxy to monitor fault instability associated to fluid pressure perturbations.

1. Introduction

Fluids are known to be a triggering and increasing factor of the rupture in seismogenic faults [Sibson, 1982;
Muir-Wood and King, 1993]. Themost common feature is the nucleation of seismic rupture along a slip surface
by localized high-fluid pressures that reduce the effective stress and the shear strength [Scholz, 2002]. Such
rupture is the final stage of a series of steps that begin with the initiation and growth of local microcracks and
fracture planes that, with increased stress and fluid pressure, eventually coalesce to form a continuous slip
surface. This initiation phase can be associated with a series of small seismic events [Amitrano et al., 2010;
Bouchon et al., 2011]. If the effects of fluid pressures in the concept of stable and unstable sliding are
known on theoretical grounds, experimental data to constrain those theories are rare [Cornet et al., 1997;
Guglielmi et al., 2008; Cornet, 2012], and relating observations with theory is challenging.

The fluid effects in the rupture process are commonly interpreted as linked to the appearance of unusual
seismicity (e.g., Long Period events (LP, also called Low Frequency, LF, events) and Tremors-Like Signals
(TLS)) that was observed in different geological contexts, such as volcanoes [Chouet, 2003], reservoir rocks
[Das and Zoback, 2011], subduction zones and crustal faults [Obara, 2002; Ide et al., 2007], or yet landslides
[Peng and Gomberg, 2010]. For instance, TLS are recognized as the seismic signals associated with slow-slip
stress release on seismogenic faults, and they might be seen as potential signature of the nucleation
of large earthquakes [Zigone et al., 2011; Peng and Gomberg, 2010]. Moreover, tremors are often thought
to be associated with high-fluid pressures at depth that have a notable weakening effect on the fault
properties [Shelly et al., 2006; Miyazawa and Brodsky, 2008; Becken et al., 2011]. However, despite these
numerous observations connecting fluid pressures and seismicity, the source processes of this seismicity
is still questionable, and the role of fluids in the rupture process remains unclear. When faults are fluid
flow paths, a first challenge is to understand how the fluid pressure modifies the medium properties
and the stresses before driving the fault to rupture. A second challenge is to characterize the seismicity
associated with the hydraulic perturbations.

In this paper, we present synchronousmeasurements of fluid pressure and seismicity recorded in the near field
of a fluid injection into a fault alongwhich slip is induced on a patch of ~10m in size at 282m depth in the Low
Noise Underground Laboratory in France (http://lsbb.oca.eu) (Figure 1). Thanks to the proximal monitoring
(meters) at high frequency (~kHz), the links between the different seismic responses associated with
transient fluid pressures and fault deformation can be investigated. During the 2200 s injection, the fluid
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pressurewas progressively increased step
by step and maintained to 3.5 MPa, and
then decreased. Our observations reveal
distinct behaviors, including poroelastic
fault movements at the beginning of
the pressure increase, followed by
aseismic slip from the middle of the
pressure increase phase to the maximum
pressure, and, finally, seismic rupture
starting toward the middle of pressure
peak phase and continuing during
shut-in. Thanks to the seismological
monitoring, this deformation sequence
was related to three distinct families of
seismic signals during the fault rupture:
impulsive, high-frequency events (i.e.,
microearthquakes), tremor-like signals,
and low-frequency events, each of them
appearing at different time of the fluid
pressure evolution.

2. Experiment Setup

The experiment aims at injecting high-
pressure water in a fault zone in order
to induce a seismic reactivation at
moderate level (i.e., slip of about a
millimeter). Four boreholes, the injection
hole and three seismic monitoring
holes, respectively, were drilled vertically
through a segment of the fault zone

intersecting limestones. Boreholes are spaced of about 2–3 m horizontally (Figure 1). The fault zone has an
orientation of N030E, a dip angle of ~70°, and a mean length of ~100m. The fault has an average initial
permeability of 7×10�12m2 and a bulk modulus of 10 to 17 GPa that are a factor 25 higher and a factor of
2 to 5 lower than the surrounding host rock, respectively [Jeanne et al., 2012; Derode et al., 2013]. The change in
fluid pressure in the fault is controlled by a step-rate water injection applied into a 1.2m long sealed section
isolated between two inflatable packers. The pressure and flow rate variations range from 0 to 3.5 MPa and
from 0 to 1.01×10�3m3 s�1, respectively. The total amount of injected water is 1.286m3. During the injection,
we continuously measured the fluid pressure and the injection rate at a sampling frequency of 1 Hz. Fault slip
was measured using a fiber-optic deformation sensor (three components) set in the injection hole across the
fault [Guglielmi et al., 2014] (Figure 1b and additional material). Synchronously, the seismic emissions were
recorded at 8 kHz by a set of 1 three component accelerometer (Acc: KB12VB, 0.15–260Hz, Figure 1a) and 2
three-component geophones (Vel1: GS11D, 4.5–100Hz and Vel2: GS20DH, 40–500Hz, Figure 1a). These sensors
are spaced horizontally from 3 to 5m of the injection point and are at the same depth than the injection.
These three sensors cover a large sampling band and thus allow for a precise distinction of seismic events in
the near field of the injection.

3. Seismic Events Type and Sequence Generated by Injection

Data indicate that almost no seismicity was recorded during the pressure increasing steps from 1 to 14
(Figure 2). The seismic emissions started at the middle of the maximum pressure plateau, between steps
14 and 16. The seismicity then lasted all along the pressure decrease until the end of injection at a
relatively low residual pressure of 0.65 MPa (step 21). More than 200 seismic events were recorded in less
than 20min. Most of the events are triggered during shut-in and not during the increasing pressure phase.
The seismicity rate (15 events/min) is roughly constant all along the seismic emission period.

Figure 1. Experimental setup: (a) location of the boreholes instrumentation
at 282 m depth across the fault plane (represented in orange); (b) detail
view of the displacement sensor that captured the fault slip in the injection
chamber (see additional material).
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In Figure 2b, the different types of events induced by injection are presented. Events are extracted using a
threshold value applied on the seismic energy using the Z component of the “Vel2” sensor. We then
checked that extracted events are coherent from one sensor to each other. Based on their waveforms,
duration and frequency contents, we separated the events in three main classes (Figures 3a–3c): tectonic-
like seismic events (SE) (i.e., microearthquakes), long period events (LP), and tremor-like signals (TLS). The
SE events are typically characterized by an impulsive onset, a short duration (less than 0.1 s) and high
amplitude (Figure 3a). Energy is distributed on the entire frequency band. LP events have small amplitude
and a short duration (Figure 3b). They mainly differ from the SE by their frequency content, as they have a
narrower-frequency band, with energy only in the 250–450Hz band. The TLS events are characterized
by an extended duration up to 200 times the SE events, as they last up to 17 s (Figure 3c). TLS are
characterized by (1) a progressive emergence from the background noise with a few single events before,
(2) a long and complex signal at nearly constant amplitude, and (3) an abrupt termination. Frequency
content is higher in the 200–500 Hz and 650–800 Hz bands.

The Fourier spectrum of the displacements of these three different types of seismic events is presented in
Figure 3d. While SEs show a nearly flat response up to 500 Hz, LP energy emerges from the noise level just
in the 150–500 Hz band. The TLS events still have energy at low frequencies, even if most of their
frequency content is above 200 Hz. From 500 to 800 Hz, the TLS and SEs have almost identical spectral
contents, including the lack of energy around 600 Hz. This means that the two frequency bands observed
on the TLS events are likely due to the instrument responses and not to the signals themselves. Frequency
corners are therefore at higher frequencies and cannot be computed.

Figure 3e shows the timing of the seismic events with respect to the variations in fluid pressure. Although the
seismicity started with a SE event, the first 250 s of signals are totally dominated by TLS emissions, with only
few SEs. After that, no TLS are recorded and several swarms of SE occurred, associated with the increase of
fluid pressure before step 15 and toward the end of every pressure step (Figure 2). The first swarm
occurred when the fluid pressure was still high, but two thirds of the SEs were recorded during shut-in
(after step 15). This suggests that, once the seismicity is starting, the failures in the medium seem to be
self-maintaining. The LP events appear toward the end of the TLS period. Interestingly, these events seem
to be associated with small fluid pressure drops and are present until the last pressure step (Figures 3e and 2).

4. Discussion on Seismicity and Fault Hydromechanical Response

The aim of our proximal seismological monitoring was to identify the potential seismic signatures during
fluid injection directly in a fault. As only three seismic sensors, with their own frequency bands of response,
were used, it is not possible to derive a full quantitative analysis of this seismicity, including source

Figure 2. (top) Variations of the fluid pressure (in red) during the injection (numbers correspond to the imposed pressure
steps except number 15 which marks the onset of seismicity), cumulative number of seismic events (in green) extracted
using a threshold applied on the seismic energy, and cumulative seismic energy (in blue). (top) Seismic signals recorded by
the Z component of Vel2 geophone (see location in Figure 1a).
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properties (e.g., location and mechanisms). Moreover, as spurious frequency response appears as low as
600 Hz, scaling laws such as frequency corner relationships cannot be investigated either. However, this
experiment presents near-field measurements with unprecedented detail that reveal the complex
behavior of a fault zone response to a local fluid pressure perturbation. Different types of seismic signals
have been recorded, with specific signatures, which can be compared to ones observed on volcanoes
[Chouet, 2003], reservoirs [Das and Zoback, 2013a, 2013b], seismogenic faults, and landslides [Peng and
Gomberg, 2010]. The SEs especially show a classical earthquake behavior suggesting that they are
generated by rapid slip along small (< m) fractures. The frequency content is, however, much higher,
with frequency corner above 600 Hz, corresponding to the failure on submetric patches. On the other
hand, the narrow-frequency bands of the LPs and their links with the fluid pressure drops might imply
that these events are related to fluid processes in the volume surrounding the injection zone. They
might be analogous with the LP events observed on volcanoes [Chouet, 2003] or in reservoirs [Tary et al., 2014]
and commonly interpreted as fluid-filled cavity resonance. Recently, Das and Zoback [2011, 2013a, 2013b]

Figure 3. (a–c) Signals and spectrograms (Vel2, Z component) of the tectonic, TLS, and LP events, respectively. (d) Frequency spectrum smoothed using a median
filter sliding windows of the displacement of the three types of seismic events and the background noise (displacement). (e) Pressure variations, seismic signals, and
spectrogram in the 1200–1600 s time windows. Note that, on the spectrogram, the bands at frequencies multiple of 50 Hz are due to electrical noise.
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observed tremor-like signals of long period and long duration during hydraulic stimulation of shale-gas
reservoirs. These works show that these unusual events are remarkably similar in appearance to tectonic
tremors observed in seismogenic zones [Das and Zoback, 2011]. Our signals also bear a striking resemblance
even if the ruptures size in our experiment is much smaller, leading to a much higher frequency content of
the seismicity (corner frequency above the spurious frequencies of the sensors). Unfortunately, the limited
number of sensors and their low-frequency response prevent to compute accurately spectral properties of
these events. Nevertheless, the lack of resonating patterns and the presence of energy in the very low
frequency bands suggest that a fluid resonance process, such as observed on volcanoes [Chouet, 2003], is
not suitable. On the contrary, the long duration and the waveforms of the TLS that we observed suggest that
a mechanism of slow-slip failure might be viable. TLS signals might therefore be compared to tectonic
tremors associated with slow slip in seismogenic regions (> km) [Ide et al., 2007; Peng and Gomberg, 2010]
and LPLD (Long Period Long Duration) events observed at decametric scale during hydraulic fracturing
operations in a shale-gas reservoir [Das and Zoback, 2013a, 2013b].

Figure 4a shows that the fault activation evolves from an initially aseismic response until the maximum
injected pressure of 3.5 MPa (step 15 in Figures 2 and 4a) to the transition to seismic mode. The fault
opens in good accordance with the change of effective stress state induced by the injection. The aseismic
deformation is characterized by a maximum slip of 0.3 × 10�3m associated to an intense opening of
0.5 × 10�3m. During this period, the dilation of the fault exceeds the fault slip. It corresponds to the period
when pressure is increased step by step at the injection point. At the transition to seismic displacement,
the deformation mode switches, and slip exceeds twice the dilation as 1.2 and 0.6 × 10�3m, respectively.
This transition occurs at the maximum pressure of 3.5MPa, when some pressure transient drops of ~ 0.1 MPa
are observed.

In order to determine the evolution of stresses on the fault during slip and fluid diffusion associated with
injection, we used 3-D hydromechanical modeling. The 3DEC code [Itasca Consulting Group, Inc., 2003] (see
supporting information) was employed to represent the fault by a slip plane in an elastic medium
(40m×40 m×60m) (Figure 4b). For simplicity, fault initial hydraulic and mechanical properties are
considered homogeneous. The principal stresses measured in situ at the depth of the experiment are
applied to the six boundaries of the model. The field experiment is simulated by imposing at a point

Figure 4. (a) Measured and calculated fault movements and stress at the injection point (from pressure step 12 to 16); (b) three-dimensional view of the fault with
shear stress variation calculated at the onset of seismicity in the experiment (pressure step 15); and (c) calculated changes in effective normal and shear stress as
function of fault slip at point M reached by the pressurized patch at step 15.
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source (grid point called “injection” in Figure 4b) the time-dependent pressure step increase measured in the
injection hole (Figure 2). To simulate variation in frictional resistance during sliding, a friction-weakening law
(see supporting information) was employed with a reduction of the friction coefficient from an initial peak
value (0.6) to a residual one (0.4) when the frictional resistance exceeded (friction was allowed to decrease
over a 0.8 × 10�4m critical slip distance representing the roughness of the fault). Fluid pressure gradient
and viscous forces associated with fluid flow are represented through the fault only (i.e., the surrounding
medium is impervious). Model results reproduce reasonably well the measured fault displacements
(Figure 4a). Simulations indicate that, at the onset of the seismicity (step 15), the slipping patch has a
diameter of about 30m, reaching the control point “M” located 25m below the injection point and the
seismic sensors (Figure 4b). We did not attempt to make an exact match of simulated and experimental
data (indeed, the observed discrepancy is related to the simple homogeneous properties affected to the
fault) but rather tried to obtain a reasonable agreement to the general evolution and magnitude of data.
Consequently, we focused on identifying the transitions between elastic and inelastic slip, and fault
activity after step 15 that covers the most intense period of seismic activity shown in Figure 2. The model
shows that when seismicity occurs, pressurized fluids flow in a relatively large slipping area of the fault
characterized by a shear stress change of 0.4 to 1.2 MPa (Figure 4b). At the boundaries of this zone
invaded by pressurized fluids, an accumulation of the shear stress occurs, with values comprised between
1.4 and 1.6 MPa.

The evolution of the shear and effective normal stresses as a function of fault shear displacement at the injection
point and control pointM shows that there is a strong effective normal stress decrease controlled by fluid pressure
injection during the initial aseismic period (Figures 4a and 4c). The effective normal stress drop is lower at point M
than at the injection point because of the lower fluid pressure variation at this point located 25m below the
injection. Before step 14, shear stress initially accumulates at point M with small elastic displacement and while
the injected pressure has not reached this point. There is no inelastic slip on the fault at this time because the
finite stiffness of the fault produces a nonzero elastic shear displacement. After step 14, a progressive decrease
of the shear stress occurs until the fault stops slipping. Seismicity occurs when shear stress drops with
magnitude of 0.5 to 0.6 MPa. Two competing mechanisms occur during the period of steps 14 and 15: (1) a
reduction of effective stress related to the diffusion of increasing fluid pressures from the injection point, and
(2) slight increase of shear stress (0.1 to 0.3 MPa) at the pressure front. Interestingly, at point M (25m below
injection point), this small shear stress increase is sufficient to exceed the fault strength and promote friction
weakening (from 0.6 to 0.4). During the seismic period, a slip amplitude of about 0.5×10�3m can be
produced. This slip is associated with a shear stress drop of 0.1 MPa at a distance of several meters (25 to 34m)
from the injection source, into areas slightly pressurized by injection. Thus, after step 15, the slipping patch may
have reached a critical size, large enough to induce a sufficient weakening at its boundaries to control further
slip and seismicity during shut-in when changes in fluid pressure are small (step from 15 to 21). The shear
stress change thus shows how evolving slip and fluid pressure transfer shear stress to the rupture front,
promoting further slip. Meanwhile, within the slipping zone, shear stress drops between 0.1 and 1 MPa are
consistent with observations of tectonic earthquakes [Scholz, 2002]. The seismicity induced by this slip might
occur directly on the fault or in the surrounding medium. One hypothesis is that the TLS are generated by slow
slip on the fault, while the microseismicity occurred on surrounding small fractures to accommodate for the
main fault displacement. However, this interpretation should be checked by locating the seismic events. This
experiment, therefore, shows different fault seismic responses, from stable, aseismic deformations to slow slip
with tremors sequences, as well as to fast, unstable slip with microearthquakes.

All our observations indicate that the observed seismic signals are likely generated by shear motions due to
the high-fluid pressure within the fault during hydraulic stimulation. This result is in accordance with other
studies on faults that document triggering mechanisms of seismic signals (tremors, microearthquakes, etc.)
controlled by high-fluid pressures and associated weakening [Thomas et al., 2009; Shelly, 2015].

5. Conclusion

Thanks to a proximal monitoring (meters) at high frequency of a fluid injection directly into a fault, we
identified three types of seismic signals: microearthquakes (SE), tremors (TLS), and long period (LP) events,
respectively. Our interpretation suggests that the combination of these different signals might be a proxy
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to fault hydromechanical evolution to instability. Indeed, microearthquakes combined with tremors might
reflect weakening of the fault frictional properties in and at the boundaries of the pressurized patch that
we deduced from hydromechanical modeling of experimental data. Our experiment especially shows how
coupled high-fluid pressures and fault weakening may drive a fault zone to a complex seismic sequence,
highlighting the importance to monitor the diversity of the seismicity in the near field of the source to
investigate accurately the slip instability processes.
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