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Summary

Fluid injections can trigger seismicity even on faults that are not optimally oriented for reactivation,
suggesting either sufficiently large fluid pressure or local stress perturbations. Understanding how
stress field may be perturbed during fluid injections is crucial in assessing the risk of induced seismicity
and the efficiency of deep fluid stimulation projects. Here, we focus on a series of in-situ decametric
experiments of fluid-induced seismicity, performed at 280 m depth in an underground gallery, while
synchronously monitoring the fluid pressure and the activated fractures movements. During the
injections, seismicity occurred on existing natural fractures and bedding planes that are misoriented
to slip relative to the background stress state, which was determined from the joint inversion of
downhole fluid pressure and mechanical displacements measured at the injection. We then compare
this background stress with the one estimated from the inversion of earthquake focal mechanisms.
We find significant differences in the orientation of the stress tensor components, thus highlighting
local perturbations. After discussing the influence of the gallery, the pore pressure variation and the
geology, we show that the significant stress perturbations induced by the aseismic deformation (which
represents more than 96 % of the total deformation) trigger the seismic reactivation of fractures with
different orientations.

Keywords: Induced seismicity — Geomechanics — Earthquake source observations — Rheology and
frictions of fault zones
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l. Introduction

The last decades have shown an large increase of the seismicity induced by fluid injections in the
context of industrial activities in oil and gas extraction, geothermal energy production, or CO;
sequestration (Ellsworth, 2013; Elsworth et al., 2016; Healy et al.,, 1968; Rutqvist, 2012). In fact,
between 2008 and 2014, the massive injection of waste-water in the US mid-continent has led to a
~10-fold increase in the seismicity rate for events with M,>3.5 (Ellsworth et al., 2015). Similarly,
seismicity has been observed during different geothermal activities like in Reykjanes, Iceland
(Gudhnason, 2014), Basel, Switzerland (Deichmann & Giardini, 2009), Soult-sous-Foréts, France
(Cuenot et al., 2008) or Pohang, South Korea (Grigoli et al., 2018). Moreover, a causal link has been
established between fluid injections and the occurrence of aseismic motion (Cornet et al. 1997, Evans
et al. 2005, Guglielmi et al. 2015, De Barros et al. 2016, Duboeuf et al. 2017). Aseismic motions were
observed at large scale in geothermal fields, like for example in Soultz-Sous-Foréts, France (Calo et al.,
2011; Cornet et al., 1997), in Geysers, California (Martinez-Garzén et al., 2013) or in Brawley, California
(Wei et al., 2015). Several observations and in-situ experiments suggested that fluid injections
primarily induced important aseismic motions, and seismicity by stress transfer (Guglielmi et al. 2015,
Duboeuf et al. 2017, De Barros et al. 2018, Eyre et al. 2019, De Barros et al. 2019).

The number and magnitude of the induced earthquakes, as well as the seismic/aseismic partitioning
(Avouac, 2015; De Barros et al., 2019; Cornet, 2016) depend on the stress state on the faults
(Bhattacharya & Viesca, 2019; Galis et al., 2017; Snee & Zoback, 2016; Wynants-Morel et al., 2020)
among other parameters. At relatively shallow depth, the stress field may be assessed by borehole
measurements (Zang & Stephansson, 2010). For example, Zoback et al. (1985) estimated the in-situ
stress orientation using borehole breakout. Combined with observation of drilling-induced tensile
fractures, the minimum horizontal stress magnitude can be determined (Hickman & Zoback, 2004),
whereas density logs allow computing the vertical stress. Haimson and Cornet (2003) proposed a
protocol (HTPF protocol) to determine the stress tensor from leak-off tests conducted on pre-existing
natural fractures. Because they require measurements in boreholes, such stress determination
methods are technically challenging at large depth and they may be influenced by the stress
perturbations in the borehole nearfield. Alternatively, the inversion of earthquake focal mechanisms
allows the computation of the principal stress components orientation (e.g. Martinez-Garzdn et al.,
2016), with a resolution depending on the number and spatial distribution of the seismic events.

In fluid injection areas, a discrepancy between the stress states obtained by hydraulic and seismic
methods is often observed (Dorbath et al., 2010; Schoenball et al.,, 2014). In Soultz-sous-Foréts
geothermal field, this difference might be explained by the scale of the stimulated volume, as focal
mechanism inversion covers a larger stimulated volume than the one considered using borehole
measures (Dorbath et al., 2010). Nevertheless, in the same case study, Schoenball et al. (2014) suggest
that the stress states computed from focal mechanisms are not representative of the initial stress state
existing before the injection. They conclude that borehole determination methods as well as focal
mechanisms-based methods may reveal local stress perturbations.

Stress perturbations observed during fluid injections can be induced by a range of physical features
and processes including geological heterogeneities, fluid overpressure or aseismic motion. The
geological heterogeneities influence —in particular fault zones —was underlined, among others (Shamir
& Zoback, 1992; Valley & Evans, 2010), by Faulkner et al. (2006), who showed that the contrast of
mechanical properties across a fault zone induces a rotation of the stress field. Studies also show that



fluids can trigger the reactivation of structures mis-oriented to slip in the regional stress state, as for
example the main fault on which Ubaye Vallée (France) seismicity occurred (Leclére et al., 2012).
Among others studies, Altmann et al. (2014) and Kim & Hosseini (2017) underlined the role of high
stimulation pore-pressure in perturbating the stress state in a large stimulated volume. Using a
geomechanical modeling approach, Jeanne et al. (2015) related stress perturbations deduced from
focal mechanisms inversions (Martinez-Garzoén et al., 2013) to changes in fluid injection rates in the
Geysers geothermal field (USA). Finally, Schoenball et al. (2014) suggested that an important aseismic
motion induced a stress-state rotation during the fluid injections in the GPK2 borehole in Soultz-Sous-
Foréts.

Characterizing local stress perturbations is thus a key for proper design of a successful stimulation
program and for mitigating the risk of induced seismicity in engineering fluid manipulations in deep
reservoirs. In this paper, we compare stress state deduced from earthquakes focal mechanisms with
the one deduced from borehole hydraulic tests. These methods, which have been demonstrated
individually in several field studies, are combined here to infer the stress within the same stimulation
volume and during the same fluid injection tests.

We use data from a controlled induced seismicity experiment at a decameter scale conducted at 280
m depth in a horizontal gallery intersecting a fractured limestone reservoir. The seismicity induced by
11 injection tests was previously analyzed by Duboeuf et al. (2017). Here, we focus on the focal
mechanisms in order to determine which geological structures were re-activated during the injections.
The earthquake mechanisms are then inverted to reconstruct the stress state. In parallel, the injection
borehole displacements continuously monitored during the tests give insights on the stimulated
fractures movements which are coupled to stimulation pressures to estimate the static stress tensor
using a hydromechanical approach. We compare the hydraulic-based and the focal-mechanism-based
stress estimations and we discuss the influence of the tunnel, geology and fluid injection in the
observed differences. We conclude that the large aseismic motion measured during these experiments
could have triggered significant local stress rotations, resulting in reactivation of misoriented
structures.

Il Experimental settings
a. Experimental settings and previous results

The experimental site is located in the Southeast of France sedimentary basin (Figure 1, Jeanne et al.,
2013), within the Low Noise Underground Laboratory (LSBB, http://Isbb-new.prod.lamp.cnrs.fr) in

which galleries allow a direct access to unaltered cretaceous limestone. We conducted the
experiments in a horizontal gallery at 280 m depth where five 20-m long vertical boreholes were drilled
in a fractured zone (Figure 1). Eleven fluid injection tests were performed from boreholes B2 and B3
(Figure 1) in different geological structures (fractures, faults, bedding planes) using a hydromechanical
probe called SIMFIP (Guglielmi et al. 2013). The probe was composed of two inflatable packers
surrounding a 2.4 m-long injection chamber centered on the selected geological structures that we
aimed to reactivate during the fluid injection. The probe continuously measured the water pressure,
the water temperature and the 3D borehole wall deformation at the injection point, with an accuracy
of 0.001 MPa, 0.1 °C, and ~5 um respectively. A high-resolution network of 24 accelerometers and 9
geophones assured the seismic monitoring. Sensors, located at 4 to 35 m from the injections both on
the gallery floor and in the boreholes, scanned a frequency range from 10 Hz to 5 kHz. Thus, induced
seismicity, fluid pressure and flowrate, and mechanical deformations were continuously monitored
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during the injections (Duboeuf et al., 2017).
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Figure 1 (a) Location of the injection tests and seismicity in a North-South cross-section, adapted from Duboeuf et al. 2017.The
colored stars and dots indicate the fluid injection and seismic locations, respectively, colored by test number (Tests 1 in cyan,
2inred, 3 in green, 5 in grey, 6 in white, 7 in dark grey, 8 in pink, 9 in dark blue, 10 in orange and 11 in black). The 5 vertical
boreholes are represented by the blue lines. The inset on the left shows the location of the LSBB facility. (b) is a core sample,
showing the BP (dark blue) and F1 (cyan) structures where Test 2 was performed between 6.2 m and 8.6 m depth. The red
rectangle shows the position of the injection chamber. (c) Stress-state of the known geological structures (colored stars) in a
3-D Mohr-Coulomb diagram. The grey line represents the rupture for a friction coefficient of 0.4 within the geological stress-
state (Guglielmi et al. 2015) and the 3 half-circles the stress tensor.

Here, we present a brief summary of the data processing and interpretation, detailed in Duboeuf and
al. (2017). Out of the eleven tests, seven tests (tests 1, 4, 5, 6, 7, 8 and 10) did not induce significant
seismicity. We focus on the four tests (tests 2, 3, 9, 11) in which 215 seismic events were identified.
137 events, with moment magnitude lying between -4 and -3.1, were absolutely and relatively located
within 1.5 m accuracy. They were found at 1 to 12 m from the injections, suggesting a lack of events
at the injection point. Moreover, irreversible deformation was measured for all tests at the injection
point. A comparison between the seismic energy and the aseismic deformation shows that more than
96% of the induced deformation occurs aseismically. Both the number and the magnitude of seismic
events strongly vary among the tests. Such discrepancy was related to the injected volume when
corrected by the amount of aseismic deformations (De Barros et al., 2019). Moreover, the seismic



event distance-to-the-injection variation with injection time does not follow a conventional fluid
diffusion law, suggesting the presence of additional effects from other mechanisms related to the
observed strain or stress perturbations. From these observations, Duboeuf et al. (2017) proposed that

fluid injections drive an aseismic motion that triggers the seismicity.

b. Geology of the stimulated fracture zone
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Figure 2 Fault planes and rake distribution, colored by the main geological families: BP (blue), F1 (cyan), F2 (green), and F3
(orange). (a) shows the poles of the main geological structures crossing the injection intervals. (b) shows the poles of the nodal
planes of the seismic mechanisms. The colored dots and squares show the interpreted fault and the secondary nodal planes,
respectively. Mechanisms without clear geological interpretation are left in grey. (c) is identical to (b) but gathered by fracture
families. (d) presents the rake histogram colored by geological structure families. Note that stereographic projections are
presented from the lower-hemisphere view, with equal angles.

The experiments took place within the damaged zone of a kilometric normal fault, oriented NO30°-85°,
that cuts 1-to-5 m thick carbonate layers (Jeanne et al., 2013). This 20 m thick fractured zone contains
secondary faults and 1-to-10 m long fractures (Jeanne et al., 2012). The core samples and the boreholes
optical logs (Figure 1b) allowed identifying four main families of geological structures intersecting the
injection intervals (Figure 2.a) : (1) bedding planes oriented N110° to 135° with a dip angle between
20° and 35°SW (BP), (2) fractures oriented N10° to 30° and dipping 70° E or W (F1), (3) fractures
oriented N90° with a dip from 20° to 50°S (F2) and (4) fractures oriented NO° and dipping 45°E (F3).
Without considering the structure extensions, these families represent (BP) 26.8 %, (F1) 41.4 %, (F2)



22 %, and (F3) 9.8 % of the identified geological structures (Figure 2.a). All the tests are crossed by F1
structures (Table 1). BP family is not observed in test 3. Finally, Tests 9 and 11 contained few F2 and
F3 structures, respectively.

Table 1: Summary of injection depth, identified geological structures, maximum injection fluid pressure and percentage of
aseismicity per seismic injection test (Duboeuf et al. 2017).

Test Test Geological structures Maximum Aseismic
injection Location injection percentage (%)
(depth — borehole) pressure (MPa)

Test 2 7.5 m depth — B2 BP, and F1 structures. 4.86 97-99.9

Test 3 9.5 m depth — B2 F1 structures 53 80-99.9

Test9 14 m depth — B3 BP, F1 and F2 5.93 98-99.9
structures

Test 11 3.5m-B3 BP, F1 and F3 5.89 94-99.9
structures

1. Stress state estimation from hydromechanical measurements

The stress state using aseismic fracture displacements and water pressure was computed following
the protocols on dislocation analysis during fluid injection and its application to stress inversion
developed by Kakurina et al. (2020a, 2020b). The protocol is based on picking the main slip vectors on
the test interval fractures, from the continuous SIMFIP borehole displacements recorded during a
stimulation test. The main slip vectors correspond to the highest measured slip rates. They may or may
not correspond to a seismic event. The rake and plunge of these vectors on the reactivated fracture
planes is the starting point for estimating the stress state from a single injection test. The continuous
pressure and flowrate records of the SIMFIP probe allow to estimate the normal stress of the activated
fracture. Itis assumed that the slip vector and the normal opening corresponds to the same activated
fracture. The vertical stress exerted on the activated fracture is determined independently by
calculating the overburden stress at the depth of the fracture using known density of the carbonate
formation (Cochard, 2018). The protocol then searches for the reduced stress tensors, i.e. principal
stress orientation and relative magnitude, that are compatible with the slip direction on the
reactivated fracture. These reduced stress tensors define the shape of the stress ellipsoids. To
determine the magnitude, i.e. sizes of the stress ellipsoids, the protocol searches for the stress
ellipsoids that fit the ratio of the normal and vertical stresses on the fracture. The final stress tensors
that match all the measurements are resampled by the Monte Carlo method to estimate uncertainties
(Walker et al., 1990).

Slip vectors, for the Tests 2, 3, 9 and 11, are oriented 319°/49°, 299°/55°, 105°/69° and 299°/56°,
respectively, and are aligned with the structures F1 (Figure 3). Except for Test 3, these slip events
occurred before the seismicity. The normal stress from the flowrate-vs-pressure curve was estimated
as1.7,4.5,3.2 and 1.7 MPa for Tests 2, 3, 9 and 11, respectively. The vertical stress of 5.7-5.8 MPa was
calculated considering the limestone average density of 2.4 g/cm® and 280 m depth for Tests 2, 3, 9
and 11 (Figure 3). The principal stress orientation and the magnitude between all the tests and with
the background stress previously estimated by Guglielmi et al. (2015) give the following full stress
tensor : the maximum principal stress g; = 6 + 0.4 MPa is sub-vertical and dips 80°S+5; 0, =5 +



0.5 MPa is sub-horizontal and oriented N20° + 20°; and o3 = 3 + 1 MPa is sub-horizontal and
oriented N110° + 20° (Guglielmi et al. 2015).
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Figure 3 Stress inversion from the hydromechanical data of tests 2, 3, 9 and 11. Upper line shows orientation of the mean
principal stress directions (stars) and principal stress uncertainties (small points) determined using the Monte Carlo method.
The displacement vector picked in the measurements and projected on the test activated plane. Lower line shows the
magnitudes of the principal stresses with the 95 % confidence interval (line) and the mean principal stress magnitude (stars).
Blue color corresponds to oy, green to a,, and red to o5.

Iv. Stress state estimation from focal mechanisms
a. Method

The focal mechanisms were determined by inverting the first motion polarities of the P-waves. The
signal-to-noise ratio allows an unambiguous picking of this polarity on at least 8 stations for 58 events.
The inversion was performed using HASH software (Hardebeck & Shearer, 2002, 2003) which
integrates errors on the observed polarities, on the event locations (azimuth and take-off angles), and
on the velocity model. A set of several possible focal mechanisms is generated using a grid-search on
the focal sphere. The preferred focal mechanism is the average of all the possible azimuths, dips and
rakes. Uncertainties on the nodal planes are estimated from the root mean square deviation between
the preferred focal mechanism and the possible set of solutions.

Even though earthquakes induced by fluid injections may have a non-double-couple component in
their focal mechanisms (Julian et al., 1998; Rutledge et al., 2004), we neglected it and assumed a
double-couple (DC) mechanism as the non-DC component is usually observed to be only a very small
percentage of the rupture (Godano, 2009) and the DC component inversion has shown to be stable
even if a small volumetric component is neglected (Sileny & Vavry¢uk, 2000).

The earthquake focal mechanisms indicate the fault plane orientation and the slip direction. Assuming
the stress field is homogeneous within the considered rock volume and the seismic events slip in the
direction of the shear stress on the fault plane, focal mechanisms are used to determine the principal
stress field directions by minimizing the difference between the shear stress direction and the seismic
event slip directions (Hardebeck & Michael, 2006).

Here, we used a MATLAB package called MSATSI for MATLAB Spatial And Temporal Stress Inversion
(Hardebeck & Michael, 2006; Lund & Townend, 2007; Martinez-Garzon, Kwiatek, Sone, et al., 2014). It
is based on the Formal Stress Inversion (FSI) method, which is solved by a linearized least-square
inversion (Martinez-Garzén, Kwiatek, Ickrath, et al., 2014). A damped inversion is applied on the focal



mechanism dataset, which can be spatially and temporally gathered into smaller subsets. The inversion

provides the principal stress orientations and the uncertainties, estimated using a bootstrap
resampling method.

b. Focal mechanisms and geological structures

The focal mechanism of 58 events (i.e. 42% of the located events), with magnitude ranging between
-3.1 and -4.0, were computed (Figures 2.b.c.d and 4). The mean uncertainty on the nodal plane
orientation reaches ~35°. Focal mechanisms show a wide variety of solutions, particularly between the
injection tests. They are dominated by reverse motions (Figures 2.d and 4) but they also show normal
and strike-slip motions (Figure 4).
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Figure 4 Focal mechanisms solution colored by test number (with Tests 2 in red, 3 in green, 9 in dark blue and 11 in black) in
(a) a map view, and within the (b) depth-north direction. The figure (a) shows the focal mechanisms with a beach ball
representation. Colored dots indicate the event locations. The white and grey areas show the gallery floor and walls. The grey
circles show the borehole locations. The figure (b) presents the focal mechanisms into the Depth-North direction. The colored
stars indicate the injection test locations. The grey plane shows the gallery floor. Finally, the main identified geological

structures that intersect the injection intervals are shown as colored planes (blue for the BP, cyan for the F1, green for F2, and
orange for F3).

In order to identify the fault planes from the secondary nodal planes, we compare the focal
mechanisms (Figure 2.b) with the geological structures identified in the area (Figure 2.a). Assuming a
reduced uncertainty of 20° on the azimuths and 15° on the dip, 31 of the focal mechanisms have one

nodal plane that can be linked to one of the main geological families (Figure 2.b). These nodal planes,
interpreted as fault planes are related to geological structures as following:

e 7 events (i.e. 22.6 % of the events with identified fault planes) occurred on BP,
e 10events (i.e.32.2 %) onF1,

e 6events(i.e. 19.4 %) on F2,

e 8events (i.e. 25.8 %) on F3.



Therefore, focal mechanisms highlight that all known geological structures have been re-activated
during the experiment, whatever their orientations toward the stress state. The comparison between
the percentage of reactivated fractures with the percentage of identified fractures (Figure 5.a) shows
that the reactivation percentage of structures F1, F2 and BP is roughly proportional to their percentage
of existence in the medium. Nevertheless, F3, which is less present in the medium shows a larger
percentage of reactivation, as discussed later when comparing fracture orientation and stress state.
The large heterogeneity in the distribution of the second nodal plane for F1, F2 and F3 families suggests
a heterogeneity in the slip motions which is confirmed by the rake distribution (Figure 2.d).
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Figure 5 (a) Percentage of reactivated fractures in function of the percentage of fractures into the medium. (b) Stress ratio
versus the reactivation angle 0y between o, axis and the fault plane for the four main fracture families (stars) that are
reactivated. This figure is adapted from Sibson (1985), with 6, * the optimal reactivation angle and the grey area showing the
unfavorably fault orientation. In both panels, BP is dark blue, F1 is cyan, F2 is green and F3 is orange. (c) Stress state of the
known geological structures (stars) and seismic events with a determined focal mechanism (dots) in a 3-D Mohr-Coulomb
diagram. The grey line represents the rupture for a friction coefficient of 0.4 within the geomechanical stress state (Gugliemi
et al. 2015) and the 3 half-circles the stress tensor.

c. Stress state

From the focal mechanisms, we then aim at determining the stress state (Table 2). First, all the focal
mechanisms are inverted together assuming a homogeneous stress field (Figure 6.a). The large
uncertainties on the principal stress underlines a poorly constrained solution. In order to test the
solution stability, random perturbations are applied on the focal mechanisms by adding uncertainties
up to 35° for the strike and up to 15° for the dip. Then, the stress state inversion is performed 100



times on catalogs with those random perturbations. The mean solution is almost (+ 5°) identical to the
first solution, which validates it. Thus, the inversion leads to the following stress orientation:

e the maximum stress g; (blue dots, Figure 6.a) is subvertical and dips 80°E. However, it could
be more horizontal because of the poor azimuth constraint in the East-West direction.

e The intermediate stress, o, (green dots), is sub-horizontal and oriented N260° + 45°.

e The minimum principal stress g3 (red dots) is also sub-horizontal and oriented North-South
(N175° + 45°).
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Figure 6 Stress states from the focal mechanism inversion. The stress fields are determined by inverting (a) all focal
mechanisms; (b) focal mechanisms gathered by common locations, in a North-Depth cross-section; (c) focal mechanisms
gathered by injection tests. The principal stress directions are indicated by the diamond symbol with the specific color: blue
for a4, green for ,, and red for a;. The smallest points are the output of the bootstrap resampling used to determine the
uncertainty range, while the diamonds show the best solution. To compare with from the stress states obtained from
hydromechanical computation, the principal stress directions are represented by the star symbol.

This stress state therefore shows an inversion of the two horizontal components, compared to the
stress state determined by Guglielmi et al. (2015) and by the hydro-mechanical inversion (Figure 3).
Such a 90° rotation could indicate a change between ¢, and g5 —i.e. (g,; 03) become(as; 03)-, which
will be likely if their magnitudes were closed. Here, the large difference between o, and g3 magnitudes
(3 and 5 MPa, respectively, Guglielmi et al. (2015)) requires a strong perturbation of either their



amplitude or their orientation. Moreover, this solution is not well-constrained, as highlighted by the
very large uncertainties. A possible explanation can be found into a non-homogeneous stress field in
the experimental area. We therefore look for spatial variations of the stress field.

The state-of-stress is thus computed at 5 locations along the North-South main trend of events location
(Figure 6.b, 1 and 4). Events are gathered on points located at 2, 6, 10, and 14 m depth and on B2 or
B3 boreholes, according to their closest location. A variation of the stress tensor orientation with depth
is observed:

e at 2 and 6 m depth, o; is sub-vertical while o3 and o, are sub-horizontal, approximately
oriented N180° + 45° and N90° + 30°, respectively. These stress orientations are quite similar
to the one obtained from the inversion of all focal mechanisms. This is consistent with the fact
that 64 % of the seismicity occurred between the gallery floor and 8 m depth.

e at 10 m depth, o; rotates from subvertical to N135° + 20°, dipping ~55° = 7° SE. 05, and o3
rotate to N290° + 20°, dipping ~45° + 7° NW and to N40° + 30° sub-horizontal, respectively.

e at 14 m depth, o7 is oriented N140° + 20° dipping 40° £ 10°SW. g, is sub-horizontal N240°
30° and g5 dips 85° + 5°NW.

Table 2 Regional stress state and stress states determined using the full set of focal mechanisms, or subsets gathered by
depth or test. Dipping angles are considered as subhorizontal when smaller than 10°.

Stress state 04 0, 03

Regional, computed by | Subvertical, dips 80° | Subhorizontal, Subhorizontal,

Guglielmi et al. 2015 N20° £ 20° N110° £ 20°

Whole area (Figure 6.a) | Subvertical, dips 80° | Subhorizontal Subhorizontal

N260° £ 45° N175° £ 45°

Between gallery floor

and 8 m depth (Figure | Subvertical, dips 80° | Subhorizontal Subhorizontal

6.b) N90° £ 30° N180° £ 45°

Tests 2 and 11 (Figure

6.c)

14 m depth (Figure 6.b) | N140° £ 20°, Subhorizontal Subvertical,

Test 9 (Figure 6.c) dip 40°SW + 10° N240° + 30° dips N85°+ 5°NW

10 m depth (Figure 6.b) | N135° + 20°, N290° + 20°, Subhorizontal
dips 55°SE+ 7° dips 45°NW+ 10° N40° £ 30°

Test 3 (9.5 m depth, | Subhorizontal Subhorizontal Subvertical, dip 80°

Figure 6.c) N200° £ 45° N290° £ 40°

We then determine the stress state individually at Tests 2, 3, 9 and 11, using a minimum of 6 focal
mechanisms to perform each inversion (Figure 6.c). Tests 2 (7.5 m depth), 9 (14 m depth) and 11 (3.5
m depth) display stress states identical to the stress states previously deduced et 6, 14 and 2 m depth
(Figure 6.b), respectively. Stress determined for the Test 3 differs from the one determined at 10 m,



but it is badly constrained. We conclude that stress-state computed by event locations or by tests
sequence are similar, probably because most of the events gather around their injection area (Figures
1 and 4).

The shallower stress states and Tests 2 and 11 show a 90° rotation of the horizontal stress compared
to the stress field inferred from geomechanical data; and the deepest test (9) highlights a g, and o3
inversion in addition of the 90° rotation of g,. The stress state appears to be heterogeneous within the
experimental site and characterized by changes with depth and/or tests.

V. Comparison between the focal mechanism and the hydromechanical approaches for the
estimation of stress

Stress deduced from focal mechanisms inversion differs from stress deduced from displacement-
pressure inversion (hereafter referred as geomechanical stress state). We observe a heterogeneity of
the seismic-deduced principal stress orientations with depths and/or with the injection tests. In
comparison, the principal stress orientations deduced from the hydromechanical approach are very
consistent between tests.

a. Reactivation fractures and geomechanical stress field

III

We first consider the “geomechanical” stress state to calculate the potential for slipping on preexisting

geological structures using equation 1 (Sibson, 1985):

1+ puscotan(6g) _ oy _ 01— Py

= (1)

R =
1— ustan(6r) o3/ 03—Pf’

where Pf is the pore pressure, u; the friction coefficient (here, 0.4 as determined by Jeanne et al.
(2012) and 8y the angle between the fault plane and g, axis. 85 is computed for all structure families,
and equation (1) solutions are plotted in Figure 5.b, which indicates whether structures are well,
unfavorably or extremely mis-oriented to slip in the regional state-of-stress.

Within this stress field, the intermediate stress (g,) direction belongs to F1 and F3 fault planes (with
angles of 0° and 13°, respectively). Thus, with 8; angles of about 23° and 44° and a ratio R of ~2
(equation 1), F1 and F3 structures are well oriented to slip and a low pore pressure of ~0.7 MPa is
required to induce slips. It may explain why they are the most reactivated structures (~32 % and ~26
%, respectively, Figure 5.a). However, although these structures should slip in a normal motion, only
half of the observed mechanisms are normal (Figures 2.d and 4).

Figure 5.b indicates that the other geological structures are either unfavorably oriented to slip, like F2,
or extremely misoriented, like BP. The angles 8y of about 70° and 65° lead to R ratio of -10 and 8.3 for
BP and F2 respectively. Moreover, g5 is within BP and F2 fault planes, as the angle between the fault
planes and o3 direction is of 5.7° and 11°, respectively. Rupture should be therefore driven by g; and
05. In this case, applying equation 1 leads to a pore pressure of 5.1 MPa and 4.9 MPa, respectively for
BP and F2, in order to reach failure, which is in the range of the maximum injected pressure during
Tests 9 and 11 (5.9 MPa). Considering the fluid pressure decays with the distance to the injection point,
itis not likely to be above 5.1 MPa where events occurred (1.5 to 12 m to the injection). Finally, BP and
F2 structures are also reactivated during Test 2 during which the maximum injection pressure is 4.8
MPa. Consequently, fluid pressure during the injections was not high enough to induce failures on
those structures under the assumption of a constant and homogeneous stress state, suggesting that
perturbation of stress is required to allow misoriented fractures to slip.



The stress state that applies on all fractures are represented in a shear stress versus normal stress plot,
together with the Mohr-Coulomb criterion (Figure 1c and Figure 5c). The normal and shear stress are
computed using the Cauchy equation (Jaeger et al., 2009) within the regional stress-state of Guglielmi
et al. (2015). It confirms our analysis, showing that while F1 and F3 are relatively well-oriented to slip
into the geomechanical stress state, BP and F2 present a strong misorientation for reactivation.
Therefore, a fluid pressure of ~5 MPa is required to reach the rupture on these structures.

b. Tunnel and Spatial heterogeneity of the stress field

As the experiments were performed close to a gallery, the tunnel might have influenced local
perturbations of the stress state in the so-called Excavation Damage Zone (EDZ, Shen & Barton 1997,
Eberhardt 2001, Kaiser et al. 2001). In the EDZ, the vertical stress can be reduced, yielding to a sub-
vertical o3 and a sub-horizontal o;. However, the computed stress state highlights sub-horizontal o5
and sub-vertical oy. This ~0.5m thin damage zone observed on cores might not be enough to
perturbate stress in these hard carbonate rocks even relatively close to the gallery. Consequently, the
cavity presence cannot explain the stress state changes with depth.

In addition, fluid injections are realized in the damaged zone of a normal fault, which presents a high
geological heterogeneity. Faulkner et al. (2006) showed that fault structures could drive to a rotation
of the stress field, because of the heterogeneities of mechanical properties across the fault zone.
However, in our experiments, the injections were all at a similar, relatively large distance (~20 m) from
the fault core. So the same stress fault perturbation should influence all the tests. At a smaller scale,
similar geological structures are identified at the different injection points. It not likely that they may
induce different stress state at a few meters distance. Therefore, the stress heterogeneity may be
associated to the different tests, and not to the seismicity locations. As most of the events gather
around the injection points, the differences due to the different tests are also visible with depths.

c. Scales effect between the seismic and geomechanical approaches?

The seismic mechanisms correspond to small, decimeter-scale ruptures (De Barros et al., 2019;
Duboeuf et al., 2017). The seismic method relates the stress to dislocations on these very localized
activated structures, most of them being meters away from the injection source. The geomechanical
approach associates the local direct measurement of the slip on a fracture at the injection source with
the injection pressure. It appears that whatever the orientation of the activated structure is, there is a
consistent estimation of the stress tensor’s orientation and magnitude compared to the seismic
approach which highlights a high variability. Main difference is that the geomechanical approach uses
slow rupture which correspond to relatively large displacement magnitudes representative of pluri-
meter fracture pressurized patches. The seismic approach relies on micrometric displacement on small
decimeter scale rupture patches given the low magnitude of the events (Huang et al., 2019). This might
explain why there is much more variability of the stresses deduced from seismicity since they may be
more sensitive to local heterogeneities such as discontinuities roughness, friction and critical slip
distances. Besides our previous work (Guglielmi et al. 2015, Duboeuf et al. 2017, De Barros et al. 2018)
showed that aseismic displacements were preceding seismicity, and that events were triggered at and
beyond the fluid pressure front. This was related to the shear stress perturbation at the front
(Wynants-Morel et al., 2020), which might be the one deduced from the current focal mechanisms
approach.

d. Aseismic motion



In addition — as neither the fluid pressure nor the presence of the geological heterogeneities directly
explain the reactivation of misoriented structures —the large aseismic deformation which continuously
varies during the test sequence is an obvious link between stress deduced from seismicity and stress
deduced from pressure and displacement. Tests 2, 9 and 11, which contain the misoriented BP and F2
structures, are characterized by more than 96 % of aseismic motion. This aseismic deformation induces
stress perturbations at least tens of meters around the pressurized zone and through mixed mode
rupture mechanisms (Guglielmi et al. 2015, Wei et al. 2015, De Barros et al. 2018, 2019, Cappa et al.
2019).

At the scale of our experiments, induced seismicity may thus be representative of the stress
perturbation induced by aseismic movements on preexisting fractures. Oppositely, the stress state
determined from pressure-displacement data might figure a stress state representative of the scale of
the stimulated pressurized volume. For the different tests, the amplitude and the direction of the
aseismic deformation differ, as the structures in which the fluid is injected differs. It is likely to explain
why the reconstructed stress field varies among tests. As the stress field is perturbated in response to
the aseismic motion, structures that were misoriented in the regional stress field may, then, be well
oriented to slip, with a limited fluid pressure. This has been suggested in Soultz-Sous-Foréts
geothermal field, when fluid injections were performed in GPK2 borehole. Schoenball et al. (2014)
proposed that the stress state change deduced from induced earthquakes was due to the strong
aseismic motion mentioned by Calo et al. (2011). Similarly, in the Brawley geothermal field (California,
USA), a strong aseismic motion was recorded on geodetic instruments preceding the seismicity
occurrence and specially two large earthquakes with magnitude greater than 5 (Wei et al. 2015).

We here propose that fluid injections trigger the aseismic motion which then induces stress
perturbation. These stress perturbations allow reactivating fractures with different orientations.
Consequently, a significant part of the measured induced seismicity may reveal local stress
perturbations more or less distant from the fluid injections. Therefore, for small event magnitudes, the
stress state inferred from the focal mechanisms may not be representative of the regional initial stress
state, but its heterogeneity may highlight the presence of strong aseismic deformation. At a reservoir
scale, heterogeneities in the stress field may also suggest that aseismic deformations trigger seismicity,
as suggested by Schoenball et al. 2014 during an injection in Soultz-Sous-Foréts. However, while small
events may show heterogeneous mechanisms due to stress perturbations, large earthquakes, with size
comparable or larger than the size of the pressurized zone, are likely to be compatible with the regional
stress state. Therefore, stress heterogeneities may be visible at very local scales for small magnitude
events and they may be masked when averaged at the full reservoir scale. Such statement should be
however validated and tested on different reservoir injections by comparing stress-state determined
from hydro-mechanical measures in deep boreholes with stress state from seismic mechanisms at
different scales.

VI. Conclusion

Here, we studied the seismicity and stress perturbations during a series of fluid-injections performed
at 280 m depth in selected geological structures of a carbonate fractured reservoir zone. Comparing
the seismic mechanisms with the main geological structures observed in the area, we observed that
all fractures families were reactivated, including those that are badly oriented toward the regional
stress state. The stress states reconstructed from the inversion of focal mechanisms always differ from
the one determined through hydro-mechanical measurements at the locations of the injection. When



using event subsets, we observed that the reconstructed stress states vary with depth and/or tests.
The fluid pressure or the geological heterogeneities cannot explain the heterogeneity of the stress field
and the reactivation of misoriented structures deduced from the induced earthquakes focal
mechanisms. Therefore, we propose that the strong aseismic deformation, precisely measured at the
injection, temporarily modifies the stress state, which allows seismic events to be triggered on a large
variety of structures, initially misoriented, inside and around the stimulated volume. The perturbed
stress fields deduced from seismic mechanisms might then be a qualitative probe of aseismic
deformation.
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