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Induced seismicity poses a challenge to the
development of Enhanced Geothermal Systems
(EGS). Improving monitoring and forecasting
techniques is essential to mitigate induced seismicity
and thereby fostering a positive perception of EGS
projects among local authorities and population.
Induced seismicity is the result of complex
and coupled thermo-hydro-mechanical-chemical
mechanisms. Injection flux and pressure are crucial
controlling parameters for both hydraulic stimulation
and circulation protocols. We develop a methodology
combining a hydro-mechanical model with a
seismicity rate model to estimate the magnitude and
frequency of mainshocks and aftershocks induced by
fluid injection. We apply the methodology to the case
of the Basel EGS (2006, Switzerland) to compare the
effects of progressive, cyclic and constant injections
on the mechanical response of discrete faults. Results
from the coupled hydro-mechanical models show
that the pore pressure diffusion and consequent
enhancement of fault permeability are limited to the
vicinity of the injection well during cyclic injection.
Additionally, constant injection induces seismicity
from the start of the injection but enhances the
permeability of most of the faults within a shorter
duration, inducing less post-injection seismicity. The
methodology can be adapted to any numerical
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model and allows new projects to be developed by anticipating the safest injection protocol.
This article is part of the theme issue ‘Induced seismicity in coupled subsurface systems’.

1. Introduction

Low-carbon emission geo-applications are a major instrument in the reduction of carbon
emissions to reach the 2050-IPCC goals [1]. Current investigations focus on the development
of geological carbon and hydrogen storage and geothermal energy projects. The principal
obstacles to these applications reside in the hydraulic constraints of the geological reservoir
and subsequent induced seismicity. Fluid injection and extraction disturb the effective stress
field in the subsurface, leading to the reactivation of pre-existing faults and to the creation of
new ones. Each geo-energy application has its characteristics and limitations, depending on
the thermal and geochemical interactions between the injected fluid, the rock and the fluids
initially present in the rock. Enhanced Geothermal Systems (EGS) aim to produce electricity by
exploiting the heat from the deep and hot crystalline basement. Because of the low permeability
of the rock, the reservoirs are engineered to enhance the permeability of the natural fractures, to
improve fluid circulation between the injection and the production wells, via hydraulic or acid
stimulations [2]. This technology has been developed since the 1980s in many locations in the
world [3-7]. Yet, economic viability and public perception hinder the exploitation of new EGS
projects. Induced seismicity is expected during hydraulic stimulation and production, with a
magnitude generally lower than M,;,2.0. Nevertheless, larger-magnitude induced seismicity has
been felt by local populations in different cases of EGS. Probably the most controversial and
studied case is the Basel Deep Heat Mining project in Switzerland, 2006, where after only six
days of injection (11 570 m® of water at 4630 m depth), the magnitude of the induced seismic-
ity reached the threshold of the traffic light system (M,2.3). The injection was consequently
stopped, but five hours later the largest-magnitude earthquake occurred (M;3.4 — M,,2.9) and led
to the decision of bleeding-off the well [8]. Perceivable induced seismicity kept occurring for
months after the cancellation of the project. The recent case of Pohang EGS, South Korea, in
2017 further questioned the safety of EGS in urban areas. A M,,5.4 earthquake occurred two
months after the stop of injection and caused damages in the surrounding urban areas, leading
to the cancellation of the project [9-11]. More recently, in 2021, a M;3.9 earthquake occurred six
months after the stop of a circulation test in Vendenheim, France, and led to the cancellation of
the EGS project [12-14].

The triggering mechanisms of induced seismicity are difficult to apprehend, and their
coupling makes it difficult to model and forecast [5,15,16]. Fluid injection increases the
pressure in the reservoir, which induces poromechanical deformations and stress changes.
These pressure-driven processes affect the hydro-mechanical properties of the rock and faults.
Fault reactivation and fracture propagation modify the permeability of the rock, consequently
affecting the fluid flow. Fault slips, which can be aseismic or seismic, can also further destabilize
the reservoir due to processes of static stress transfer [17-19]. These triggering mechanisms
continue to occur after the stop of injection. Pressure-driven processes continue to diffuse for a
long duration, while poroelasticity and static stress transfer continue to occur for a shorter time
scale [20].

Because all these processes are initiated by fluid injection, they are affected by the injec-
tion protocol, which can vary in terms of applied pressure, injection rate and duration. New
strategies are investigated to mitigate the frequency and magnitude of earthquake nucleation.
For example, cyclic injection is currently seen as a promising solution to enhance the permeabil-
ity of EGS reservoirs while controlling the seismicity based on the concept of fatigue hydraulic
fracturing, as shown by numerical studies [21,22] and validated in rock laboratory experiments
[23-25]. In contrast, Noél et al. [26] showed that the stable slip from a displacement-driven fault
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can become unstable and induce seismicity during cyclic injection. Cyclic injection was also
applied during the EGS projects of Pohang, South Korea [27] and of Helsinki, Finland [28].
In the Pohang EGS, the co-injection magnitude threshold of M,,2.0 was never reached, but the
largest-magnitude (M,5.4) earthquake ever induced in an EGS occurred two months after the
stop of the fifth stimulation [9-11]. The Helsinki EGS project also successfully controlled the
induced seismicity under the magnitude threshold set by the local authorities, but permeability
enhancement was insufficient [28]. Hydraulic fatigue in cyclic injection is also considered as a
mitigation injection strategy, by inducing microcracks to avoid large failures [29,30]. Strategies
for stopping injection are also investigated from the perspective of controlling the post-injec-
tion induced seismicity that occasionally occurs with a larger magnitude than the co-injection
seismicity. For example, a progressive stop of injection has been proposed to mitigate post-injec-
tion induced seismicity [31,32]. Effectively, a progressive decrease of injection lessens the effects
of pore pressure changes and mitigates the destabilizations of the early post-injection stage [33].

Currently, numerical models are developed to understand, simulate and forecast fluid-injec-
tion induced seismicity. Numerical models, also called physics-based models, are the best
tool to solve coupled problems of pressure-driven, thermal, geochemical and geomechanical
processes due to fluid injection and extraction on the subsurface. These models require a
characterization of the reservoir, including rock properties, in situ pressure and stress condi-
tions and geological settings, which are difficult data to measure. Analytical and statistical
models make up for the lack of data by applying different statistical laws to the observed
problems. Many statistical models have been developed to forecast seismicity (e.g. [34,35]).
For instance, the Seismogenic Index [36-38] forecasts the induced seismicity rate mainly as a
function of the injected volume [39,40]. Hybrid models actually combine physics-based models
with statistical laws to develop robust tools to forecast induced seismicity. Different methodolo-
gies have been proposed, building on seed models (e.g. [41-43]), or based on discrete faulting
models (e.g. [44,45]). All models have their strengths and weaknesses: seed models have the
advantage of providing fast computations but they lack representation of the physical and
mechanical processes, while discrete models solve more complex problems, but with a high
computational cost to be used as an efficient forecasting tool.

Here, we propose a hybrid methodology based on a hydro-mechanical model of a dis-
crete fault network associated with a seismicity rate model and statistical seismological laws.
We apply the methodology to the case of the Deep Heat Mining Project in Basel, Switzer-
land. Induced seismicity in Basel EGS has been intensively studied in the last two decades.
Seismic interpretations provide a rich and accurate catalogue of earthquakes [46-48]. Pore
pressure buildup was suggested as the triggering mechanism of the induced seismicity due
to the short-duration injection, but this assumption is insufficient to explain the nucleation of
earthquakes far from the injection well and shortly after the stop of injection [49,50]. Mukuhira
et al. [51] explained this far post-injection seismicity to be induced by means of the homoge-
nization of pore pressure buildup along a large fault when the injection was stopped. The
diffusion of the pore pressure would have reached the critical pressure along the fault plane.
Moreover, the triggering effects of static stress transfer caused by nucleation stress drop were
measured and defined as partly triggering the post-injection induced seismicity [52,53]. This
latter study proposed a decoupling of a hydraulic model with the stress drop calculation. A
few coupled models with discrete faults propose more convincing explanations concerning
the fluid-injection effects on the induced seismicity in the Basel EGS. Andrés et al [54] provi-
ded a thermo-hydro-mechanical model of one large discrete fault, and Boyet et al. [33] used
a hydro-mechanical model to study the reactivation of a fault network. The post-injection
induced seismicity at Basel can be reproduced by the combination of the poroelastic relaxation
due to the shut-in of injection with the static stress transfer of reactivating faults [33]. In this
study, we adopt the same physics-based model of Boyet et al. [33], which simulates fault failure
at the location and timing of the observed earthquakes at Basel, and we improve the hybrid
method, estimating seismicity rate on a simple geometry model as proposed by Boyet et al. [20].
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We analyze the response to different injection strategies and we forecast the best strategy in
terms of permeability enhancement and inducing seismicity.

2. Hybrid method to forecast induced seismicity

The hybrid method is based on the combination of a hydro-mechanical model of a discrete
fault network with a seismicity rate model (figure 1). The seismicity rate estimates the num-
ber of mainshocks occurring during the simulation as a function of the Coulomb stressing
rate, calculated in the hydro-mechanical model. Their magnitude and aftershock sequence are
then, respectively, estimated by the Gutenberg-Richter (GR) law [55] and the Epidemic Type
Aftershock Sequence (ETAS) model [56]. The application of the methodology to the case of the
Basel EGS aims to compare the seismicity induced by different injection protocols. Neverthe-
less, the proposed methodology could be also applied in ‘real time’ to forecast seismicity for
further injection stages.

(a) Hydro-mechanical model

The hydro-mechanical problem is solved by means of the finite-element method simulator
CODE_BRIGHT [57], with the adoption of a continuum approach. Here, the model is limited
to two dimensions due to the complexity of the discrete fault network and to the computation
time. The hydro-mechanical problem is solved in a fully coupled way, solving the momentum
balance and the water mass balance simultaneously. The former reads

V.o+b=0, (2.1)
where o is the stress tensor and b is the vector of body forces. The latter is expressed as

OP 0 _w
¢ﬁg+afu+v‘q—f/ (22)

where ¢ is rock porosity, 8 is water compressibility, P is water pressure, ¢, represents volumetric

strain, ¢ is time and f" is an external supply of water; q is the water volumetric flux and is
expressed by Darcy’s law

q- - %(VP—pg), 23)

where y and p are water viscosity and density, respectively, and g is the gravity vector. The
intrinsic permeability k of the matrix is a function of porosity by means of Kozeny’s model

_ ¢3 (1’¢o)2
as k= kom 3
permeability and the porosity of the rock matrix. The permeability of the matrix is assumed
to be isotropic. The coupling of the governing equation (2.1) and equation (2.2) is expressed
through the elastic constitutive law of the matrix

with k, and ¢, being, respectively, the reference values for the intrinsic

Ao =Ke, 1+ 2G(£ - %I) — AP, 2.4)
where K = E/[3(1 -2v)] is the rock bulk modulus, G = E/[2(1 +v)] is the shear modulus, E is
Young’s modulus, v is Poisson’s ratio, ¢ is the strain tensor and I is the identity matrix. Note that
the volumetric strain ¢, is the first invariant of the strain tensor, i.e. g, = tr(g). The effective stress
law is enclosed in equation (2.4) with the Biot coefficient equal to 1.

On the other hand, the discrete faults are represented by finite-thickness elements following
the “embedded model” proposed by Olivella and Alonso [58]. In this conceptual model, faults
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Figure 1. Hybrid methodology: the Coulomb failure stress (CFS) output from the hydro-mechanical (HM) model is the main
input of the seismicity rate model. The GR law and the ETAS model estimate the magnitude and the aftershock sequence
of the mainshocks. (a) Hydro-mechanical model with the fault network. Note that the x- and y-axes are not aligned with
the north but with the principal stresses. The injection well is represented by the black dot in the centre. Colours refer to
the probability of hosting a fracture, which is equal to 1 on faults A—G. (b) Temporal evolution of the cumulative number of
observed mainshocks from the catalogue of Deichmann et al. [46] (blue line) and of simulated mainshocks in the injection
scenario used for calibration, which reproduces the operations at Basel (injection during 6 days followed by 5 hour shut-in
and a bleed-off until the end) (red line). (c) Time evolution of the number of mainshocks (red) and aftershocks (grey), and
time evolution of the magnitude of seismic events in the domain during the calibration injection case.

are defined by their aperture embedded in a continuous finite element composed of rock
matrix. Based on the cubic law, the permeability of these fault elements varies proportionally
to the square of the fracture aperture, which depends on the volumetric strain of the fault
elements. The volumetric strain accounts for both reversible (elastic) and irreversible (plastic)
deformation. The initial minimum/maximum value of the permeability of fault elements is set
based on the calibration of the model (table 1). Fault elements are subject to the Mohr-Coulomb
failure model including dilatancy and their visco-plastic constitutive behaviour is modelled by
the following equations (2.5)—(2.8)

—2 = F(@(F))%, (2.5

where ¢, is the visco-plastic strain, and I is the fluidity, a parameter of the deformation of the
medium set at 10* MPa™ s'; ®(F) is the overstress function, described in equation (7) and £ is
the flow rule, which reads

E=a-0,-siny+ (cos@— %sinﬁ . sim,b) . \/72— c - cosy, (2.6)

where «a is a parameter for the plastic potential, set at 1, 1 is the dilatancy angle, set as 3°, o, is
the the mean stress, J, and 6 (Lode’s angle) are invariants of the deviatoric stress tensor; c is the
cohesion (set to zero in this model). The visco-plastic constitutive behaviour is estimated with
the overstress function ®(F):

0, if F<O

() = {F"’ ifF>0’ 2.7)

where m is a constant power to define the overstress function (set as 3 in this model) and F
is the yield function, which describes the conditions under which a material undergoes plastic
deformation, defined as
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Table 1. Material properties of matrix and fault elements of the hydro-mechanical model [33].

parameters matrix fault element
porosity, X (—) 0.01 0.1
permeabllltyk(mz) ........................................... T T e R
Youngs modulus . E(GPa ) ................................... e e
S rat|ov(—) .......................................... e s
L R R
e e Ty (setw T ) ..............
F= o, -sing(n) +|cos 6 - %sine - sing| - \/J_z -c - cosy, (2.8)

with ¢ the friction angle, calibrated for each fault to reproduce the timing of reactivation. The
fault elements follow a viscoplastic constitutive behaviour. Their deformation is elastic until
the stresses reach the shear yield surface, F =0. During the elastic regime, a constitutive law
similar to equation (2.4) holds. When the yield surface is exceeded, the fault element deforms
irreversibly according to the viscoplastic behaviour, but stresses can remain beyond the yield
surface for a range determined by the overstress function ®(F). The permeability enhancement
mostly occurs when the fault element deforms plastically.

In this hydro-mechanical model, the effects of pressure-driven processes, i.e. pressure
buildup and poroelasticity, are combined with the static stress transfer caused by fault
reactivation. To measure the mechanical stability of discrete faults, the Coulomb Failure Stress
(CFS) is calculated as

CFS=t- opxu+c, (2.9)

where 7 and oy, are the shear and normal effective stress acting on the fault, respectively; u is the
friction coefficient (i = tan ¢) and c is the cohesion. The CFS of the elements CFS), are the main
inputs of the seismicity rate model.

(b) Seismicity rate model

The seismicity rate is estimated by the rate-and-state friction model, which is based on the
theory of earthquake nucleation [59-62]. The friction of a fault depends on the slip rate and on
the state variable of re-strengthening of the fault after a slip. Unstable and seismic slip occurs on
faults with rate-weakening properties when the shear strength reduces fast [61,63-65].

The number of mainshocks that are probably induced by stress variations is expressed by the
relative seismicity rate R [59,66]

dR _R(T
=2 —R|, 2.1
dt fc(To ) (2.10)
where the stressing rate is 7= % and 7y is the initial stressing rate, t,= Ag/7j is the charac-

teristic relaxation time and Ao is a free parameter calibrated to reproduce the total number
of monitored mainshocks (or expected in a given area subject to fluid injection). The ordi-
nary differential equation (2.10) is solved using a fifth-order adaptive time step Runge-Kutta—
Fehlberg algorithm using the BRUCES tool [45,67]. The absolute seismicity rate SR (the number
of independent earthquakes in a certain time window) is then calculated as a function of the
relative seismicity rate R and the background seismicity rate rq (table 2) as
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Table 2. Parameters of the seismic models, with values for natural earthquakes and for the case of Basel EGS project.

Parameters Natural earthquakes Basel EGS
SR model
10~ for Soultz—
7o (MPa/yr) Background stressing rate 3x107% Sous—Foréts [68]
calibrated for each
Ac (MPa) Free parameter 0.09 — 0.25° fault
ro (events/yr) Background seismicity rate 0.123 [69]
GR law
a4, = 6.08,
a Opost = 3.32 [69]
by = 157,
b 1 [70] Dot = 114 69]
minimum value similar as the
M, monitored [0;3]
ETAS model
Ko Free parameter 0.035°
Cas 0.003 - 1.1 [71] 0.38 +0.06 [69]
Pas 09-19 [71] 1.33 £ 0.06 [69]
Ogs 03-31 [71] 0.8 +0.06 [69]

?Values are calibrated so that the models reproduce the monitored number of mainshocks (185 earthquakes with a
magnitude M,, > 0 [46]) and the total number of monitored earthquakes (11 200 events during and shortly after the stop of
injection [8]).

SR= Rxr,. 2.11)

The CFS is calculated for each element of the mesh according to equation (2.9). The number
of independent earthquakes for each mesh element, SR,y is estimated by multiplying the
seismicity rate based on CFS by the probability that the element hosts a portion of fracture,
Pfotony SUCh as

SRelem = SR(CFSelem) X Dfolem (2.12)

We assume py,,,. =1 for the fault elements. Because the matrix elements cannot be considered
as important as the fault elements in the estimation of the seismicity rate of the domain SRgm

(matrix and fault elements), we define py,, = ps- Setem

where p; is the probability of having a

Sinax
fracture in a square metre, S, is the surface area of the element and S,y is the surface area of
the largest element in the mesh, equal to 10 300 m”.

The seismicity rate of a fault SRy, is the sum of the SR, of the elements of the faults. We
measure the evolution of } SRy, to compare the seismicity rate of the discrete faulting domain
of the three injection protocols (see §4 and figure 2a). We consider the seismicity rate of the
whole domain SRy, when forecasting seismicity in two dimensions, corresponding to the sum
of the seismicity rate of all the elements of the model (faults and matrix) (see §5).
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Figure 2. (a) Simulated wellhead pressure for the different injection protocols in the hydro-mechanical model. (b(i), c(i) and
d(i)) The forecasted seismicity rate in the domain } SRy, through time. (b(ii), c(ii) and d(ii)) The estimated magnitude M,, of
the forecasted earthquakes for the progressive, cyclic and constant injection protocols, respectively. The mainshock seismicity
rate and earthquakes follow the same colour code as in (a), while the aftershocks are in grey. Vertical lines correspond to the
stop of the injections.

The procedure described above was calibrated to reproduce the observed seismicity at Basel.
A sensitivity analysis was not performed because the calibration of the model is made to
estimate a total number of mainshocks and aftershocks similar to the monitored seismicity
when prescribing the applied injection pressure at the Basel EGS.

(c) Magnitude attribution with the Gutenberg-Richter law

Once the seismicity rate, i.e. the number of earthquakes for a period of time, is estimated, we
use the GR law to relate the earthquake frequency to the magnitude. The GR law can be used to
attribute magnitude to each forecasted earthquake [55,72]. For a specific location, it forecasts the
number of earthquakes N with a magnitude greater than or equal to M according to

logN(M)=a~-b-M, (2.13)

where a and b are constants. We adopt this stochastic law for both the mainshock and the
aftershocks. We first derive a and b from the observed seismic catalogues of the study case for
both co-injection and post-injection stages (table 2). The magnitude of the aftershocks, estimated
by the ETAS model, is also attributed with the GR law with the maximum magnitude of the
aftershock sequence set as M = M; - 1.2, where M; is the mainshock magnitude [73]. Note that a
and b are typically different in the injection and post-injection stages [69,74].
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(d) The Epidemic Type Aftershock Sequence model

The seismicity rate model only forecasts mainshocks, i.e. independent earthquakes. To better
forecast fluid-injection induced seismicity, we adopt the ETAS model based on the Omori law
[75,76]. The ETAS model estimates the aftershock sequence associated with each mainshock of
magnitude M, i.e. the number of aftershocks per unit of time as [56]

At) = LloaAs(Mi‘Mmin)l (2.14)

(Cast+t=1)P%

where c4, is an empirical constant and py; is the power of the Omori law, while K4, and a4 are
parameters describing the seismic sequence (table 2). Note that this procedure does not include
any spatial reference for the forecasted aftershocks; aftershocks are forecasted at the centre of
the host element, at the same location as the mainshock.

3. Calibration and application of the hybrid method to the case of the Basel
EGS

The hydro-mechanical model is designed to reproduce the fault reactivation due to fluid
injection at the Basel EGS. The geometry, hydraulic and mechanical properties of the model
have been defined in a previous study, the aim of which was to understand the triggering
mechanisms of each fault reactivation, with special emphasis on the post-injection induced
seismicity [33]. The domain consists of a seven-fault network that is based on the cluster
characterisation of the monitored seismicity proposed by Deichmann et al. [46]. The reproduc-
tion of the reactivation of the faults is modelled on a two-dimensional horizontal domain;
appropriate since most of the focal mechanisms exhibit strike-slip movement on faults with
vertical dip (figure 1a). The location and orientation of the faults were chosen according to
the orientation of the focal mechanisms and the location of the cluster swarms. Mechanical
properties of the subsurface and of the initial stress conditions were inferred from different
studies of the Basel EGS and/or from a calibration process (table 2) [8,47,69,77]. The monitored
wellhead pressure evolution, as reported by Haring et al. [8], was applied as the forcing
condition at the injection well of our model. Because of the two-dimensionality of the adopted
model, it was not possible to reproduce the observed pressure in response to the applied
injection rate [33].

The calibration of the seismicity rate model was made with the hydro-mechanical model
reproducing the injection pressure response in the Basel EGS project, which lasted six days,
followed by a five-hour shut-in and a bleed-off for the rest of the simulation, which stopped at
day 15 (figure 1b,c and table 2). The initial stressing rate 7y is difficult to estimate, here we set it
from an estimation made for the case of the EGS of Soultz-Sous-Foréts [68]. The free parameter
Ao of the seismicity rate model was calibrated for each fault to reproduce the total number of
monitored earthquakes constituting the cluster used to design that fault. For both the design
of the faulting network in the hydro-mechanical model and the calibration of the seismicity
rate model, we adopt the seismic catalogue by Deichmann et al. [46], which reports magnitude,
location and focal mechanisms for a total of 185 mainshocks with magnitude M,, > 0 that were
monitored during and after the hydraulic stimulation at Basel. Although our calibrated model
successfully reproduces the variation of the total number of earthquakes, the trend shows some
spikes compared to the more smooth curve of the observed seismicity. This is because of the
adoption of a simplified network of faults derived from the clustered events at Basel within
the hydro-mechanical model controlling the time evolution of the seismicity rate. In reality,
each cluster is composed of several earthquakes occurring on a more complex set of faults at
different close times. To assign a magnitude to the forecasted earthquakes, the parameters a and
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b of the GR law are assumed as estimated by Bachmann et al. [69] (table 2). Bachmann et al.
[69] also confirmed that the Basel sequence follows the Omori law and used the ETAS model to
forecast the elapsed time of the sequence; here we use the same values. The free parameter K 4
of the ETAS model was calibrated to estimate a total number of earthquakes (mainshock and
aftershocks) equal to 11200 events, as monitored during and shortly after the stop of injection
at Basel [8]. Once all the parameters of the seismic and hydro-mechanical models are calibrated,
the hybrid model is applied to forecast the seismicity under different protocols of injection.

4. Effects of different injection protocols on the stability of discrete faults

We simulate three injection protocols in the hydro-mechanical model of Basel EGS, successively
linked to the seismic models through the CFS parameter. We use a progressive step-rate
injection for six days, similar to the measured pressure at the injection wellhead of Basel EGS,
but followed by a five-hour shut-in and then a bleed-off, to calibrate the models. Then, using
calibrated properties (table 1) and parameters (table 2), we simulate a progressive step-rate
injection, a constant injection and a cyclic injection followed by simple shut-in (figure 2a).
To systematically compare the enhancement of permeability of faults and the induced seismic-
ity of the three protocols, the same total volume of water was injected and the maximum
applied pressure was set at 75 MPa, as the monitored maximum wellhead pressure in Basel
EGS. Constant injection was applied, with the pressure set at 75 MPa for 4.5 days. The cyclic
injection was based on the cyclic soft injection protocol that was applied at Pohang EGS [27],
considering the long-term cycle of one day with six medium-term cycles per day. The maximum
applied pressure was 75 MPa, and the stimulation lasted for eight days (figure 24; note that the
simulated pressure is plotted, not the one applied at the injection well in the hydro-mechanical
model).

(a) Permeability enhancement

As previously introduced, the aim of the hydraulic stimulation in EGS projects is to enhance
the permeability of pre-existing fractures and faults in low-permeability rock. The permeability
enhancement is mostly observed when faults reach shear failure conditions (figure 3a). The
permeability of faults A, B and C increases for the three injection protocols. The permeability
of farther faults (E and F) is enhanced only with the constant and the progressive injections,
and the permeability of fault G only with the constant injection. The faults that are reactivated
with the constant and progressive are not significantly pressurized during injection, which
implies that poroelastic stress and static stress transfer are dominant triggering mechanisms of
these distant faults. The effects of cyclic injection are limited to the faults in the vicinity of the
injection well. In this protocol, the pressure buildup and consequent mechanisms are insuffi-
cient to activate shear failure on the distant faults (figure 4). Therefore, the constant and the
progressive injection protocols similarly enhance the permeability of the discrete faults, while
the cyclic protocol leads to a limited permeability enhancement. The delay in fault permeabil-
ity enhancement of approximately two days between the constant and progressive protocols
was caused by the time difference in the diffusion of the pressure sufficient to enhance the
permeability of faults in the domain—the progressive injection protocol injects at low pressures
at early times. Interestingly, the reactivation and permeability enhancement of fault F during
progressive injection is the unique reactivation that occurs after the stop of injection in all the
cases.
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Figure 3. (a) Evolution of the permeability of the faults output from the hydro-mechanical model. The permeability varies
when the fault fails in shear mode. (b) Seismicity rate of each fault, SRr,,, through time for each of the injection strategies.
Although some faults reach failure conditions in the hydro-mechanical model, their CFS is too low to forecast the reactivation
of the faults as seismic according to the calibrated seismicity rate model. Vertical lines correspond to the stop of the
injections.
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Figure 4. Pressure at the stop of injection for each strategy (day 6 for progressive injection, day 7.5 for cyclic injection
(peak of injection of the last long-term cycle) and day 4.5 for constant injection) in the domain, outputted from the
hydro-mechanical model.

(b) Forecasted seismicity

The hybrid method based on the hydro-mechanical simulations forecasts the mainshocks and
aftershocks for the three injections. Progressive injection induces the most mainshocks, due
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to the reactivation of the faults A, B, C, E and F. Fault F reactivation occurs after the stop of
injection and translates into a large peak of the seismicity rate of the faults )’ SRy, for the case
of the progressive injection. Constant injection, which reactivates similar faults (A, B, C, F and
G) during injection to those of the progressive injection has, nonetheless, smaller peaks of the
seismicity rate SRy, for most faults (figure 2b,d and figure 3b). Cyclic injection induces the
largest peak of the seismicity rate of the faults }'SRyq,; at the start of the stimulation, when
faults A and B reactivate simultaneously, and their permeability is enhanced (figures 2c and 3b).

In our simulations, the magnitude of forecasted seismic events does not reach the magnitude
of the monitored seismicity of the Basel EGS. Nonetheless, the trend of the magnitude of the
events in the progressive injection is similar to the Basel EGS, with the largest event occurring
after the stop of injection (figure 2b). The seismicity rate indicates in all cases the destabilization
of the reservoir. The constant and cyclic protocols induce seismicity from the start of injection,
while the onset of seismicity in the progressive injection is delayed for a few hours (figures 2
and 5a). Despite the progressive injection presenting the largest total number of mainshocks
(progressive: 147, cyclic: 64 and constant: 111 mainshocks), its cumulative seismic moment is
the lowest, presenting steps caused by the different timings of fault reactivations (figure 5a).
Interestingly, the cumulative seismic moment at the end of the stimulation is similar for the
cyclic and constant injections (figure 5a), but the permeability enhancement is much lower in
the cyclic than in the constant injection (figure 3a). It is worth noting that there is no correlation
between the injected volume and the forecasted magnitude, and that the maximum magnitude
M0y is induced towards the beginning of injection in the three protocols (figure 5b). This result
questions relationships that estimate the maximum expected magnitude as a function of the
injected volume (e.g. [79]) and highlights the importance of triggering mechanisms other than
pore pressure changes [33,80].

As far as post-injection seismicity is concerned, the progressive injection strategy induces the
largest magnitude earthquake at the stop of injection, as it was in the case of the Basel EGS
(figures 2b and 5a). This large event was due to the reactivation and permeability enhancement
of fault F. Cyclic and constant injections do not induce mainshocks after the stop of injection,
but the co-injection largest-magnitude earthquake occurs at the beginning of the stimulation
with a similar magnitude to that of the progressive post-injection earthquake (figure 5a). The
mainshocks forecasted after the end of injection in the progressive injection lead to a significant
aftershock sequence.

In summary, different protocols injecting the same volume of water show different responses
of the subsurface. Cyclic injection has limited effect in enhancing fault permeability. Progressive
injection delays seismicity and causes an accumulation of stresses at the faults that induce
larger stress drops, inducing larger peaks of SRyqy; and Y SRyq,; , meaning a greater risk of
high-magnitude earthquake nucleation. Progressive injection is also the only scenario with
post-injection simulated mainshocks. The best strategy seems to be constant injection, which
reactivates the faults from the start, enhancing permeability in most faults, and limits the
post-injection seismicity on pre-existing faults.

5. Spatially forecasting the seismicity

The proposed hybrid methodology can be used to spatially forecast the seismicity rate in
the whole domain SRy, including the matrix elements (figure 6). For the matrix, we set Ao
equal to 0.25, the largest value for the fault calibration. We assume a spatial distribution of
the probability of having a fracture in a square metre, py, to better represent the presence of
conjugate fractures in the vicinity of the well [77]. We consider py=ux P21 to calibrate the

forecast of approximately 50 mainshocks in the matrix elements, where u =3 x 107 and P21 is
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the areal fracture intensity, which expresses the length of fracture traces per unit area [81]. P21
is estimated by field observations of the linear fracture intensity, expressed by the number of
fracture traces per unit length P10. Because the mean length of fracture traces is equal to the
borehole diameter divided by the cosine of the fracture dip, 70° in the study case of the Basel
EGS, the areal fracture intensity is given by

P21 = P10 /cos(70°). (.1)

For the Basel EGS, values of P10;y, = 0.25 m™ and P10pgn = 0.95 m™! have been estimated for the
least and the most intensely fractured zones, respectively [8]. However, we set P10 of the matrix
elements between 0.10 and 0.25 m™ to forecast a coherent number of mainshocks, less than 250
mainshocks in total, in both fault and matrix elements (figure 1a). To estimate the CFS rate of
the matrix elements, we randomly assign to each of the mesh elements a fracture orientation of
N160 or N40, which corresponds to the main conjugate faults with the probability of 0.6 and 0.4,
respectively [77]. The seismicity rate of the whole domain SR, is similar to the seismicity rate
of the domain } SR q,y (calculated from the discrete faults only) (figure 2b,c,d and 64,c,¢), but the
two-dimensional forecasting allows stimulation of the potential induced seismicity in different
areas of the reservoir without mapped faults (figure 6). With the forecasting of seismicity in
the matrix, the constant injection induces a mainshock late after the stop of injection, probably
caused by post-injection pore pressure diffusion.

6. Discussion

The proposed hybrid methodology allows us to estimate the seismicity nucleation induced by
different injection protocols. The implementation of the seismicity rate and the ETAS models
combined with a numerical model is efficient in forecasting fluid-injection induced seismicity.
Hydro-mechanical models simulate the pressure and stress variations due to fluid injection
and extraction in hot rock. In cases of discrete faults, it can also simulate stress redistribution
from fault reactivations. The use of numerical models provides the possibility to understand
and reproduce the complex and coupled triggering processes (e.g. pressure-driven processes,
thermal interactions and mechanical behaviours) and the possibility to investigate their
mitigation. Our model is limited to the hydro-mechanical problem caused by the negligible
effect of thermal coupling as cooling does not significantly propagate away from the injection
well during the short duration of the stimulation [82]. Our discrete-fault hydro-mechanical
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Figure 6. Time evolution of forecasted seismicity rate of the whole domain SRy, and corresponding magnitude for the
(a) progressive, (c) cyclic and (e) constant injections. Colours represent the mainshock seismicity rate and magnitude, while
grey represents the aftershocks. (b, d and f) The two-dimensional spatial distribution of the co- and the post-injection
seismicity plotted for the three protocols. The colour scale represents the magnitude of the estimated earthquakes. For
plotting purpose, the location of the earthquakes within the faults and in the matrix is adjusted to avoid overlapping.

model of the case of the Basel EGS is, however, complex enough to forecast seismicity induced
by hydraulic stimulation as both poromechanical stresses and static stress transfer are simula-
ted in addition to pore pressure diffusion. We are optimistic that models will be developed
to solve the coupled thermo-hydro-mechanical-chemical problems faster and more efficiently
in the future with the development of the hHigh-pPerformance cComputing, ebabling us to
forecast induced seismicity both during hydraulic stimulation and operation of EGS.

One of the weaknesses of the hybrid methodology is the estimation of large-magnitude
earthquakes. Because the GR law depends on the number of seismic events, the model does not
estimate magnitudes as large as the monitored earthquakes in the Basel EGS. We favoured the
calibration of the seismicity rate rather than the calibration of the magnitude attribution model.
Moreover, the GR law attributes stochastically the magnitude, which can affect the forecasting
of the aftershocks via the ETAS model. It also affects the interpretation of the cumulative
seismic moment. The second limitation of the methodology is that the ETAS model is used here
to attribute an aftershock sequence to each mainshock without spatial distribution. This aspect
affects the two-dimensional spatial forecasting, but more importantly, the effects of stress drop
that differ with the location of the nucleation of each earthquake, mainshocks and aftershocks.
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Moreover, the construction of the model was possible thanks to seismic interpretations posterior
to the injection itself. In the case of the development of new EGS projects, the fault network is
usually not yet known. Yet, a simple fault zone could already be sufficient to initiate the model
[20]. This hybrid methodology could be associated with a real-time forecasting model that could
update the simplified fault network as a function of real-time seismic interpretation, using the
same dynamics as the Adaptive Traffic Light System adjustments with real-time monitoring
[35,40].

Co-injection induced seismicity is partly controlled by the injection parameters. The
comparison between three simple protocols (progressive, constant and cyclic injections) shows
their different effects on the stability of the subsurface. Cyclic injection, designed on the cyclic
soft stimulation performed at the Pohang EGS [27], results in a limited pore pressure buildup,
as the periods with low-pressure injection cause pressure drop in the whole domain. The
limited pressure buildup in the domain restricts fault reactivation to the vicinity of the injection
well. Cyclic injection, investigated with the proposed methodology, does not significantly
enhance the permeability of the faults, and relatively large-magnitude induced seismicity is
not prevented, two decisive objectives for economic viability and public perception of EGS
projects. On the other hand, constant and progressive injections seem to be similar in enhanc-
ing fault permeability, with a time difference due to the time required to inject the same
volume. The main difference between the two is that constant injection disturbs the stress
conditions abruptly at the start of the injection, which induces the peak of seismicity early in
the stimulation. Progressive injection in our model has a larger peak due to the simultaneous
reactivations of two large faults. In addition, the reactivations of the faults induce larger stress
drops than in the case of the constant injection. Constant injection accumulates less stresses on
the faults and for a shorter period of time, which mitigates large seismicity rates and, therefore,
large-magnitude earthquakes. Because the seismicity rate is sensitive to abrupt stress changes,
constant injection induces less forecasted seismicity through smaller pressure changes during
the stimulation. Moreover, the duration of injection affects the evolution of aseismic slip, and
a shorter injection duration limits the duration of the post-injection aseismic slip propagation
[83]. With all these arguments, constant injection seems to be the most promising stimulation
protocol.

7. Conclusion

EGS need to be deployed to facilitate the low-carbon energy transition. The enhancement of
permeability and the mitigation of co- and post-injection induced seismicity are the current
principal challenges to improve the public perception and the economic viability of EGS
projects. Constant injection seems to be the most efficient strategy, based on the comparison
with cyclic and progressive (with the same injected volume) injections, to both enhance the
permeability of pre-existing faults and control the induced seismicity. Its short duration limits
the stress accumulation on faults and the post-injection aseismic slip. Cyclic injection, which
is one of the most recently developed protocols, based on our hybrid method, does not
enhance the permeability of the discrete faults outside the vicinity of the injection well. The
hybrid model, based on a strong and complex coupled hydro-mechanical model associated
with the seismicity rate and aftershock-sequence models, enables the simulation of differ-
ent known triggering mechanisms of induced seismicity and provides freedom to simulate
different injection protocols. Its coupling with a real-time monitoring to adjust the fault network
and mechanical parameters could help to forecast and to mitigate the seismicity during the
hydraulic stimulations and production stages of EGS projects.
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