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Poroelastic stress relaxation, slip stress transfer
and friction weakening controlled post-injection
seismicity at the Basel Enhanced Geothermal
System

Auregan Boyet 1235 Gjlyia De Simone?, Shemin Ge® > & Victor Vilarrasa® 23

Induced seismicity is a limiting factor for the development of Enhanced Geothermal Systems
(EGS). lts causal mechanisms are not fully understood, especially those of post-injection
seismicity. To better understand the mechanisms that induced seismicity in the controversial
case of the Basel EGS (Switzerland), we perform coupled hydro-mechanical simulation of the
plastic response of a discrete pre-existing fault network built on the basis of the monitored
seismicity. Simulation results show that the faults located in the vicinity of the injection well
fail during injection mainly triggered by pore pressure buildup. Poroelastic stressing, which
may be stabilizing or destabilizing depending on the fault orientation, reaches further than
pressure diffusion, having a greater effect on distant faults. After injection stops, poroelastic
stress relaxation leads to the immediate rupture of previously stabilized faults. Shear-slip
stress transfer, which also contributes to post-injection reactivation of distant faults, is
enhanced in faults with slip-induced friction weakening.
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development of geothermal energy, which is a key low-carbon

technology to reach mid-century net-zero carbon emission
targets!. In Enhanced Geothermal Systems (EGS), a fluid is cir-
culated through a newly created and/or stimulated fracture net-
work carrying heat through fluid circulation to the production
well, increasing the generation of electricity. Seismicity of small
magnitude (M <2) is in general observed, especially during the
stimulation phase, in which a massive fluid injection is performed
to enhance the permeability of pre-existing fractures such that the
flow rates are sufficient for geothermal power production. This
injection-induced seismicity has occasionally reached magnitudes
large enough to be felt on the surface?. Felt induced earthquakes
are undesirable not only because they may injure people and
damage buildings and infrastructure, but also because they cause
a negative effect on public perception that may lead to project
cancellation, as occurred at the EGS projects at Basel,
Switzerland?, and Pohang, South Korea*. For these two cases, an
intriguing common characteristic of induced seismicity by EGS
stimulation is that the largest earthquakes take place after the stop
of injection, when the induced seismicity potential is supposed to
decrease because pore pressure drops.

Following these and other cases of poorly-understood induced
seismicity™®, the last two decades of research activity have
extensively discussed the existence of multiple triggering
mechanisms, including pore pressure buildup, poromechanical
stress changes, and aseismic or seismic slip stress transfer’~10, By
increasing the pore pressure, the effective normal stress acting on
pre-existing fault surfaces, and consequently the shear resistance,
reduces and may induce slip on these surfaces!!. Despite being
the most common causal mechanism, pore pressure buildup may
not be the only cause of induced seismicity, and in some cases
large increases in pore pressure would be required to reach failure
conditions. During hydraulic stimulation, fluid injection alters the
pore pressure and temperature of the rock. The low temperature
of the injected fluid (compared to the in-situ temperature) pro-
gressively cools down the vicinity of the injection well, becoming
particularly significant during long-term fluid circulation!2.
Poroelastic stresses propagate much ahead of the pressurized
region and can trigger seismicity at large distance from the
injection well!314, Because these stresses are anisotropic, they can
improve or worsen the mechanical stability of pre-existing faults
depending on fault orientation!>~17. Moreover, fluids flowing
along preferential pathways have an anisotropic impact on the
local stress tensor, leading to more pronounced anisotropy in the
poroelastic stress redistribution!8.

Pore pressure diffusion is also considered as a mechanism of
post-injection induced seismicity!”>1%, as pore pressure continues
to propagate in the reservoir after the stop of injection. Earth-
quake interaction is another potential mechanism2°, The stress
variation caused by shear slip activation near the injection well
may promote failure on nearby faults. This shear-slip stress
transfer may be the result of both seismic and aseismic slip.
Aseismic slip generated by pore pressure diffusion may precede
seismic slip21-22 and its associated shear-slip stress transfer may
seismically reactivate nearby or distant faults, including faults
placed outside the pressurized area after injection stops3, like in
the case of the underground gas storage of Castor, Spain!. Yet,
the cumulative stress transfer due to small events near the
injection well is often insufficient to explain the reactivation of
nearby or distant faults24-20. In some cases, only the combination
of slip-induced stress redistribution, poro-thermo-elastic effects,
pressure diffusion and fault weakening may explain the seismicity
observed in the post-injection period!®27. Additionally, fluid
injection impacts the geomechanical properties of the rock,
especially in the fault zones which concentrate preferential flow

I nduced seismicity represents one of the main obstacles to the

paths. The activation of both seismic and aseismic shear slips
degrades the fault frictional properties because part of the aspe-
rities at the fracture walls are deteriorated?8. This slip weakening
further reduces the frictional resistance, promoting additional
fault slip. Models taking into account this slip weakening allow to
reproduce seismicity with larger events than models without
friction weakening?®. The above-mentioned processes are highly
influenced by the local stress field, fracture distribution and
connection, rock mechanical properties, hydrologic factors and
historical natural seismicity, which makes it a complex phe-
nomenon to understand in detail?.

Despite the progress in deepening the understanding of these
processes, the ultimate causes of the high-magnitude post-injec-
tion seismicity remain not fully understood. In particular, the
causes of the post-injection seismicity at the Deep Heat Mining
Project at Basel (Switzerland) are not clear. During hydraulic
stimulation in December 2006, event magnitudes up to M;2.6
were recorded. Operations were then stopped, but an event of
My 3.4 (Mw 2.95) occurred 5 hours after shut-in in the stimu-
lation well3. Subsequently, the well was bled off, i.e., the wellhead
was opened and hydrostatic pressure was imposed along the well.
This felt post-injection induced seismicity led to the abandon-
ment of the project. Numerous conjectures and studies have been
developed since then to explain the observed seismic response,
most of them focusing on pressure and stress redistribution
consequent to fluid injection. Pressure diffusion has been shown
to be the causal mechanism for part of the seismicity occurred
during injection at Basel. Mukuhira et al3? compared the
injection-induced pressure build-up, estimated by considering a
homogeneous domain, with the critical pressure required for fault
failure®!. Similarly, Terakawa et al.3? and Terakawa33 used the
observed seismicity and critical pressure considerations to map
the overpressure distribution in three dimensions, which was
obtained exclusively by invoking the existence of preferential
diffusion through pre-existing faults. They found that the inferred
pressure is consistent with the wellhead pressure history. How-
ever, the values of overpressure necessary to explain seismicity are
often unrealistically high and they only partially explain the co-
injection seismicity. Slip-induced stress redistribution as a trig-
gering mechanism at Basel EGS has been highlighted by showing
that the seismicity rate is correlated with the interactions between
seismic events?3435 It has been suggested that co-injection
induced seismicity was triggered by pore pressure diffusion!?,
while stress redistribution dominates in the post-injection
induced seismicity>®. Andrés et al.3® proposed a conceptual
poroelastic 3D-model of fault reactivation to evaluate the
potential causal mechanisms of induced seismicity at Basel.
Although this was the first attempt to reproduce the seismicity at
Basel acknowledging coupled hydro-mechanical (HM) effects,
Andrés et al.3 were only able to reproduce the temporal evolu-
tion of reactivation of a conceptual single fault plane. Moreover,
the respective role of the different mechanisms and their com-
bination were not deeply analyzed. After more than 15 years from
the halting of the Basel EGS operations, a description of the main
triggering mechanisms at Basel to reproduce the spatio-temporal
observation of seismicity is still missing.

In this study, we simultaneously simulate pore pressure diffu-
sion, poroelastic stress redistribution and shear slip-induced
stress interactions, to understand their impacts on induced seis-
micity during and after injection at Basel. We build an explicit
faulting model which is based on the seismic observations at
Basel, and we solve the coupled HM problem associated with the
hydraulic stimulation. We aim at identifying the mechanisms
responsible of failure at different reservoir locations. We analyze
the role of pressure diffusion, poromechanical stressing, stress
variation due to shear slip activation and friction weakening
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Fig. 1 Geometry and conditions of the model. a Plan view of the location of seismic events at Basel, sorted by clusters according to Deichmann et al.3’.
Colors correspond to different clusters as indicated by the numbers. b Model setup showing geometry, fault network and boundary conditions. The central
black dot represents the injection well and the gray area the damaged zone. Initial values of principal stresses and pore pressure are indicated, along with
the boundary conditions of constant pressure prescribed at the outer boundaries (represented by the crossed circle) and no displacement perpendicular to
the boundaries (represented by the triangles). Note the b represents the central region of the model containing the faults, but that boundaries are actually
at 950 m away from the well. The direction of shear slip is also indicated for each fault. ¢ Pressure evolution in time at the well location, according to Haring

et al.3 (see inset in Figure b).

consequent to shear slip activation, on the activation of post-
injection seismic activity.

Modeling approach

Conceptual model. We reproduce the setting of Basel EGS by
building a numerical model of fluid injection into a fault network
embedded in the crystalline basement. The network geometry is
based on the interpretation of the seismic event clustering per-
formed by Deichmann et al.3”. The faults are explicitly repre-
sented in our model, reproducing the pre-existing faults in the
reservoir that were seismically activated (Fig. 1b). The faults may
reactivate in shear mode as a result of water injection, but we
disregard fracture creation or propagation during the hydraulic
stimulation. The model domain consists of a plane strain 2D
horizontal section intersected by a vertical injection well. This
simplification of the reservoir is supported by the long open-hole
section of the injection well (more than 300 m) and by the fact
that most of the monitored events exhibits a focal mechanism
with strike-slip movement and vertical dip?37-38. These condi-
tions imply that poroelastic stress and deformation are constant
along the depth and that plane-strain conditions can be assumed
on a horizontal section. We solve the fully coupled HM problem
to estimate the pore pressure and stress variations, as well as fault
reactivation, both during injection and after the stop of injection,
including the bleed-off period after shut-in.

Pore pressure diffusion, poroelastic stressing and shear-slip
stress transfer are analyzed as potential causal mechanisms of
induced seismicity. Initially, we assess fault stability with purely
hydraulic considerations, i.e., neglecting poromechanical effects.
The direct effects of pore pressure diffusion on the stability of the
faults are determined by applying the critical pressure theory3l.
For each fault, the critical pressure, P, corresponds to the
maximum pressure value that the fault can sustain before
reaching failure conditions, as expressed by

P,=o0,— 1,

4
where o, and T are, respectively, the normal and shear stresses
acting on the fault and y is the friction coefficient. The normal

(1

and shear stresses define the fault slip tendency, and are
calculated from the orientation of the fault and the regional
stress field, which is assumed to remain constant during injection.
The friction coefficient y is an intrinsic property of the fault,
which typically takes values around 0.6 in crystalline rocks3?. At
Basel, since there are data of the onset of induced seismicity of
each fault, i.e., fault activation, we can calibrate which is the actual
friction coefficient y, (the friction coefficient being the tangent of
the frictional angle ¢) for each fault. The obtained critical
pressure szp from the calibrated friction angles results in values

that are more coherent with the pressure buildup and observed
induced seismicity (Table 1). We compare the numerically
simulated pressure variations in the vicinity of the faults with
their critical pressure values to identify the direct impact of pore
pressure diffusion on fault reactivation.

Following this simplified analysis, we analyze the fully coupled
HM stress variation and consequent failure conditions in two
modeling scenarios with elastic and visco-plastic fault mechanical
behavior, respectively (for additional details see the Methods
section). In the elastic scenario, fault deformation is reversible,
and the shear displacement is small with no permanent static
stress transfer and inversely proportional to the fault stiffness. In
the visco-plastic scenario, faults respond to a Mohr-Coulomb
failure criterion. When failure conditions are met, irreversible and
abrupt shear slip occurs, with consequent irreversible stress
redistribution, i.e., shear-slip stress transfer. The comparison of
the two scenarios allows us to distinguish the effects of poroelastic
stress from those of shear-slip stress transfer.

Numerical model setup. The 2D geometry represents a hor-
izontal plane of 3.61 km? located at approximately 4630-m deep,
coinciding with the injection depth in the crystalline basement at
Basel. A set of faults is embedded in the rock matrix, with the
fault network derived from the induced seismicity registered in
the range from 3750 to 4750-m deep. We make use of the open-
data seismic catalog by Deichmann et al.37, which proposes a
clustering of events occurring during injection and short-term
post-injection stages that is based on their locations and focal
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Table 1 Characteristics and estimated parameters for each fault in the numerical model of the Basel EGS project.

Fault Strike (°) Dip (°) Rake (°) M, @ (®) P. (MPa) P‘w (MPa) Net slip (m) Slip area (m?)
A 160 88 —165 1.75 275 54 48 0.0087 1946

B 170 50 — 50 210 19.5 66 53 0.0212 14 236

@ 160 88 —155 2.95 24.5 59 49 0.0090 8 019

D 198 88 10 224 29 50 46 0.0124 846

E 206 71 — 43 1.91 29.5 50 48 0.0101 1403

F 200 85 14 1.75 28 52 47 0.0035 5308

G 204 48 - 22 1.99 30.5 50 49 0.0036 8 878

of induced seismicity for each fault, i.e., u, = tan(e). Net slip is calculated with Eq. (3).

M,, is the seismic event magnitude of the largest event of the cluster group associated with the corresponding fault. Friction angle ¢ is calibrated to reproduce fault reactivation occurrence. Critical
pressure P, is calculated with Eq. (1), using a friction coefficient of u = 0.6 (corresponding to ¢ =30°), while critical pressure P% using the friction coefficient that leads to failure at the time of the onset

Table 2 Hydro-mechanical properties of the materials
composing the numerical model.

Rock matrix Damaged zone Faults
Young's modulus, E (GPa) 52 50 43

Poisson’s ratio, v (—) 0.25 0.25 0.25
Permeability, k (m2) 7.5010-7  1.0010-14 230101
Porosity, ¢ (—) 0.01 0.01 0.1

mechanisms (Fig. 1a). We translate these clusters into fault planes
that constitute the fault network of the domain. From the 11
clusters proposed by Deichmann et al.>’, we simplify the fault
network into an equivalent network composed of 7 pre-existing
faults (Fig. 1b, Table 1 and Supplementary Table S1) by con-
sidering the microseismicity focal mechanisms, location, timing
and magnitude (see Methods section).

The granitic rock is described as a porous isotropic material
with linear elastic mechanical behavior. A damaged zone, with
diameter of 20 meters, with a higher permeability and a lower
stiffness surrounds the well to mimic an intensely altered region
(Table 2). Faults are represented by continuous material elements
with a thickness of 10 centimeters. For all materials, the values
assigned to the hydraulic and mechanical parameters are the
results of literature reviews and model calibration against field
data of injection rate, wellhead pressure and seismicity
activation®3”. In particular, we calibrate the permeability of the
rock matrix for a range from 10718 to 10716 m? and choose the
value with the best fit between the monitored induced seismicity
and pore pressure diffusion. The fault intrinsic permeability
varies with fracture aperture following the cubic law as faults are
deformed, with an initial value that is several orders of magnitude
larger than the rock matrix permeability. Large permeability
increase at the fault reactivation is important to model pressure
diffusion through the domain®’. The specific friction coefficient
for each fault is calibrated according to the slip tendency analysis,
which is performed using the regional stress field® and the focal
mechanisms (Table 1) to match the fault reactivation with the
monitored seismicity. In addition, a slip-weakening of the friction
angle of 5° is assigned to fault C.

We set the initial conditions as defined by Hiring et al.3, with
the maximum principal stress aligned with the y-axis after a
rotation of 36°, Sp,. having a strike of 144°N, and values of
stresses and hydrostatic pressure as indicated in Fig. 1b. Constant
pressure boundaries are set at 45 MPa, to match the hydrostatic
pressure. Yet, the nature of the hydraulic boundary condition
does not affect the results if pore pressure diffusion does not
approach the domain boundaries during the simulated time.
Normal displacement perpendicular to the boundary is

constrained to zero on all boundaries of the domain. The
temperature at the depth of the reservoir is 190°C and the
injection fluid is water. We assume iso-thermal conditions, i.e.,
the injected fluid is in thermal equilibrium with the reservoir. To
correctly reproduce the injection-induced overpressure of the real
3D domain into a 2D domain, we do not impose a fluid injection
rate at the injection well, but we directly assign pressure
variations as reported by Haring et al.3, after smoothing out the
oscillations for computing purposes (see Fig. 1c). At day 6 after
the start of the hydraulic stimulation, the well pressure is set to
45 MPa to reproduce the bleed-off.

Results
Comparison of modeled slip with Basel microseismicity. We
examine the spatial and temporal reactivation of the faults by
observing their visco-plastic deviatoric strain (eg,), which is a
measure of irreversible shear deformations. The temporal evolu-
tion of ¢, at three locations, at the center and close to the
extremities of each fault, is analyzed together with the cumulative
seismic moment, calculated (Eq. (4)) from the registered events3’
at the clusters associated with each fault (Fig. 2). ¢, variations are
observed during both co- and post-injection. For most faults,
there is a remarkable correspondence between the numerically
estimated values of ¢, and the cumulative seismic moment of the
cluster related to the fault, which highlights the ability of our
model to capture the seismicity observed at Basel EGS.

Faults A and C are activated during the injection period. Fault
A undergoes a progressive failure during co- and post-injection,
while fault C undergoes two failures during injection. To better
understand the role of friction weakening assigned to fault C, we
repeat the simulations disabling this option. We observe that fault
C fails only once if friction weakening is disabled (dashed lines in
Fig. 2), i.e,, the second failure does not occur. The effect of not
considering friction weakening in fault C on the behavior of the
other faults is significant for the multiple subsequent reactivations
of faults A and E, located next to fault C (Supplementary Fig. S1).
Ruptures occur both during and after injection for faults B and E,
while fault F exclusively fails during the post-injection period.
Values of visco-plastic strains at faults D and G are not large
enough to interpret them as fault failures. We compare the scales
of the numerically simulated displacements with the net slip
estimated from the recorded magnitude of seismic events (Table 1,
see also Methods) to verify the coherence of our model with the
seismicity of the Basel EGS. Although it is not straightforward to
differentiate between aseismic and seismic slip, the model
results are overall temporally and spatially consistent with the
monitored seismicity at Basel EGS?”. In Section 3.3, we analyze in
detail the different patterns of failure to identify the triggering
mechanisms.
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Fig. 2 Temporal evolution of modeled plastic strain, ¢, (solid lines), at different locations on each fault (represented by different colors as indicated in
the top-left plot), and of the cumulative seismic moment M, (gray solid lines) of the observed seismic events as reported by Deichmann et al.37. At
fault C, &, for the case without friction coefficient weakening is represented by the dashed lines. The vertical gray line represents the stop of injection at day

6. Note that the scale of the plastic strain is different for each fault.

Pore pressure diffusion. Injection-induced pressure build-up
spreads radially in the reservoir until reaching faults A and B,
which are located around the injection well and alter the radial
pressure propagation because they represent preferential path-
ways for pressure along their directions (Fig. 3a - observe the
change of pressure gradient corresponding to fault A on day 2 in
Fig. 3c). Pore pressure propagation is affected by the strain-
dependent permeability of the faults, which causes an irreversible
permeability enhancement up to four orders of magnitude upon
failure (see Supplementary Fig. S2). After the stop of injection and
subsequent bleed-off on day 6, pore pressure decreases drastically
in the reservoir tending to recover the initial hydrostatic value of
45 MPa (Fig. 3b). However, residual fluid overpressure continues
diffusing and it may trigger failure during the post-injection
phase, as shown by the pressure variations along a cross-section
at different times (Fig. 3c). Indeed, the peak of pore pressure
propagates farther in the reservoir, as shown at fault C, where
pore pressure is higher on day 8 than at the stop of injection on
day 6.

To determine the triggering role of pore pressure diffusion, we
compare the estimated critical pressure (Table 1) with the
pressure reached for each fault (Fig. 4). We observe that, in some
cases, the pressure increase is not sufficient to initiate rupture at
the time of the observed seismicity. For example, at fault A, the
critical pressure is only reached after 2 days of injection, whereas
the fault is activated at the start of injection. The extreme
situation of this case occurs in faults that are reactivated while the
critical pressure is not reached, e.g., faults B, C and E (Fig. 4). In
contrast, other faults are reactivated after the critical pressure is
exceeded. For instance, the critical pressure is reached at fault F
after 4 days of injection, but the fault is reactivated after the stop
of injection, at day 7. These observations highlight that triggering
mechanisms other than pore pressure buildup control induced
seismicity.

Stress variations. We focus on five faults and we analyze the
evolution of the effective normal stress o], and shear stress T
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Fig. 3c.

acting on these faults, which allow us to illustrate different rup-
ture patterns (Fig. 4). To facilitate the analysis, we show the
variations of stresses with respect to their initial values. The
failure potential along a given fault is expressed by the Coulomb
Failure Stress (CFS), calculated as*!

CFS = |1| — a;tan((p), (2)

where ¢ being the initial friction angle. CFS depends on the
stresses acting on the fault plane, and thus, on its orientation. A
positive CFS indicates that failure conditions are reached along
the fault. Here, we analyze the CFS variations with respect to the
initial conditions, ACFS, which illustrate the evolution of fault
stability, i.e., a fault becomes less stable when ACEFS is positive.
The elastic model indicates the effect of the poroelastic stressing,
while the differences between the visco-plastic and the elastic
models quantify the effect of the shear-slip stress transfer.

Both faults A and B undergo a significant increase of pore
pressure (5-10 MPa) due to their proximity to the injection well.
The pore pressure buildup leads to the decrease in the effective
normal stress in both the elastic and visco-plastic scenarios.
Concerning the shear stress variation, it is interesting to note that
in the elastic scenario, At is reduced during injection in fault A,
whereas it increases in fault B. However, the opposite occurs
when considering visco-plasticity of the faults as a result of the
shear stress drop that takes places during slip. Before failure
occurs, fluid injection causes a poromechanical response of the
rock in which the rock expands and, as a result, total stress

6

components increase accordingly. The lower portion of the block
of rock comprised between faults A and B, i.e., the half space with
negative values of the y-coordinate, which contains the central
point of these two faults whose results are plotted in Fig. 4, is
compressed against fault A. Such deformation promotes a right-
lateral movement of fault A (negative values of the shear stress)
and a left-lateral movement of fault B (positive values of the shear
stress). Since faults A and B undergo a right-lateral slip because of
their orientation with respect to the principal stresses, fault A is
destabilized by the poromechanical effect, while the upper part of
fault B is destabilized and its lower part stabilized (in which lower
and upper refer to the reference axis Y). This poromechanically-
induced destabilization of fault A explains why failure is reached
before its critical pressure is reached. The activation of shear slip,
and the consequent stress redistribution, amplify failure on fault
A (Fig. 2) and mitigate failure on fault B (compare the dashed and
solid green lines in Fig. 4). These opposite effects, despite the
similar orientation of the two faults, are due to the different
location of the faults with respect to the antisymmetric variation
of shear stress caused by poroelastic expansion (Fig. 5). Although
critical pressure is not reached on faults A and B at the time of
their activation, their rupture is mostly initiated by direct pressure
effects and partially by the poroelastic effects. Once failure is
initiated, shear-slip stress transfer plays a major role on fault
stability, as shown by the lower reduction in the effective normal
stress in fault B during the first two days of injection that
stabilizes it. Furthermore, slip causes the fault to open up because
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Fig. 4 Temporal evolution of effective normal and shear stresses changes (blue and yellow lines, respectively), Coulomb Failure Stress changes (green
lines) and pore pressure (red line) under elastic (solid lines) and visco-plastic (dashed lines) behavior at the central location of the selected faults.

The critical pressure for failure is represented by the horizontal dark red line.

The gray shadowed regions correspond to times with increasing ¢, for each

fault according to Fig. 2. Note that the scale of stress variation is different in each plot. The behavior of the rest of the faults is shown in Supplementary

Fig. S5.
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Fig. 5 Shear stress variation Az,, in the elastic scenario before and after

the stop of injection. Observe the spatial distribution of the poroelastic

stressing due to the injection-driven volume expansion during injection (a) and volume contraction during bleed-off (b and ¢), evolving as four
antisymmetric lobes with respect to the injection well (black dot). Positive shear stress indicates left-lateral movement.

of dilatancy, which causes undrained pore pressure drops that are
subsequently recovered by diffusion. These dilatancy-induced
pore pressure changes perturb the smooth evolution of pore
pressure, stresses and fault stability observed when only elasticity
is considered. Right after the stop of injection and subsequent
bleed-off, poromechanical effects vanish. Therefore, fault A
temporarily improves its stability and fault B fails for the second
time coinciding with the immediate stop of poroelastic volume
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expansion (see also Fig. 2). By bleeding off the well, i.e., opening
the wellhead and achieving hydrostatic conditions within the well,
poromechanical effects disappear almost completely, which may
be the cause of the sudden second reactivation of fault B.

Fault C reactivates twice at day 4 and day 5. Both reactivations
of fault C are due to pore pressure diffusion, poroelasticity and
stress transfer from faults A and E, as shown by the difference
between elastic and plastic Coulomb Failure Stress changes
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Fig. 6 Shear stress variation A1z, in the visco-plastic scenario at different times. a At day 5.8, fault B is affected by the injection. b At day 6.4, the rupture of
fault B induces stress transfer, and amplifies the stress redistribution caused by poroelastic contraction due to bleed-off. ¢ At day 6.7, fault F yields due to the
combination of the shear-slip stress transfer and poroelastic mechanisms. Observe the evolution of the positive small lobe from poroelastic stressing after the
bleed-off at day 6 that affects fault B. Note that the figure shows a close-up of the domain focusing on the area of interaction between faults B and F.

(compare the solid and dashed green lines in the Fig. 4). Fault E
fails for the first time during the injection and then twice during
post-injection. Pore pressure variations are not sufficient to
activate the fault, which is located outside of the pressurized
region (Fig. 3). Additionally, poroelastic expansion has a
stabilizing effect during injection because the induced right-
lateral shear stress (Fig. 4) opposes to the left-lateral slip
originated from the regional stress. On the other hand, elastic
Ac), slightly reduces and it tends to return to initial values after
bleed-off, without completely recovering because residual over-
pressure continues propagating. Resulting from these variations,
ACFS increases even after bleed-off and slightly starts decreasing
at day 9 in the elastic case. Stresses in the visco-plastic scenario
follow the same trends with a more complex behavior because
each failure on the fault itself causes a drop in shear stress, and a
drop in pore pressure that increases the effective normal stress,
both contributing to improve stability. To better understand the
role of shear-slip stress transfer, we run additional simulations in
which alternatively each fault is the only one following a plastic-
behavior, while the others follow an elastic behavior. We observe
that without slip activation on fault C, fault E does not reach
failure conditions. Overall, fault E is triggered by the combination
of poroelastic stressing and shear-slip stress transfer during
injection, and by the combination of stress transfer from the
distant fault C and the poroelastic stressing relaxation due to the
stop of injection and bleed-off in the post-injection stage.

Fault F is of special interest because it fails solely after the stop
of injection. Pore pressure reaches the critical pressure at day 4.
But similar to fault E, during the injection, poroelastically-
induced right-lateral movement opposes to the left-lateral slip
caused by the regional stress state and prevents the failure due to
the pore pressure increase. The first rupture of fault F, which
occurs 15 hours after the stop of injection, is caused by the
combination of poroelastic stress relaxation and shear-slip stress
transfer caused by the reactivation of fault B with the pore
pressure diffusion, as shown by the comparison with the
simulation in which only fault F has a visco-plastic behavior
(fault F never reaches failure conditions if fault B is not activated,
see Supplementary Fig. S3). Figure 6 shows the spatial evolution

of the shear stress 1., around faults B and F. The reactivation of
fault B creates a local shear stress variation at the tips of fault F
(Fig. 6b) that destabilizes it (Fig. 6¢). The rupture of fault F
stabilizes the fault due to the shear stress drop and an increase in
the effective normal stress caused by the dilatancy-induced pore
pressure drop. The second failure of fault F is caused by stress
transfer from the reactivation of a portion of fault B.

Discussion

We have revisited the intriguing case of co- and post-injection
induced seismicity at Basel EGS and we have identified the trig-
gering mechanisms by making use of coupled fluid flow and
geomechanics numerical simulations in a model that explicitly
includes a set of pre-existing faults based on in-situ observed
seismicity. We simulate fault reactivation, which is a necessary
condition for induced seismic events to occur, by considering the
non-elastic response of the faults. Despite a few simplifying
assumptions, simulation results are remarkably coherent with the
observed induced seismicity, both temporally and spatially. Our
results illustrate that accounting for poroelastic stressing and
non-elastic behavior, ie., shear-slip stress transfer, is crucial to
reproduce the reactivation of certain faults.

In general, pore pressure diffusion is accepted as the main
triggering mechanism in EGS. Yet, this vision may be over-
simplifying, leading to inaccurate forecasting of induced seismi-
city, especially of post-injection seismicity. We estimate values of
critical pressures which are similar to the ones proposed by other
studies>%-32:33, However, the simulation of the hydraulic stimu-
lation shows that pore pressure does not reach the critical pres-
sure for most of the faults. Thus, even though pore pressure
buildup has a direct effect on faults, especially in those in the
vicinity of the well, other triggering mechanisms are relevant and
should be taken into account to enable reliable estimates of
induced seismicity*2.

Poromechanical volume expansion exhibits a wider and faster
front than pore pressure diffusion during co-injection, in
accordance with previous works by Duboeuf et al.#® and
Krietsch et al.#4, This poroelastic effect, driven by fluid injection
that acts as a compressive loading, can improve or worsen the
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Fig. 7 Temporal evolution of the portion of each fault reactivated by the different combinations of triggering mechanisms. Faults G is not reactivated by

any mechanisms.

stability of faults depending on their orientation!”18. After the
stop of injection, and more pronounced if bleed-off is applied,
pressure gradients dissipate fast and poroelastic stress vanishes.
Therefore, faults on which stability is enhanced by poroelastic
stressing during injection are destabilized by volume contrac-
tion caused by bleed-off, e.g., faults B, E and F. The abrupt
decrease of pore pressure and poroelastic stress are responsible
for the immediate post-injection induced seismicity in certain
zones of the reservoir, e.g., fault F. Lastly, shear-slip stress
transfer affects the stability of nearby-faults and amplifies the
induced seismicity (Fig. 6). Catalli et al.3* suggested that the
seismicity rate in the post-injection period is higher when stress
transfer is taken into account than with pressure-induced
seismicity only, enabling a better fitting of the observed seis-
micity. Our study confirms this finding, as we observe that only
two faults in the vicinity of the well (faults A and B) fail when
stress transfer is neglected while shear-slip stress transfer is
required to reach shear failure conditions on the rest of the
faults. The combination of pore pressure diffusion, poroelastic
stress and shear-slip stress transfer!827 explains the fault rup-
ture patterns underpinning the co-injection and post-injection
induced seismicity at Basel. A quantification of the effects of the

reactivation capacity of each mechanism, or combination of
mechanisms, is presented in Fig. 7, where we estimate the
portion of each fault reactivated by direct pore pressure effects,
poroelastic effects, i.e., pore pressure changes and induced
poromechanical stresses, or the combination of poroelastic
effects and stress transfer during injection and post-injection
stages. To do so, we analyze the behavior of each fault mesh
element. If pore pressure, estimated by the hydromechanical
elastic model, reaches the critical pressure, we consider that
fault portion as reactivated by direct pore pressure effects. If the
Coulomb Failure Stress, estimated by the hydromechanical
elastic model, is positive, we consider that fault portion as
reactivated by the combination of pore pressure and por-
oelasticity. Finally, if a positive increment of the plastic strain is
estimated by the hydromechanical visco-plastic model (and if
the plastic strain has a value higher than le—3), we consider
that fault portion as reactivated by the combination of all the
mechanisms. Pore pressure has a major impact on the stability
of the faults located near the injection well before shut-in, and a
minor impact after shut-in. Poroelasticity affects a wider region,
but depending on the orientation and location of the faults, it
can promote (faults B and C) or hinder (faults A and F) fault
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reactivation. Note that fault F is reactivated if pore pressure is
considered as the only triggering mechanism. However, por-
oelasticity hinders failure because it stabilizes the fault. Static
stress transfer is responsible for the reactivation of faults that
are not destabilized by the effects of pore pressure and por-
omechanical stresses (faults C and E). Fault D does not have a
sufficient plastic strain increase and is not considered as reac-
tivated, even if pore pressure alone, and its combination with
poroelasticity could trigger fault reactivation. Post-injection
fault reactivations are due to the fact that poroelasticity vanishes
abruptly, and stabilization effects are quickly reversed; while
pore pressure still diffuses after shut-in (fault F). These
mechanisms are combined to the continuous stress redistribu-
tion from fault reactivation during and after the stimulation,
which trigger the post-injection induced seismicity.

Despite our modeling approach permitting to identify the
triggering mechanisms of the induced seismicity at Basel, simu-
lation results cannot fully explain the reactivation of all faults. In
particular, faults D and G, even though they reach failure con-
ditions in our model, present a plastic strain that is too small to
explain the observed cumulative seismic moment at these faults
(Fig. 2). For the rest of the faults, the spatio-temporal evolution of
faults reactivation correlates well with the observed seismic
events. Yet, the largest event, which occurred at fault C shortly
after the stop of injection, is not captured by our numerical model
that reproduce two reactivations at times earlier than the reported
ones in the injection stage (Fig. 2). This is probably due to our
simplification of the fracture network into a few faults. It is
possible that aseismic slip occurred on smaller fracture connect-
ing the seismogenic faults, but no data is available to confirm this
hypothesis. Our model identifies that multiple reactivations of
fault C only occur with a slip-weakening friction, but the weak-
ening, and reactivation of the real fault may have obeyed to a
behavior different than just the linear strain-weakening assumed
in our model.

For faults A, B, E and F, our 2D hydromechanical model of the
Basel EGS is able to qualitatively reproduce the timing of fault
reactivation. Although the adopted constitutive visco-plastic
model does not allow to quantify the seismic magnitude, we
compare the observed cumulative seismic moment with the
numerically estimated plastic strain, which is proportional to slip
and, therefore, to the moment magnitude. Interestingly, the
temporal evolution of the numerically estimated plastic strains
qualitatively corresponds to the one of the observed seismicity for
most of the faults. Therefore, our results are relevant to identify
the triggering effects of the multiple processes represented in
the model.

Another simplification of our modeling resides in the adoption
of a 2D domain. Although the monitored seismic events —
exhibiting focal mechanisms with strike-slip movement and
vertical dip — combined with the long open-hole section of the
injection well — ensuring that overpressure field and poroelastic
deformation are constant along the depth - suggest that a 2D
horizontal section that crosses the vertical faults is reasonable to
represent fault reactivation, static stress transfer is limited by this
assumption. Indeed, stress redistribution from fault slip and
earthquake-interactions are more complex in a 3D domain than
in a 2D model. Improvements of our model could be achieved by
modeling the 3D geometry of the fractured network, but such
representation is extremely computationally challenging.

This novel analysis of the induced seismicity at Basel provides a
substantial step forward in the general understanding of the phy-
sical processes that induce seismicity in the context of EGS
hydraulic stimulation. Fault failures occurring during and after
injection are located close to the well and farther away in the
reservoir, respectively. Pore pressure diffusion and poromechanical

stress combined are the main triggering mechanisms during
injection. Poromechanical effects extend farther and faster than
pressure diffusion during injection (Fig. 8b). Furthermore, por-
oelastic stresses, depending on fault orientation with respect to the
injection well, stabilize or destabilize faults during injection, and
cause the opposite effect after the stop of injection as they rapidly
diminish with pore pressure drop. After the stop of injection, pore
pressure continues to advance further, leading to pore pressure
increase far away from the well, which may induce some seismic
events. Shear-slip stress transfer becomes dominant after the stop
of injection, especially in faults far away from the injection well
(Fig. 8¢). In brittle rock, like the crystalline rock that is the target of
most EGS projects, faults may present a slip-weakening friction,
which may enhance the magnitude and frequency of induced
seismic events?. An analysis of the real-time monitored seismicity
could allow calibrating the actual friction angle of the reactivated
faults to improve the accuracy of the predictions of the reservoir
stability. This improved understanding of the causal mechanisms
of induced seismicity in EGS will contribute to have a better
forecasting capability of induced seismicity and to come up with
stimulation protocols that mitigate induced earthquakes, which are
key points for the widespread development and management of
geothermal projects.

Methods

Fault network. To construct the geometry of the fault system, we use the Basel
seismic database provided by Deichmann et al.%7, in which different seismic events
are grouped on the basis of their focal mechanism, location and timing of occur-
rence. We assume that each cluster corresponds to a fault plane obtaining a net-
work of 11 faults with different orientations and locations. To simplify the
geometry, we combine a few clusters on the basis of similarities of focal
mechanism, location and timing. This operation is applied to two sets of three
clusters each, which allows us to reduce the original network of 11 faults to a
simplified network of 7 faults (Supplementary Fig. $4 and Supplementary

Table S1). To the representativeness of this simplification, we compare the failure-
induced static stress redistribution in the simplified fault system and in the original
fault system, i.e., in which each cluster is represented by a fault. We use
Coulomb346:47 to calculate the static stresses induced by fault slip according to
linear elastic behavior of rock. A net slip d is imposed on each fault plane, cal-
culated as*®

MU
= (©)]
where G = E/(2(1 + v)) is the shear modulus, which we assume to equal 21 GPa, E
is Young’s modulus, v is the Poisson ratio, and A is the area of the slipping surface
of the fault plane, which we estimate from the seismic cloud of the cluster. M, is the
moment magnitude of the largest event of the cluster, derived from the magnitude
of the seismic event M,,, and calculated by*’

M, = 1015M,,+6.07 (4)

Results of the slip-induced stress variation in the simplified and original systems
are comparable, which confirms the effectiveness of the simplified fault network to
model the case of Basel EGS (see Supplementary Fig. S4). Next, we simplify the
three-dimensional model to a two-dimensional one by considering the projection
of the cluster surfaces on the two-dimensional plane. It should be noted that
Coulomb?3 considers three dimensions, thus comparisons with the shear-slip stress
transfer estimated by the two-dimensional HM numerical model have to be made
carefully. Similarly, we can only qualitatively compare the net slip estimated
through Eq. (3) (Table 1) with the shear slip displacements calculated by the HM
numerical simulations to verify the consistency of the HM model.

Hydro-mechanical problem. We calculate the stress and pore pressure variations
consequent to fluid injection by means of CODE_BRIGHT, a Finite Element
Method (FEM) simulator that solves the fully coupled hydro-mechanical
problem®0. Faults are modeled by finite-thickness elements, yet governed by a
Mohr-Coulomb failure criterion together with a friction law. To reduce compu-
tational effort, we assume this continuum approach instead of an interface model
with discontinuous displacement. The two methods may lead to equivalent results
if a correct parametrization is performed*2°!. The mechanical governing equation
to be solved is the momentum balance for the medium, expressed by

V.e+b=0, 5)

where ¢ is the stress tensor and b is the vector of body forces. The hydraulic
governing equation is the mass balance of water, which for a fully saturated porous
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transfer, respectively, before, during and after injection in a simplified generic fault network. The black dot in the center represents the injection well.

d-f Mohr circles illustrating the stress state of the faults at each stage. a At initial conditions, faults F1 and F2 undergo right-lateral slip while fault F3

undergoes left-lateral slip (dashed arrows), in accordance with the maximum (o) and minimum (65,) horizontal stresses. b During injection, pore pressure
diffuses in the vicinity of the well. Poroelastic stressing extends farther and faster, and it exerts an inversed stress than the initial shear stress on F2 and F3,
which are thus stabilized during injection. Combined with pore pressure, poroelastic stressing triggers the reactivation of F1, with the decrease of normal
stress and the increase of the shear stress (e). Subsequently, F1is stabilized by the shear stress drop (¢ and f). After the stop of injection, the pore pressure
front continues to diffuse, while poroelastic stress relaxes (¢). This change of direction leads to the increase of shear stress at the previously stabilized F2
and F3, which reach the failure envelope (f). The shear-slip stress transfer due to the reactivation of F2 affects F3, emphasizing the poroelastic effects until

reaching failure.

medium is expressed by
oP 0
— V.q=f" 6
B3, T ootV a=1" ®)

where ¢ is the rock porosity, B is the fluid compressibility, ¢, represents the
volumetric strain, and f" is an external supply of water. q is the water mass flux and
is expressed by Darcy’s law

q=f§(vpfpg)., @)

where y and p are the fluid viscosity and density, respectively, g is the gravity vector
and k is the rock intrinsic permeability, considered as isotropic. The intrinsic
permeability of the intact rock is considered to be a function of porosity by means
of Kozeny’s model
3 2
k=k, > 00T ®)
=9 ¢,

with k, and ¢, being the reference values for intrinsic permeability and porosity of
the rock matrix, respectively. Fault permeability variations are instead calculated as
a function of the undergone deformations, adopting the “embedded model” pro-
posed by Olivella and Alonso®2, with fractures defined by their aperture embedded
in a continuous finite element composed of rock matrix. The model assumes that
variations of permeability are proportional to the square of the fault aperture
variation, in agreement with the cubic law.

The coupling between Egs. (5) and (6) is built through the elastic constitutive
law, which relates stress tensor, o, strain tensor, € and pressure as

Ao = Ke,I + ZG(s - %"I) — AP, ©

where K = E/[3(1 — 2v)] is the rock bulk modulus and I is the first invariant of the
stress tensor. While the intact rock is assumed to follow the standard linear
elasticity model, the fault elements may present a non-elastic behavior according to
a visco-plastic constitutive law, following a Mohr-Coulomb failure criterion, as

expressed by

de of

P
L =r{oF)=2, (10)
dt < ( )> do’
where & is the visco-plastic strain, I' is the fluidity set at 1.00E—4 s~ IMPa—™, Fis
the yield function, £ is the flow rule and ®(F) is the overstress function, which are
defined as

F =0, -sing(n) + [cose - %sine‘ singa(n)] T —c(n) - cose(n), (1)

E=a- 0, siny + <cos€ — %sin@-sinw) - \/]_2 - c(q) - cos u/(r/), (12)

0, ifF<0

, 13
F", if F>0 a3)

O(F) = {

where ¢ is cohesion equal to 2 MPa, 7 is the weakening parameter of 0.01, « is a
parameter for the plastic potential set at 1, J, is the second invariant of the
deviatoric stress tensor and y is the dilatancy angle, set at 3° for the faults. The
invariants of the equations are 0,,,, the effective mean stress, and 6, Lode’s angle. m
is a constant power to define the overstress function, set as 3 in the model. Fault
elements are deformed elastically until stresses reach the shear yield surface (F = 0).
When the yield surface is exceeded the fault begins to slip irreversibly, but stresses
are allowed to remain beyond the yield surface for a range determined by the
overstress function. To reproduce the degradation of frictional resistance
consequent to the shear slip, we apply a friction weakening on fault C. The friction
coefficient decreases linearly from the initial value, ¢/, to the residual one, @',
over a critical shear strain 7"
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gainit, T’]SO
‘P(ﬂ) =9 o™+ W” " n, 0<np<ny*. (14)
¢Y€S7 I/I* Sﬂ

The described model is able to reproduce the HM response to fluid injection
and the activation of shear slip along the pre-existing fractures in the network.

Data availability

The associated data is available at the repository DIGITAL.CSIC (https://digital.csic.es/
handle/10261/275833). All numerical simulations, the presented results and findings of
this study can be reproduced by the provided data.
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