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Energy: The Case Study of the EGS Soultz-Sous-Foréts Site
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Abstract How induced seismicity in deep geothermal project (enhanced geothermal systems, EGS) is
controlled by fluid injection is of central importance for monitoring the related seismic risk. Here we analyze the
relationship between the radiated seismic energy and the hydraulic energy related to the fluid injection during
several hydraulic stimulations and circulation tests at Soultz-sous-Foréts geothermal site. Based on a
harmonized database, we show that the ratio between these energies is at first order constant during stimulations
and of the same magnitude independently of the stimulation protocol and injection depth. Re-stimulations are
characterized by a sharp evolution of this ratio during injection which ultimately converges to the characteristic
value of the reservoir. This supports that the seismicity is caused by the relaxation of the pre-existing strain
energy in the stimulated volume, rather than by the deformation generated from fluid injection. The ratio
appears as an intrinsic large-scale property of the reservoir that can be assessed at the very beginning of the first
stimulation. Based on this property, we suggest a way to predict the largest magnitude of the induced seismic
events knowing the maximum targeted hydraulic energy of the injection.

Plain Language Summary Monitoring and predicting fluid-injection-induced seismicity is a major
concern for the development of the geothermal energy. Several geothermal sites have shown a linear
relationship between the radiated seismic energy and the hydraulic energy, suggesting that these two quantities
are useful for seismic monitoring and prediction. Here we study the relationship between these two quantities
for different fluid injections carried out in the Soultz-sous-Foréts enhanced geothermal systems reservoir to see
if it remains similar despite the changes and setting in the injection strategy (flow-rate, pressure of the injected
fluid) and depths. Based on a harmonized database, we show that the ratio between the radiated seismic energy
and hydraulic energy is at first order constant in time during stimulations and of the same magnitude
independently of the stimulation strategy and depth. This ratio can then be seen as an intrinsic large-scale
reservoir property that can be estimated from the early stages of the first stimulation. Using this reservoir
property, we propose a method for predicting the maximum magnitude of induced seismic events given the
maximum hydraulic energy planned.

1. Introduction

A seismic response to fluid injection has been widely observed in most enhanced geothermal system (EGS)
reservoirs, whether during reservoir stimulation phases (permeability enhancement) or to a lesser extent during
circulation test phases or during the exploitation phase (e.g., Majer et al., 2007; Zang et al., 2014). This seismicity
can either be entirely controlled by anthropological activity (induced seismicity) or partially controlled by the
tectonic loading of the reservoir (triggered seismicity). Although induced seismicity is generally of low
magnitude (M; < 2), exceptional events of greater magnitude can occur (at a relatively shallow depth). These
events can be felt by the local population and can cause damage the local infrastructures (e.g., Giardini, 2009; Lee
et al., 2019), which raises questions about the societal acceptance of such projects and potentially hindering the
development of this renewable energy (Wiistenhagen et al., 2007). In order to mitigate the resulting seismic
hazard, it is crucial to understand the factors that control the maximum magnitude of earthquakes resulting from
the injection of fluids into deep fractured reservoirs. To predict the maximum magnitude of induced earthquakes,
several authors have designed physics-based and probabilistic models that highlight the potential controlling
factors. The first parameter that has been evidenced is the total fluid volume injected. Indeed, a proportional
relationship between the maximum magnitude and the total volume of fluid injected has been observed on several
EGS projects (e.g., Zang et al., 2014). McGarr (2014) showed that the two quantities can be related by assuming a
proportional dependence of the seismic moment on the stimulated volume. Indeed, the injected fluid causes a
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deformation in the stimulated volume due to poro-elastic effect. This deformation is estimated using the effective
elastic reservoir parameters and the friction coefficient on the reservoir faults. McGarr and Barbour (2018), then
developed this approach to show that part of the calculated moment can be released during aseismic slip events.
Similarly, Hallo et al. (2014) proposed to introduce a ratio between the released moment and the theoretical scalar
cumulative moment as predicted from the injected volume and as defined by McGarr (2014). This ratio is
intended to take into account aseismic deformation or inelastic effects within the reservoir, although they
acknowledge that the physical model giving rise to the specific value of this ratio is still poorly understood. By
introducing this new approach, they more accurately predict the total seismic moment associated with fluid in-
jections, as well as the maximum possible magnitude.

Li et al. (2022) have revisited the approach of Hallo et al. (2014) by considering that at any time during injection,
the ratio between the predicted and the observed cumulative seismic moment constitutes a stored energy that can
be released in a single large event. By using this method, they are able to update this ratio continuously during
injection and deduce the maximum expected magnitude.

In a different approach Shapiro et al. (2010) and Dinske and Shapiro (2013), introduced a relationship between the
injected volume and the number of induced earthquakes by combing Gutenberg-Richter statistics with reservoir
properties characterized by the seismogeneic index. The seismogenic index is supposed to represent mainly the
earthquakes magnitude distribution and the poro-elastic compliance of the stimulated reservoir.

In a later work, Van der Elst et al. (2016) used this seismogenic index to estimate the maximum magnitude. They
demonstrated that the maximum magnitude is controlled by the regional tectonics, the connectivity of faults and
above all, by the number of induced events. Thus, according to this model, the volume injected has more influence
on the total number of induced seismic events than on the total seismic moment released.

In contrast to such a probabilistic approach, Galis et al. (2017) introduced a deterministic physic-based approach
simulating the maximum rupture size of a fault depending on the pore pressure perturbation. They also found a
relationship between the maximum possible magnitude and the injected volume. However, the maximum
magnitude is controlled by a single fault, rather than a population of interconnected faults as in McGarr (2014) and
Van der Elst et al. (2016).

Recent attempts have been made to compare the hydraulic energy related to the forced fluid injection and the
radiated energy from induced seismicity in order to identify hazardous reservoir behavior (Bentz et al., 2020;
Grigoli et al., 2018; Kwiatek et al., 2019). Kwiatek et al. (2019) and Bentz et al. (2020) investigated the usefulness
of the hydraulic energy (product of fluid injection pressure and injection rate) in relation to the seismic response of
the reservoir. Indeed, the forceful injection of water into the rock mass is associated with an energy transfer that is
partially relaxed during faulting. The hydraulic energy was notably found to be well correlated with the seismic
moment or the radiated seismic energy (Baujard et al., 2014; De Barros et al., 2019; Kwiatek et al., 2018) during
fluid injection experiments. In particular, Kwiatek et al. (2019) demonstrated the usefulness of real-time
continuous monitoring of the evolution of the seismic injection efficiency I, defined as the ratio of radiated
seismic energy to hydraulic energy, for maintaining a low level of induced seismicity during an injection. The
same approach was then used by Bentz et al. (2020) to study the evolutionary trends of I of 10 different
geothermal projects. Their results showed that /;; can span many orders of magnitude (from 1078 to 1) but remains
nearly constant during a fluid injection. They proposed that this ratio is likely governed by reservoir parameters
(e.g., the characteristic length of the reservoir's faults, their orientation and frictional properties). Furthermore, the
authors argued that the monitoring of /; during an injection can capture the transition of the reservoir from a stable
to unstable state. This might be a good indicator for identifying an hazardous evolution preceding the occurrence
of large events.

Following the approach of Kwiatek et al. (2019) and Bentz et al. (2020), we here aim at comparing the hydraulic
energy associated with fluid injection and the energy released by induced earthquakes, but focusing on a single
geothermal site with different injection operations and configurations (flow rate, injection pressure, injection
depth). Indeed, rather than comparing measurements at several geothermal sites, this allows us to investigate the
effect of the physical injection parameters (flow rate, pressure, injection depth, etc.), all other things being equal.
In particular, we can analyze the effect of re-stimulation phases (i.e., stimulations carried out in a previously
stimulated part of the reservoir). We chose the Soultz-sous-Foréts (France) site as a case study since it has a long
history and an extensive database. Thus, 13 fluid injection episodes (for which data are available) are used and
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compared. In order to avoid potential bias in our comparative analysis related to changes in the seismic and
hydraulic network configuration and processing schemes, we perform a comprehensive data harmonization step,
which focused on the consistent estimation of seismic moments. This has not yet been done, as the seismological
studies carried out on the Soultz-sous-Foréts site have only focused on a few specific fluid injection operations
(e.g., Cuenot et al., 2006; Charléty et al., 2007; Dorbath et al., 2009). In addition, unlike many other geothermal
sites, the Soultz-sous-Foréts stress field has been estimated (Cornet et al., 2007). This allows us to use infor-
mation, independent of seismic measurements to quantify the seismic energy released by induced seismicity. For
this reason, in addition to radiated seismic energy, which only uses seismic data, we also propose to quantify the
potential deformation energy released during faulting (seismic faulting energy).

After a description of the geothermal site of Soultz-sous-Foréts (Section 2), we present the compilation and
harmonization of the seismological and hydraulic data relating to the various injections carried out in the
reservoir (Section 3) and we analyze the evolution of the seismic moment and the observed maximum mag-
nitudes with injected fluid volume and hydraulic energy (Section 3.3). We then define and present the values of
the seismic injection efficiency, the seismic faulting energy and the seismic faulting efficiency which is a ratio
analogous to I, but based on the seismic faulting energy (Section 4). Finally, we discuss their values and
evolutions during injection as well as their implication in predicting maximum earthquake magnitude
(Section 5).

2. Soultz-Sous-Foréts Site Features
2.1. Hydraulic Stimulations and Circulation Tests

The EGS project of Soultz-sous-Foréts, located in the central part of the Upper Rhine Graben, was initiated in
1984 (Gérard et al., 1984). Before becoming an industrial geothermal power plant in 2016, the project was under
development for over 20 years (Genter et al., 2010; Schill et al., 2017). The geothermal reservoir has been
developed in the granitic rock massif which is covered by sediment deposits of 1.4 km thickness (Vidal
et al., 2015). The reservoir includes two different levels: the level R3 (between 1.4 and 3.9 km depth) charac-
terized by a highly altered and fractured potassium feldspar granite and the level RS (below 3.9 km depth)
characterized by a fine-grained two-mica granite (Dezayes et al., 2005; Schill et al., 2017).

During the development phase, four wells were drilled and a series of hydraulic stimulations and circulation
tests were carried out through different wells crossing the reservoir (see Figure 1) at the two depth levels R3
(around 3 km depth where temperature is around 160°C) and RS (around 5 km depth where temperature is
around 200°C). In 1986, the first well GPK1 was drilled up to 2 km deep and then extended to level R3 in
1992. In 1993, a hydraulic stimulation was performed in this well in two phases (September and October). In
1995, the second well, GPK2 was drilled at the same depth interval where two hydraulic experiments have
been carried out: a first hydraulic stimulation in 1995 followed by a second hydraulic stimulation in 1996 of
the same zone (re-stimulation). A fluid circulation between the wells GPK1 and GPK2 was then carried out
in 1997. In 1999, the GPK2 well was extended to reach the level RS followed by a hydraulic stimulation in
2000. As the project then developed, in 2002 and 2004, two new wells, namely GPK3 and GPK4, were
drilled down to the reservoir RS respectively. In 2003, the GPK3 well was used to stimulate the reservoir
followed by a circulation test between the GPK2 and GPK3 wells. A stimulation and re-stimulation were then
performed in the GPK4 well in 2004 and 2005, respectively. These final stimulations were then followed by a
series of circulation tests involving GPK2, GPK3, and GPK4 in 2005 and all the four wells in 2008, 2009,
and 2010.

All these hydraulic stimulations and circulation tests were monitored by a seismic monitoring network, but it
changes significantly in time and space in terms of network geometry, instruments, and applied processing
schemes used to generate the seismic catalogs (see Table S3 in Supporting Information S1 and Section 3.2.1 for a
description of the seismic network evolution). The seismic and hydraulic data of these operations are for most of
them archived and distributed in form of “episodes” by the Data Center for Deep Geothermal Energy (CDGP;
https://cdgp.u-strasbg.fr/) but also by the EPOS TCS-AH platform (European Platform Observing System for
Anthropogenic hazards; https://tcs.ah-epos.eu/). Each episode refers to a specific, time-limited, hydraulic oper-
ation carried on the reservoir.
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Figure 1. N-S section in depth with the four wells of the Soultz-sous-Foréts geothermal reservoir (GPK1, GPK2, GPK3, and
GPK4) and the state of stress as a function of depth (¢}, 6,, and o5 are respectively the vertical stress, the maximum horizontal
stress and the minimum horizontal stress). The horizontal lines represent the limits of the sub reservoirs R3 and R5 (Schill
etal., 2017). Black arrows point the open-hole section of the injection well for the respective injection episode (stimulations:
S, re-stimulations: RS and circulation tests: C). Circulation tests that involved two injection wells (i.e., 2009 and 2010) are
shown here with an arrow pointing only to the injection well with the largest injected volume. The thick yellow line
represents the major fault plane FZ-4770 intersecting GPK1, GPK2, and GPK3 (Sausse et al., 2010). For each reservoir, the
direction of the maximum horizontal regional stress (N170° £ 10°, Cornet et al., 2007) is represented. Fracture distribution
evidenced by Dezayes et al. (2010) are represented by their poles in two stereonets. The fracture poles with larger circles
correspond to major fractures which were already permeable before any stimulation and which were detected during drilling
(significant mud losses). The fracture poles of the major fault FZ-4770 are represented as a yellow circle in the stereonets.

2.2. Structural Properties and Stress State of the Reservoir

The pre-existing fractures and the stress state of a reservoir play important roles in induced earthquakes by fluid
injection. Fractures provide pathways for the fluid diffusion and reduce rock strength, while stress state de-
termines the stability of the fractures under different pore pressure conditions. Indeed, fluid injection can increase
the pore pressure within the fractures and faults, which reduces the effective normal stress and increases the shear
stress acting on them. This can make them more prone to slip and generate seismicity (e.g., Ellsworth, 2013;
Pearson, 1981). In a seismic analysis, it is therefore important to know the structural properties and stress state of
the concerned reservoir.

The structural reservoir model at Soultz-sous-Foréts was mainly derived from borehole observations obtained
from direct (cores, cuttings) and indirect (borehole images, geophysical logs, flow logs, temperature logs)
methods (mainly acoustic borehole images). From this data, Dezayes et al. (2010) characterized the 39 main
fracture zones intersecting the wells (see Figure 1 and the caption for more details). The orientation of these
identified fracture zones are shown for the different reservoir level R3 and RS in stereonets. The largest fracture
zone FZ-4770 (see the yellow line in Figure 1) intersects the open-hole section of GPK1 (stimulated in 1993), the
former open-hole section of GPK2 (stimulated in 1995 and 1996) and the GPK3 well just above its open-hole
section (stimulated in 2003 and used as an injection well for all the circulation tests studied in this paper)
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(Sausse et al., 2010). The dominant strike direction of the fracture zones in the granite of both R3 and RS is
N160°E + 10° which is nearly similar to the orientation of the inferred maximum horizontal stress at the same
level, N170° = 10° (Cornet et al., 2007). The tectonic faulting regime in both reservoirs is mainly normal with a
more or less pronounced strike-slip component as the vertical stress and the maximum horizontal stress are almost
identical (Cornet et al., 2007; Meixner et al., 2016). This stress state is confirmed by the focal mechanisms of
recorded earthquakes linked to injection phases which evidenced mostly normal or strike-slip faulting (Cuenot
et al., 2006).

The deep regional stress field proposed by Cornet et al. (2007) is:

o1 = 33.8 4+ 0.0255(z — 1377) 1)
62 ~0, (N170° £ 10°) @

03 = 0.540, 3

p = 0.9 +0.00987 “4)

where z is the depth (in meters), p the pore pressure, 6, 0,, and o3 are the principal stresses, with o, the vertical
stress, o, the maximum horizontal stress and o5 the minimum horizontal stress. All stresses and pressure are given
in MPa (see Figure 1).

2.3. Seismic Response of the Soultz-Sous-Foréts Reservoir

Induced earthquakes have been observed during all injections in the Soultz-sous-Foréts reservoir (Charléty
et al., 2007; Cuenot et al., 2008; Dorbath et al., 2009). Earthquakes are less numerous during circulation
although they can reach similar level of magnitude as in simulations (Cuenot et al., 2011). In most cases the
onset of the seismic activity coincides with the start of injection except for stimulations of an already stimulated
part of the reservoir as seismicity only occurs after a certain injected fluid pressure has been reached. This has
been explained as a consequence of the Kaiser effect (e.g., Gaucher & Kohl, 2014). The seismicity observed
during stimulations is mainly located around the openhole section of the injection well for both R3 and RS
stimulations (Baria et al., 2004; Cornet et al., 1997). The seismic cloud extends as the injection progresses in
the direction of the favorably oriented faults within the stress state (Cuenot et al., 2008; Dorbath et al., 2009).
Generally, seismic events migrate first to the lower part of the reservoir and then move upwards to shallower
depths (Baria et al., 2004; Cauchie et al., 2020; Cuenot et al., 2008). Due notably to pore pressure diffusion
mechanisms (e.g., Mukubhira et al., 2017) or aseismic slips (e.g., F. H. Cornet, 2016; Lengliné et al., 2017), the
seismic activity does not stop as soon as injection stops but continues with a decreasing rate after injection has
stopped. As a consequence, the largest earthquake of the sequence is often recorded during this post shut-in
phase (e.g., Charléty et al., 2007; Evans et al., 2012; Gaucher et al., 2015). It was proposed that the seismic
response of the reservoir during stimulation is more important in terms of cumulative seismic moment for the
deeper reservoir RS than the shallower reservoir R3 (Bentz et al., 2020). Indeed, the cumulative seismic
moment of the 2000 and 2003 stimulations seems to be three orders of magnitude higher than that of the 1993
stimulation, for the same volume injected. This is interpreted by the authors as a possible consequence of the
difference in local tectonic features between the two depths for example, the length, the orientation or the
frictional properties of faults.

In addition to the seismic response of the reservoir, fluid injection has been evidenced to produce aseismic slips in
the Soultz-sous-Foréts reservoir. Indeed, there are some observational evidences and physical arguments that
support the presence of aseismic slip in the two parts of the reservoir during stimulation experiments. For
example, Calo et al. (2011) and Calo and Dorbath (2013) analyzed variations in P-wave velocity during the 2000
and 2003 stimulation episodes carried out in R5. They observed some velocity anomalies that they attributed to
the occurrence of aseismic motion during these two episodes. In R3, Cornet et al. (1997) evidenced a 4 cm slip on
a fault intersecting the GPK1 borehole around 3,000 m deep during the 1993 injection. This 4 cm slip could not be
linked to any single seismic event. Assuming typical scaling laws (e.g., Madariaga, 1976), this 4 cm slip translates
into a My,3.5 event but no such large magnitude earthquake was recorded during the injection. The occurrence of
such aseismic motion was later confirmed by Bourouis and Bernard (2007) who analyzed repeating earthquakes
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occurring on the identified fault plane hosting this large aseismic motion. They obtained a cumulative slip es-
timate from repeating earthquake of the same order of magnitude as the one reported in Cornet et al. (1997) from
direct log comparisons.

3. Compilation and Harmonization of the Soultz-Sous-Foréts Inter-Episodic Database
3.1. Hydraulic Data Compilation
3.1.1. Presentation of Hydraulic Data

Hydraulic data of the Soultz-sous-Foréts site comprises the well-head pressure and the flow-rate measurements as
a function of time for each stimulation and circulation episode (see Section 2). Hydraulic data used here for all the
stimulation episodes and the 2003 and 2010 circulation test episodes are provided by the CDGP (https://cdgp.u-
strasbg.fr/). For these episodes, we compiled and downsampled the data to a one-hour sampling in order to relate
and compare hydraulic and seismological data in the same time series. For the five other circulation test episodes
(i.e., from 2005 to 2010), no time series data were available. We used flow rate and well-head pressure from
figures presented in Cuenot et al. (2011). This prevents us from obtaining an evolution of these hydraulic pa-
rameters over time but still yields integrated values over the whole episode. A summary of the injection
configuration and hydraulic characteristics of each episode is documented in Table S1 in Supporting Informa-
tion S1. We also track the temporal evolution of the wellhead fluid flow-rate and fluid pressure respectively
during the injection operations (see Figure S1 in Supporting Information S1).

3.1.2. Hydraulic Energy Computation

Hydraulic energy is here defined as the mechanical energy injected into the reservoir through the pressurized fluid
during a specific episode. This quantity takes into account both pressure and flow-rate evolution during injection.
We note that this energy is estimated at the surface such that it represents a proxy of the mechanical perturbation
created in the reservoir by the injection. Thus, hydraulic energy is here estimated from:

Vs
AWH=/ P(\V)dv (5)
0

where P is the injection wellhead pressure of the fluid and V is the injected fluid volume from O to the final
injected volume V. This can be rewritten as a time integral covering the whole episode of fluid injection, between
time ¢; and ¢, as

AWy = f r[P(t)Q(t)dt (6)

i

with Q the injection wellhead flow rate and V(#;) = 0, V(t) = V. If a significant amount of fluid is pumped out of
the reservoir at the same time of the injection, during an hydraulic circulation for example, the hydraulic energy in
the reservoir is only the net hydraulic energy such that we need to subtract the energy of the production wells from
the hydraulic energy of the injection wells that is,:

. o .
AWy = AW] — AWG" = f (P"(n)Q™ () = P™(1)Q™ (1)) dt. (7

Since only well-head measures are considered for injections at different depths, Equations 6 and 7 do not account
for energy loss due to the dissipation of the mechanical energy of the fluid by friction with casing walls and by
temperature effects (that can cause e.g. a loss of internal energy or a change in the fluid viscosity). In order to
exclude such bias in our analysis, we computed an estimate of the energy loss by considering the fluid friction
with casing walls. The details of the calculations are presented in Text S2 in Supporting Information S1. Results
of our calculation showed that this potential loss in energy is not more than 5% which makes it negligible for our
considerations.
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3.2. Seismological Data Compilation and Harmonization
3.2.1. Presentation of Seismological Data

The main features of the earthquake catalogs for the corresponding stimulation and circulation episodes used in
this study are shown in Table S3 in Supporting Information S1. Earthquake catalogs for stimulation episodes are
provided by the CDGP (https://cdgp.u-strasbg.fr/). Catalogs for stimulation episodes cover the entire injection
period and list all the events detected by the network with their location and magnitude. Only two catalogs are
available for the circulation episodes (i.e., 2003 and 2010). For the other circulation episodes, only the total event
number as well as the magnitude and number of the largest events was available, but without precise timing nor
location (Cuenot et al., 2011). It is noteworthy that the seismological catalog of the 2003 circulation test does not
cover the whole injection period but only the first 17 days. To avoid excluding this episode from the analysis, we
decided to consider these first 17 days for which both hydraulic and seismic data are available.

Just as the network has evolved over time, so has the seismological processing. The 1993, 1995, and 1996
stimulations were monitored by four downhole stations installed in existing boreholes (three accelerometers in
wells 4,550, 4,601, and 4,616 at around 1,500 m depth and 1 hydrophone in EPS1 well at 2,075 m depth) and 18
temporary surface stations seismometers installed by the Ecole et Observatoire des Sciences de la Terre (Uni-
versity of Strasbourg). For the stimulation of GPK2 in 2000, the accelerometer in the well 4,616 was removed and
the GPK1 well was equipped with a downhole hydrophone at 3,500 m depth. In addition, a fifth downhole
accelerometer was installed at the bottom of a new observation well, OPS4, drilled down to around 1,500 m depth
(Baria et al., 2006) and the 18 surface seismometers continued to record seismic activity. Since 2003, a permanent
surface network of nine stations has been installed to continuously monitor seismic activity and one downhole
geophone in the well 4,616 has been added at about 1,370 m depth. The permanent surface network was
completed by 14 temporary seismometers for the 2003 injection operations and 4 temporary seismometers for the
2004 and 2005 operations (Charléty et al., 2007; Cuenot et al., 2008). Given the characteristics of these stations,
the seismic networks were able to detect small induced events (see Section 3.2.3) and to localize the events
detected. However, the seismic network evolution over time is supposed to have significant impact on the network
detection and location performance. A difficulty also arises when comparing the different simulations as one
needs to make sure that the reported seismological data have all the same definition, and in particular earthquake
magnitudes which are used to compute the seismic moment, M. To overcome this difficulty, we have regrouped
the episodes with the same reported magnitude definition into four groups:

» The earthquake catalogs corresponding to the 1993, 1995, and 1996 episodes have all been computed by the
Camborne School of Mines Associates (CSMA), following the same approach (Jones, 1997). They estimated a
moment for each detected earthquake by fitting a Brune's model to the earthquake spectrum (Brune, 1970).
From these seismic moment estimates, they derived a magnitude, hereafter referred to as Mg, that cannot be
considered as moment magnitudes in the sense of Hanks and Kanamori (1979) since they used a different
equation to convert seismic moment into moment magnitude.

o The earthquake catalogs for the stimulation episode of 2000 and the circulation tests from 2005 to 2010 have all
been compiled using the same methodology and all report a duration magnitude, My,.

¢ The earthquake catalogs of the 2003 stimulation and circulation tests report a local magnitude that is a network
based local magnitude, hereafter defined as M| .

o The earthquake catalogs of the 2004 and 2005 stimulation episodes report a local magnitude that is computed
using the amplitude of the raw signal of one of the downhole sensor (4,550), hereafter defined as Mi.

3.2.2. Harmonization to Moment Magnitude Scale

As a prerequisite for the energy analysis, the difference in magnitude scale between the earthquake catalogs
(either CSMA, local or duration magnitudes) must be taken into account in order to obtain a fully homogeneous
and comparable database of earthquake magnitudes. In this respect, we aimed to convert the magnitudes of each
of these groups into seismic moments and associated moment magnitudes (Hanks & Kanamori, 1979). The
conversion procedure consists of three main steps for each of the groups mentioned above: (a) direct estimation of
seismic moments for events for which waveforms and instrument response were available; (b) establishment of an
empirical relationship (based on a robust regression) between the computed seismic moments and the reported
magnitudes; (c) estimation of seismic moments from the conversion relationships in (b) for all events that belong
to the same group.
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As part of the first step, seismic moments were calculated by fitting a Brune's model (Brune, 1970) to the observed
S-wave displacement and acceleration spectra using the SourceSpec algorithm (Satriano, 2022). We fitted
displacement spectra from seismometer data to the (3—50 Hz) frequency band and acceleration spectra from
downhole accelerometers to the (80-500) Hz band. The best fit estimate returns for each event the seismic
moment M,, linked to the low-frequency plateau of displacement or acceleration amplitude spectra, €. The
theoretical displacement spectrum u(f) is defined as:

—rf ) ®)

_ %
e el

r
1+(f

where f, is the corner frequency, r is the hypocentral distance, Qg is the attenuation factor and Vy is the S-wave
velocity (here Vg = 3.34 km/s, Jupe et al., 1994). The low-frequency plateau Q, comprises the seismic moment
M,, and accounts for geometrical spreading, radiation pattern R (here assumed to be 0.63, Aki & Richards, 1980),
S-wave velocity Vg and medium density p (here assumed to be 2,500 kg/m?) and is defined as:

Rs

Q =My —-
0 0 drpVir
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While f. and Qg estimates may be subject to large uncertainties, the low frequency part of the displacement
spectrum is generally robust and thus M, can be reliably derived.

As part of the second and third steps, we obtained the following empirical relationships between the seismic
moments and the reported magnitudes of each group:

o For the 1993, 1995, and 1996 simulation episodes, we estimated the seismic moment of all earthquakes in the
1993 catalog for which waveforms and instrument response are available (four downhole stations). Based on
these results we established the following relationship between the initial catalogs magnitude M ,,, and the
seismic moment following regression analysis (see Figure S3a in Supporting Information S1):

M, = 10(L72£0.0)Mcgys +(11.0420.02) (10)

This relationship was used to also deduce the seismic moments for the 1995 and 1996 stimulations. The
resulting moment magnitudes are 1.4 magnitude units higher than those of M g,4. This is consistent with
observations of Baisch et al. (2010) who noticed that Mg, appear unusually low by as much as two
magnitude units compared to other moment magnitude estimates performed from surface instruments. It is
noticeable that Jones (1997) reported a relation between moment and magnitude for CSMA catalog very
similar to Equation 10 but with a factor of 1.1 instead of 11.04 which, based on our results is probably a typo.

¢ For the stimulation episode of 2000 and the circulation tests from 2005 to 2010, we similarly established a
relationship between the duration magnitude scaled My, and the seismic moment which reads as:

MO — 10(1.4710417)MD+(8.22t0.34) (l 1)

The adjustment was performed only for events with M, > 1.25 (data quality was poorer for lower magnitudes)
of the episodes of 2000 and 2010 (no waveform data are available for the other circulation tests). Given the
difference in the seismic network, we independently inverted two conversion relations on both the data from
the 2000 stimulation (16 surface stations) and the data from the 2010 circulation test (six surface stations).
These relations were found to be nearly similar. Because the 2010 episode contains less data, we retained the
one inverted on the 2000 stimulation (see Figure S3b in Supporting Information S1) to deduce seismic moment
of each episode (including the 2005, 2008, and 2009 circulation tests for which no waveform data were
available).
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Table 1

Description of the Harmonized Seismic Catalogs for Each Stimulation and Circulation

Episode Mg, log;o (EMo(My > M) M, in (N m) log;o (M§™) M, in (N m) Mipax

Stimulation
1993* —0.65 13.12 +£ 11.59 12.40 £ 0.01 2.20 = 0.01
1995 0.05 12.90 £+ 11.38 11.23 £0.01 1.42 £ 0.01
1996 0.05 13.22 + 11.69 11.57 £ 0.01 1.65 £ 0.01
2000 —0.45 13.38 +£ 13.28 11.90 + 0.34 1.86 + 0.22
2003 —0.05 13.12 £ 12.28 11.77 £ 0.08 1.78 + 0.05
2004 —0.55 12.94 £ 12.71 10.93 + 0.27 1.22 £ 0.18
2005 —0.45 12.86 + 12.64 10.93 £ 0.27 1.22 +0.18

Circulation tests
2003° —0.05 11.57 + 10.66 10.66 + 0.06 1.03 £ 0.04
2005°¢ - 12.38 +£12.29 11.60 £ 0.32 1.66 + 0.21
2008a“ - 11.35 £ 11.18 10.28 + 0.25 0.78 £ 0.17
2008b° - 11.04 + 10.89 10.72 + 0.27 1.08 £ 0.18
2009° - 11.36 £ 11.24 10.72 £ 0.28 1.08 + 0.18
2010 —0.25 12.23 £ 12.18 11.60 £ 0.32 1.66 + 0.21

Note. My, is the moment magnitude of completeness, XM (MW > Miv) is the 95 % confidence interval (CI) of the sum of the seismic moment of the events whose the
magnitude is above the completeness magnitude M, Mg is the 95% CI of the maximum seismic moment observed for the largest magnitude My™ event. The 95 % CI
have been computed using a monte carlo approach on the parameters and associated uncertainties of the conversion relations. “Here we only analyze the injection phase of
September 1993. "The available seismological catalog does not cover the 2 months duration of the circulation tests but only 17 days. We therefore consider hydraulic
data for these 17 days as well. “Episodes for which seismological and hydraulic data were not available and for which we have derived values from Cuenot et al. (2011).

¢ For the 2003 stimulation and circulation episodes, we computed the seismic moments from the available
waveforms of the 2003 stimulation episode (16 surface stations) and fitted (see Figure S3c in Supporting
Information S1) the following relationship between the local magnitudes Mi (above 0.5 to improve the ac-
curacy) and the seismic moments:

M, = 10(0-98£0.09)M; +(8.96£0,07) (12)
This relationship is very similar to that obtained by Douglas et al. (2013) for the 2003 stimulation episode.

o For the 2004 and 2005 local magnitudes, we computed the seismic moments from the available waveforms of
the 2004 stimulation episode (two surface stations) and fitted (see Figure S3d in Supporting Information S1)
the following relation between these local magnitudes Mf (above 1.3 to improve the accuracy) and the seismic
moments:

M, = 10(0-77£0.1)M; +(9.16+0.28) (13)

Although the regressions were performed over a limited range of magnitudes (i.e., Mp > 1.25; M£>0.5;
Mi > 1.3), we have included in our analysis the seismic moments of lower magnitude events, considering that the
relationships obtained remain valid at lower magnitudes.

3.2.3. Catalog Completeness

Based on the inferred harmonized moment magnitudes, we deduced the magnitude of completeness, My, for each
episode. This allows differences in network detection performance to be taken into account. Mg, was estimated by
using the goodness of fit method (Wiemer & Wyss, 2000). We then computed the cumulative seismic moment

DRIF ET AL.

9 of 26



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2023JB028190

E 10t —_—
/\>
=
Z
v 10
=
L
>
(]
Q
‘g 102
w
3
G
o
5 10t
Na)
g
=]
Z
10°
-1,5 -1 -0,5 0 0,5 1 1.5 2 2,5
Moment Magnitude My,
Stimulations Re-stimulations Circulation tests
R3 | emmm1993 1995 1996 | == =2003 |
| —2000 2003 evee 2005 2010 |
1

Figure 2. Cumulative frequency distribution of the moment magnitude of all events for the various episodes. The gray dotted
line indicates a Gutenberg-Richter distribution for a b-value of 1. The black and gray curves refer to the injections in R3,
while the colored curves refer to those in RS5.

XMy(M > M) for each stimulation and circulation episode as the sum of the seismic moment of each recorded
earthquake in the catalog whose magnitude is greater than or equal to My, (see Table 1). Based on our estimates of
Mg, we used the earthquakes magnitude distribution (Gutenberg & Richter, 1944; Figure 2) to compute the
deficit in recorded seismic moment. The detailed procedure is explained in Supporting Information S1 (see Text
S4). Similarly to the conclusions of Bentz et al. (2020), we find that the missing seismic moment accounts for a
negligible amount compared to the seismic moment of events above M.

3.3. Cumulative Seismic Moment Evolution With Hydraulic Energy

We computed cumulative seismic moment XM, for each injection episode. In order to get a first overview of our
compiled data set, we represent in Figure 3 the evolution of XM, with hydraulic energy AW,. Based on our
harmonized database, we show that, despite differences between episodes in terms of injection strategy and depth,
the cumulative seismic moments are of similar order (between 7 X 0'% and 2 x 0'* N m) at similar hydraulic
energy level (between 2 X 10'" and 6 x 10" J) for stimulations. The cumulative seismic moment increases almost
linearly with hydraulic energy for stimulations. We evidence a specific behavior for re-stimulations for which the
onset of the seismic moment increase occurs only late during the injection and then rises sharply. At the end of the
re-stimulation we note however, that the total seismic moment and maximum magnitude are very similar to the
preceding stimulation. In addition, circulation tests globally show cumulative seismic moments of around one
order of magnitude lower than for stimulations (between 1 x 10'! and 2 x 10'? N m) whereas hydraulic energies
were higher (between 1 x 10'" and 2 x 10" J). Similarly to re-stimulations, circulation tests show a strong non-
linear increase of the cumulative seismic moment with hydraulic energy but this evolution becomes almost linear
after a certain level of hydraulic energy injected.

4. Measuring the Seismic Energy Released

During slip on a pre-existing fault the potential energy change, AWy, is generally decomposed into fracture
energy, E, thermal energy (frictional), E;, and radiated seismic energy, Er. The fracture energy or breakdown
work actually encompass a variety of inelastic processes occurring both on and off-fault (Kanamori & Brod-
sky, 2004; Udias et al., 2014). The thermal energy is commonly associated with frictional heating. The last term,
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Figure 3. Cumulative seismic moment evolution with hydraulic energy injected. The black and gray curves refer to the
injections in R3, while the colored curves refer to those in R5. Since we do not have a full data set for the 2005 to 2009
circulation tests, they are here represented as single values only at the end of the episode (triangle symbols).

Ejg, is linked to the radiation of seismic wave and is one of the most fundamental measures to understand the
physical phenomenon associated with earthquake dynamics (see e.g. Gutenberg & Richter, 1956; Kanamori
et al., 1993). Ey is found to be very small compared to the AW, (Kanamori et al., 2001) as the ratio = Eg/
AW, called the seismic efficiency, is typically lower than 6% (McGarr, 1999). The relative proportion 77z = Eg/
(Eg + Eg), the radiation efficiency, changes with the rupture speed and tends to O for quasi-static rupture
(Husseini & Randall, 1976). Overall, the coefficients  and #, can vary between events, reflecting the diversity of
the rupture process. In our study, we first seek to estimate and compare Ey and its link with hydraulic energy that
is, the seismic injection efficiency I for all injections in the Soultz-sous-Foréts reservoir. We show that, from an
estimate of the stress state in the reservoir, we obtain an estimate of the seismic faulting energy. This offers a
complementary characterization of the reservoir seismic response that shares similarities with 7.

4.1. Radiated Seismic Energy and Seismic Injection Efficiency

The estimation of seismic injection efficiency, I, has been studied in some previous works (Bentz et al., 2020;
Kwiatek et al., 2019) and is defined as the ratio between the radiated seismic energy Ej and the hydraulic en-
ergy AWy

Ip = Eg/AWy, (14)
where Ej can be computed from
Eg = CpVs f v(f)df. (15)
0
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Table 2

Computed Values of Hydraulic Energy AWy, Radiated Seismic Energy Ep, Maximum Seismic Faulting Energy AW,
Seismic Injection Efficiency I, and Seismic Faulting Efficiency y for All Stimulations, Re-Stimulations (RS) and Circulations

Tests

Episodes AW, (T) E, () AW, (D) I, (5 o)

Stimulation
1993° 258 x 10" (9.14 £ 0.07) x 10° (221 £0.04) x 10'° (355 £0.03) x 107> (8.57 £0.17) x 1072
1995 324 x 10" (5.49 £ 0.24) x 10®  (1.57 £ 0.06) x 10"°  (1.70 + 0.07) X 10™>  (4.86 + 0.17) x 107>
1996 (RS) 3.45x 10" (9.65 +0.09) x 108 (3.30 £ 0.11) x 10'° (279 £ 0.03) x 107> (9.56 = 0.33) x 1072
2000 3.02x 10" (1.58 £ 1.26) x 10°  (6.53 £5.24) x 10" (524 £4.18) x 107> (2.17 + 1.74) x 107"
2003 483 x 10" (8.74 £ 1.26) x 10°  (3.46 + 0.50) x 10" (1.81 £0.26) x 107> (7.17 £ 1.04) x 1072
2004 148 x 10" (453 £3.40) x 10° (243 £ 1.43) x 10"°  (3.07£23)x 10> (1.65 £0.97) x 107"

2005 (RS) 2.00 x 10!

Circulation test

(4.14 + 2.90) x 108

(2.01 + 1.22) x 10'°

(2.07 £ 1.45) x 1073

(1+0.61)x 107!

2003 934 % 10" (247 £0.30) x 107 (1.07 £0.13) x 10°  (2.64 £0.32) x 107*  (1.14 £ 0.14) x 107>
2005° 9.58 x 10" (1.59 + 1.33) x 10®  (6.95 + 5.81) x 10°  (1.66 + 1.39) x 107™* (7.25 £ 6.06) x 107>
2008a" 1.65 x 10" (1.48 £ 1.00) x 10" (6.46 + 4.36) x 10°  (8.97 £ 6.08) X 107>  (3.92 + 2.65) x 107>
2008b° 2,00 x 10" (1.51 £ 0.54) x 107 (329 +2.36) x 10°  (3.77 £2.7)x 107> (1.65 + 1.18) x 1073
2009° 443 x 10" (3.08 £ 1.12) x 10" (6.75 £ 4.91) x 10®° (348 £2.53) x 107> (1.53 + 1.11) x 107>
2010 1.75 x 10> (223 £0.96) x 10®  (5.00 £ 4.30) x 10° (6.4 £55)x 107>  (2.86 + 2.46) x 107>

Concerns the September 1993 injection phase only. *Episodes for which we do not have a seismic catalog.

where p is the density, V is the shear wave velocity, v(f) is the velocity spectra and C is a constant to account
notably for source azimuthal averaging and geometrical spreading. Due to the band limitation of the recording
instrument and uncertainties regarding adequate attenuation correction, station coverage, etc., the calculation of
E faces a number of practical challenges that must be overcome in order to be measured accurately (Ide &
Beroza, 2001; Shearer, 2019). As a consequence, Ey is often estimated from the seismic moment M, (Ran-
dall, 1972) as:

Ao
ER = TMO Nr (16)
u

where Ao is the stress drop, u is the shear modulus and 7 is the radiation efficiency. Following Bentz
et al. (2020), we compute Ey using Equation 16 assuming a typical stress drop Ac = 3 MPa (McGarr, 2014) and
ng = 0.46 (McGarr, 1999). Considering that the Young's modulus of the granite in R3 and RS is E = 25 GPa and
that the Poisson's ratio in R3 and RS is v = 0.25 and v = 0.2 respectively (Vallier et al., 2019), then the shear
modulus is g = 10 GPa in R3 and u = 10.4 GPa in RS.

For each available episode we computed the radiated seismic energy Ey and the seismic injection efficiency /.
The absolute values of these quantities at the end of each episode (i.e., after the last recorded event in the catalog
of the considered episode) are reported in Table 2 and the evolutions with hydraulic energy are shown in Figure 4.

As a first observation, we notice that all episodes are characterized by low values of seismic injection efficiency /
ranging between 3.4 x 107> and 5.2 X 107>, Generally, stimulations and re-stimulations are characterized by
similar I, values (between 1.7 x 107> and 5.2 x 10™>) which are an order of magnitude higher than those of
circulation tests (3.4 x 107> and 2.6 X 107%).

As in Figure 3, which shows cumulative seismic moment evolution as a function of hydraulic energy, we observe
in Figure 4 a distinct pattern in the evolution of radiated seismic energy and I, with hydraulic energy depending
on the type of injection. Indeed, the evolutions of Ey or I as a function of AW, are different for stimulation and
re-stimulation episodes. The dashed lines showing a constant value of I for stimulations suggest that radiated
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Figure 4. (a) Evolution of the cumulative radiated seismic energy E with hydraulic energy AW,,. (b) Evolution of the seismic injection efficiency I, with hydraulic
energy. The gray dotted lines show the linear evolution of the radiated seismic energy with hydraulic energy considering several constant values of seismic injection
efficiency, I;. Same color and marker codes as in Figure 3.

DRIF ET AL. 13 of 26



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2023JB028190

seismic energy increases almost linearly with hydraulic energy if we ignore small changes in /; below one order
of magnitude for certain stimulations (e.g., 1993 and 1995 stimulations) as seen in Figure 4b.

In contrast, the evolution of the seismic responses for re-stimulations differ significantly from the quasi-constant
I as seen for stimulations. For these re-stimulation episodes, we notice a strong increase of I with the hydraulic
energy that finally converges to similar values of I as observed from the preceding stimulation phases. This sharp
increase is only observed after significant hydraulic energy (close to that injected during the previous stimulation)
is injected into the reservoir (between 5 x 10' and 8 x 10'® J). Regarding the circulation tests, Figure 4a rep-
resents the evolution of Ej for the circulation episodes in 2003 and 2010. We also observe in Figure 4b that I is
almost constant for the 2003 circulation test as for stimulations. For the 2010 circulation test, a significant increase
in I is comparable to those seen during re-stimulations.

Finally, our results do not highlight a significant difference between R3 and RS in terms of I and cumulative
seismic moments. This contrast with the results of Bentz et al. (2020) who show a difference of three orders of
magnitude between both reservoirs in terms of cumulative seismic moment. They interpreted this difference as a
potential result of the difference in reservoir depth (local tectonic features). The observed difference is likely
related to a different estimation of the seismic moment. Indeed, it seems that Bentz et al. (2020) considered all the
magnitudes in the CSMA catalog as moment magnitudes. However, as we showed previously and noticed by
Baisch et al. (2010), the magnitudes reported in the CSMA catalog cannot be converted to seismic moment using
the relation of Hanks and Kanamori (1979). This discrepancy in analysis highlights the importance of harmo-
nizing data before a comparative analysis between different injection episodes at the same site, but also between
different sites to avoid misleading interpretations.

4.2. Seismic Faulting Energy and Seismic Faulting Efficiency

As the state of stress is known in the Soultz-sous-Foréts reservoir, in addition to the previous estimate of the
seismic radiated energy, we can quantify the variation in potential energy associated with the induced earthquakes
in a different way. The change of potential energy during faulting (hereafter called seismic faulting energy),
AWj,» can be computed from

T; + Tf

AW = DS(T) a7

with D the displacement on the fault, S the fault area and 7 and 7,are the shear stresses on the fault respectively at
the start and at the end of the slipping episode (Kanamori & Brodsky, 2004; Knopoff, 1958; Kostrov, 1974).
Introducing the seismic moment (Aki, 1966), one can rewrite Equation 17 as

Ti+7T¢
Avaault = MO( 2/1 f)~ (18)

We establish an upper estimate of the seismic faulting energy AWp,,,, considering that the stress drop is found to
be a small fraction of the total stress (Abercrombie, 2021). Setting 7, = 7, then leads to a maximum energy, AWp,,,;,
that is twice larger than its minimum estimate (z, = 0). From Equation 17 we have

T
AW = My (;) (19)

The initial shear stress, z; on the fault is generally unknown but can be estimated from stress field measurement.
is given by 7

max
1

max
i

An upper estimate of the shear stress on the fault, 7 = 25% where o, and o3 are the maximum

and minimum principal stresses (see e.g., Jaeger et al., 2009), which combined with Equation 19 yields

AWpis = My ("1 2_” ”3). (20)

This upper estimate of 7; does not account for the fact that failure might occur at different levels of shear stress
depending notably on the fault plane orientation and the friction coefficient and that it can vary as a function of
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time because of stress transfer caused by nearly slip events. However, we can show that considering a fault plane
ideally oriented for rupture and a fault friction coefficient of (0.6—0.9) the shear stress at failure will be in the
range of (0.3-0.8) of the maximum shear stress which indicates that our maximum estimate is capturing the
correct order of magnitude. As we are considering here a maximum fault energy scenario, it is therefore
reasonable to have such an estimate of z;, but it should be noted that the shear stress at rupture could be less than
this value and could change as a function of time.

We can then calculate the seismic fault energy as the sum of the seismic fault energy (Equation 20) of each event
taking place during a fluid injection (see Table S3 in Supporting Information S1) using the seismic moment, the
shear modulus and the principal stresses (introduced in Section 2) relevant to the depth of each of these events.
Similarly to the injection efficiency, /5, we can as well quantify the ratio between the seismic faulting energy and
the hydraulic energy. We thus define, y, the seismic faulting efficiency, as

_ Avaaull

= , 21
X AW, (21)

and we note that I and y are actually related and we have

y= <”A1 - "3> I (22)
[

Assuming a constant stress drop, Ac, and a constant radiation efficiency 7, as done here, it implies that I, and y
are related and only deviates from linearity because of the depth dependence of the principal stresses. Both, I and
x have a similar but slightly different meaning and each one carries its own uncertainties and assumptions. The
radiated seismic energy estimate is based solely on seismic measurements. We note that the estimation of E
based on Equation 15 is mostly dependent on the high frequency part of the signal as 80% of the seismic energy is
radiated at frequencies above the corner frequency (Ide & Beroza, 2001). The estimation of E, from Equation 16
also only involves seismic measurement as the estimate of stress drop is calculated from the same seismic data.
For the seismic faulting energy, we rely on the stress field estimated from non-seismic measurements for an
approximation of the initial stress (not for the final stress, for which we develop hypotheses). We also noted that
AW 414ing and y offer the opportunity to quantify the work done during an aseismic slip if we can estimate the
seismic moment associated with such an event, which is not possible from /. Either I or y can be calculated for
monitoring the seismic response of the reservoir to fluid injection according to the seismological data available at
the geothermal site. If the stress field is not known, it is not possible to calculate y but I can be calculated. If the
stress field is known, both I and y can be calculated.

For each available episode, we computed the seismic faulting energy AWy, and the seismic faulting efficiency,
- The absolute values of these quantities at the end of each episode (i.e., after the last recorded event in the catalog
of the considered episode) are reported in Table 2. Given Equation 22 and since we are comparing several in-
jection episodes on the same site (same stress field), we can expect similar relative values and evolution of seismic
radiated energy Ey and seismic faulting energy AWy, (and hence I, and y). Indeed, Figure 5 representing the
evolution of y with I shows that I and y are linearly related.

Hence, the observations made about / in the previous section remain the same for y values. Indeed, all episodes
are characterized by low values of y ranging between 1.5 X 107> and 2.2 x 10™". This implies that the seismic
faulting energy represents only a small part of the hydraulic energy. Similar values of y are also observed between
Stimulations and Re-stimulations (between 4.8 X 1072 and 2.2 X 10™") which ranges one order higher than those
for circulation tests (between 1.5 X 1072 and 1.1 x 10_2). Likewise, y is almost constant during stimulation,
whereas it increases strongly during re-stimulation to reach y values similar to those observed during previous
stimulation phases. Finally, no dependence of y on injection depth is observed.

5. Discussions

5.1. Seismic Faulting Efficiency and Aseismic Slip

In our faulting energy estimation, we considered only the observed part of the faulting, that is, the part that ra-
diates seismic waves and can be captured by a seismometer. It is likely that some faulting in the reservoir can also
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Figure 5. Relation between the seismic injection efficiency, /., and the seismic faulting efficiency, y. Same color and marker
codes as in Figure 3.

be aseismic and thus are missed and not taken into account in our estimate of AWp,,,,. There are observational
evidences and physical arguments that support the hypothesis of aseismic slip taking place in the two parts of the
reservoir (see Section 2.3). A direct measure of aseismic slip was deduced from the 1993 stimulation by Cornet
et al. (1997) and it was shown to be equivalent to a My 3.5 event (M, = 2.04 x 10"* N 'm). This value is significant
compared to the cumulative seismic moment previously deduced for the whole 1993 episode (1.3 x 10'> N m). By
accounting for this aseismic moment in our calculation of seismic faulting efficiency for the 1993 stimulation, we
obtain y = 1.24 (see Figure 5). This aseismic motion captured by Cornet et al. (1997) is presumably the largest
aseismic motion that occurred during the 1993 stimulation. Indeed, it seems unlikely that a larger aseismic motion
could have occurred without intersecting the borehole and then be detected. The scenario of AW, > AWy
indicates that previously stored elastic energy within the reservoir can be released in addition to the energy related
to the hydraulic perturbation. In the case of a first injection of fluid into the reservoir, this potentially provides a
criterion to determine if seismicity is triggered (y > 1) or induced (y < 1). The seismic injection efficiency I can
also be used as a diagnostic tool to evaluate whether the earthquake is induced or triggered (Goodfellow
et al., 2015). However, using this criterion would require setting a threshold to distinguish induced from triggered
events, whereas in the formulation with y, this threshold is naturally equal to 1.

5.2. Difference in Energy Release Between Stimulations and Re-Stimulations

The absence of seismicity at the beginning of a re-stimulation has already been observed and explained as a Kaiser
effect (see Section 2.3). This would refers to a memory effect of the initially stimulated volume which only
responds seismically when the pressure becomes higher than the maximum pressure reached during the first
stimulation. We suggest here that the pre-existing elastic strain energy plays a key role in the seismic response of
the reservoir to the injection and this may explain why there is no seismicity at the start of injection and why there
is a sharp increase in I; or y for an already stimulated reservoir. Like McGarr (2014), we assume that the reservoir
is in a critical state before the first stimulation, and that fluid injection perturbs the stimulated volume which
controls seismicity. However, we suggest that seismicity is not primarily due to the deformation generated in the
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stimulated volume as argued by the model of McGarr (2014), but rather to the release of stored energy.
Consequently, during re-stimulation, the reservoir has less pre-existing elastic deformation energy (because it was
relaxed by the first stimulation) and requires more loading from the fluid injection to induce seismicity. Once
seismicity begins, I or y are initially low, but rapidly increase to a level similar to that of other stimulations.
Consequently, the first stimulation would be a “relaxation” stimulation, while the re-stimulation would be a
“recharging” stimulation of the reservoir.

5.3. Circulation Episodes

Our results evidence that, for circulation episodes, I and y are on average one order of magnitude smaller than for
stimulations and re-stimulations episodes. This difference may arise from several factors. First, we might consider
that, as these circulation tests are taking place in previously stimulated reservoirs (similar to re-stimulations) a
fraction of the elastic strain energy (conveyed to the reservoir notably by the tectonic stress) available for faulting
has already been released. Considering that the circulation tests do not impose significant stress changes outside
the already stimulated zone, this could therefore explain the low value of E or AW, and therefore the low value
of I or y over the whole course of these episodes. We could have expected, given the long duration of circulation
tests, that the tectonic loading in terms of elastic strain energy would have become significant during the cir-
culation. This would have led to more energy available for faulting and thus to a higher I or y value than
observed. Nonetheless, we can show that the accumulation of this strain energy from tectonic loading is not
sufficient during a circulation test. Indeed, maximum strain rate in the Rhine Graben has been estimated to
7 % 107 yr~! (Henrion et al., 2020). Considering a 100 days period (typical for a circulation episode), a reservoir
volume of 5 km® and a representative stress value within the reservoir of 100 MPa (which is the value of the
largest principal stress at 4 km depth from Figure 1 and Cornet et al., 2007), we computed an increase of potential
strain energy of 1 x 10'® J. This value is small compared to the typical amount of hydraulic energy for a single
episode (around 10'" J). It suggests that, at the time scale of a single circulation episode, the contribution of the
tectonic loading is not sufficient to significantly impact the seismic energy released. The same applies when
considering the time between two fluid injection operations, which is around 6 months (Schill et al., 2017). We
note, however, that this elastic strain energy accumulates also over long periods without fluid injection and
becomes the main reservoir energy driving the seismicity at the time of an injection. This is typically the case for a
first stimulation and this confirms our interpretation that the pre-existing strain energy is the main parameter of
induced seismicity (see Section 5.2). Thus seismicity during stimulations is more likely to be triggered. On the
contrary, during re-stimulations and circulations, it would be largely hydraulic energy that is used for earthquakes
which are then more likely to be induced.

Additionally, the low values of I; or y could also be due to the potential overestimation of AW,,. Indeed, during a
circulation test a large amount of fluid is pumped out of the reservoir and reinjected into the reservoir after being
cooled through a heat exchanger at the surface. This leads to a reservoir cooling considering the long duration of
the test. The fluid is then reinjected into a cooler rock, which in comparison with stimulations, reduces the effects
of the thermo-elastic mechanisms behind seismicity. The same reasoning was invoked to explain the low
aftershock activity in the Coso geothermal plan following the 2019 Ridgecrest's earthquakes (Im et al., 2021). In
this case, the cooling of the reservoir over long time-scale results in less energy available for faulting and an
anomalous low seismic activity. However, the thermal effect is not considered in our study, which focuses on
comparing the injected energy and the released seismic energy, not on the energy transfers that operate in the
Ieservoir.

Complementing the explanation by reservoir cooling, the difference observed between circulation tests and
stimulations could be explained by the fact that there is a certain level of energy dissipation (energy dissipation
rate) in the processes that we are not able to observe, and which balances the lower hydraulic energy rate for
circulation tests (carried out over a longer period of time than stimulations).

A difference arises when we compare the evolution of I or y during the 2003 and 2010 circulation tests. The
evolution of y during the 2003 circulation episode is characterized by an evolution similar to a stimulation (i.e.,
almost constant), whereas the 2010 circulation is characterized by a first phase of strong increase of y, which is
similar to a re-stimulation behavior. The quasi-constant evolution during the first phase of the 2003 circulation is
probably due to the fact that this injection took place immediately after the 2003 stimulation stopped. Thus, post-
injection events may have been accounted for in the circulation whereas they could have been associated with
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Figure 6. Comparison of the observed maximum magnitude with the total injected volume of each episode of Soultz-sous-
Foréts (cf. legend) and for some stimulations carried out in some other Enhanced Geothermal System sites (data from Bentz
et al. (2020)). Three models are shown for comparison: McGarr (2014), Van der Elst et al. (2016), and Galis et al. (2017)
whose all parameter values are representative of the Soultz-sous-Foréts 1993 stimulation episode (see Section 5.4 for
details). (Same color and marker codes as in Figure 3).

stimulation. This explanation is supported by the higher y and I values of the 2003 circulation compared with
other circulations.

5.4. Prediction of the Maximum Moment Magnitude

The volume of fluid injected into a reservoir has been used in several cases to estimate the maximum magnitude
during injections (Galis et al., 2017; McGarr, 2014; Van der Elst et al., 2016). Our harmonized database allows us

to compare in Figure 6, the consistency of the predicted maximum magnitude, 11//\[:;,"lx using the three afore-
mentioned models with the observed values, My™ in the Soultz-sous-Foréts EGS site. The three models are
computed considering a shear modulus of 10 GPa representative of the R3 granite, a seismogenic index of —2
representative of the 1993 stimulation episode (Dinske & Shapiro, 2013) and its computed b-value of 1.4 (see
Text S4 in Supporting Information S1). In addition, to compare the Soultz-sous-Foréts observations with other
EGS sites, we also represent the observed My* (reported in Bentz et al. (2020)) for six EGS sites around the
world: Basel (Switzerland), Cooper Basin (CBN, Australia), Paralana (Australia), Berlin Geothermal Field (BGF,
Salvador), Helsinki (Finland) and the near Pohang (South Korea).

We first observe that for similar injected volumes, the models predict M nv:,ax values that can differ by two units.
The upper limits of magnitude given by McGarr (2014) and Galis et al. (2017) are well respected. Although the
values predicted by the model of Van der Elst et al. (2016) are closer to the observations, they underestimate the
observed My/* for two stimulations including the 1993 stimulation for which the model is calibrated. When
analyzing separately the evolution of the observed My for the stimulations and the circulation tests, we observe
an increase with the total volume injected with a slope well represented by the models. As for the Soultz-sous-
Foréts site, all the EGS sites are located in crystalline rock basement with a depth target between 2 km (BGF) and
6 km (Helsinki). We notice that all observed My™ in the Soultz-sous-Foréts EGS site are lower than other EGS
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sites analyzed. For similar injected volumes, the range of observed My is large (between 1 and 5.5). This in-
dicates that maximum magnitude is site-dependent and that its prediction should account for the reservoir
characteristic properties.

The fact that the values of I or y are almost similar for all stimulations and circulations and during the whole
course of the stimulation or circulation leads to consider I or y as a fixed property of the reservoir. It can therefore

be used to predict the cumulative seismic moment, 21\70 or the maximum moment magnitude, M :ax expected
from the hydraulic energy to be injected into the reservoir (from the planned injected volume and the well-head
pressure). Performing such a prediction requires an a priori estimate of I or y, possibly from previous stimu-
lations/re-stimulations at the same site. If no such estimate is available from previous injection operations, it is
still possible to estimate it during an early stage of an injection. Indeed, as I or y are quasi-constant or are
evolving steadily during stimulations, we can get an estimation of them during the beginning of the injection,
when the risk of having a large earthquake remains low. This value can then be used to estimate the expected
seismic moment for the rest of the injection based on the planned injection. This allows us to predict the expected
cumulative seismic moment (or the expected maximum magnitude under assumptions) from the planned hy-
draulic scenario, P(V) as a function of time. From Equations 14 and 20, one can estimate the expected cumulative
seismic moment ZMO based on the hydraulic energy AWy, that is planned to be injected knowing an estimate of
the seismic injection efficiency:

~ 2u
ZMO = IEAo'rI
R

AW, (23)

Similarly, from an estimate of y and considering o, = o; that is, the upper limit of seismic faulting energy, we have:

2y
0p — 03

SMy =y AWy 24

. . . o~ max . . A ~
We then estimate the maximum moment magnitude My, from the predicted cumulative seismic moment M,
similarly to McGarr (2014) and assuming that the Gutenberg-Richter magnitude distribution holds up to the
largest magnitudes. Thus, we have

~max 2 3-2b_ ~
MW = gloglo (TZMO> —6.07 (25)

where b is the b value.

The approach of Hallo et al. (2014) and Li et al. (2022) is quite similar to ours. Indeed, they also propose pre-
dicting the maximum magnitude based on the total seismic moment. The difference lies in how they estimate this
seismic moment total. They calculate a theoretical seismic moment from the injected fluid volume
(McGarr, 1976), which they then correct using a coefficient, the seismic efficiency ratio (SER, defined as the ratio
between the observed cumulative seismic moment and the theoretical cumulative seismic moment). Similarly, the
seismogenic index introduced by Shapiro et al. (2010), notably in the model of Van der Elst et al. (2016), is used in
a way to adjust the prediction of the maximum magnitude based on the injected volume. While the interpretation
of these coefficients (I, y, SER, or seismogenic index) may differ, they all account for the balance between
hydraulic energy and released energy.

We illustrate our approach on the 1993 stimulation using y. We suppose in this example that we have no previous
estimate of y such that we compute this value at several times during the course of the injection. We considered
three times after the beginning of the injection: after 5%, 10%, and 15% of the total hydraulic energy. From y, we
then computed the expected cumulative seismic moment at the end of the episode and derived the expected

maximum moment magnitude M I;,ax (Figure 7b). We see that this method provides a reasonable estimation of the
l\f&\ax = 2.05 (after 15% of hydraulic energy injected) very close to the observed maximum moment magnitude
for this stimulation that is, M{i** = 2.20. We apply the same procedure for all stimulations (see Figures S7 to S10
in Supporting Information S1). For re-stimulations, we used the value of y at the end of the preceding stimulation
that took place at the same location in the reservoir (see Figure S11 in Supporting Information S1). We first

DRIF ET AL.

19 of 26



V od |
AGU

ADVANCING EARTH

AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2023JB028190

a)

Seismic faulting efficiency

10°

b)

N
W

[\S}

—_
W

1073
108

10° 1010 101t

Hydraulic energy AWy, [J]

Observation

0.5

Maximum moment magnitude M ™

1012 108 10° 1010 1011 1012
Hydraulic energy AWy, [J]

Prediction after:

5 % of hydraulic energy injected
= === 10 % of hydraulic energy injected
— — - 15 % of hydraulic energy injected

Figure 7. Prediction for the 1993 stimulation episode of (a) the seismic faulting efficiency y and of (b) the maximum moment magnitude, M ;ﬂvax from early data (after
having injected 5%, 10%, and 15% of the total hydraulic energy).

\fmax
w

Predicted maximum moment magnitude M

4.5

3.5

2.5

15

0.5

A
+
+ o
5 o
|
2005 (RS) 2000
] +
[
2004
[+
1993
1.5 2 2.5

Observed maximum moment magnitude M{y**

Seisrpic Van der Galis et al
Prediction using: [ faulting 5 McGarr A Elstetal. + 201
efficiency (2014) (2016) 2017

X
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compared the predicted cumulative seismic moments, ZMO, with the observed ones for each stimulation. We
observed an excellent agreement between the two values which suggests that the proposed method is very
effective in deriving a predicted seismic moment from the hydraulic data (see Figure S12 in Supporting Infor-
mation S1). We also obtained the predicted maximum moment magnitude for all stimulation and re-stimulation
episodes and compared these values with the observed maximum moment magnitude and the predicted values
from three models (Galis et al., 2017; McGarr, 2014; Van der Elst et al., 2016) in Figure 8. The maximum
magnitudes predicted using y (after 10% of hydraulic energy injected) are for almost all episodes close to the
observed values with a maximum difference of about one unit. The predictions obtained by the other three models,
on the other hand, either overestimate the maximum observed magnitude (with an average difference of two units)

or underestimate it. The lowest accuracy of the prediction for M r;,ax compared to Z]?IO suggests that a difficulty in
predicting the largest magnitude resides on the extrapolation of the Gutenberg-Richter magnitude distribution up
to larger magnitude events. Indeed, as visible in Figure 3 and already noted by Dorbath et al. (2009), a deficit in
large magnitude events is observed such that their number deviates from the expected number interpolating the
Gutenberg-Richter distribution obtained from low magnitude events.

As shown in Figure 4 (see Section 4.1), the value of y at the beginning and end of the injection may not be exactly
the same since y may vary slightly during the injection operation. The prediction can be made more accurate by
taking into account these possible slight evolutions of y. Indeed, instead of using a single value of y, we can
extrapolate the trend of y during the initial phase of injection to estimate the value of y at any future time during
injection. We thus performed a linear fit between the logarithm of y and the logarithm of AW, for all stimulations
considering the same three times of injection (5%, 10%, and 15% of hydraulic energy injected) and then computed
the expected maximum moment magnitude. Figure 7 illustrates this approach for the 1993 stimulation and
Figure 8 compares the predicted moment magnitudes with observed ones and the predicted values using the three
models (Galis et al., 2017; McGarr, 2014; Van der Elst et al., 2016). We obtained a slightly higher accuracy with

this approach, especially for the 1993 stimulation, where we got a maximum moment magnitude I\XQ\“ =218
from the data of the first 10% of hydraulic energy injection, matching the observed value closely (MQax =2 20) .

5.5. Analogy With the Prediction Model of McGarr (2014)

As we shown in the previous section, the linear model of McGarr (2014) is predicting higher maximum magnitude
than those using y by about 1 unit. We here formally compare both models and try to explain the deviation of the
maximum magnitude estimates. If we assume that the injected pressure is constant we can notice that hydraulic
energy can be simplified as:

AWy ~ P,V (26)

where P,, is the injection pressure and V is the injected fluid volume. Using Equation 26 in Equation 24, leads to:

){Pin

~ P —~
SMy(y) ~ 0_)( ";_ 2uV = P My(McGarr) 27
1= 03 1= 03

where £, (y) and SM,(McGarr) are the expected cumulative seismic moment from the use of y and from the
model of McGarr (2014) respectively. Finally, we can estimate the deviation of the expected maximum moment
magnitude using y, M [;,ﬂx()() from that using the model of McGarr (2014), M n‘:,ax(McGarr). Indeed, we can notice
that:

-~ max -~ max 2 P
My )~ My (McGarr)+flog10< Kin ) (28)
3 0| — 03

Py
1703

In our case study of Soultz-sous-Foréts, as y < 2.2 X 107! and —-<0.4, the deviation is estimated to be

about —0.8 which is close to the observed deviation.

Although the stimulated volume controls the induced seismicity in both our approach and that of McGarr (2014),
the deviation can be explained by the fact that McGarr (2014) considers that the seismicity is mainly induced by
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the deformation generated by the injection of fluid into this volume whereas our approach seems to show that it is
the relaxation of the pre-existing deformation energy that has been accumulated in this stimulated volume that
mainly induces the seismicity (see Section 5.2).

6. Conclusion

Based on the extensive databases of the Soultz-sous-Foréts geothermal site which contains different types of
hydraulic tests (stimulation, re-stimulation, and circulation tests) performed at different reservoir depths and
with various injection strategies during more than 20 years, we studied the seismic response of the reservoir
during fluid injection by analyzing the seismic injection efficiency, Iz and a new introduced parameter, the
seismic faulting efficiency, y. I; is defined as the ratio between the radiated seismic energy and the hydraulic
energy and y is defined as the ratio between the seismic faulting energy (deformation energy during faulting)
and the hydraulic energy. y accounts for reservoir specific stress conditions and allows aseismic energy release
to be quantified if we can estimate the seismic moment associated with aseismic slip. Despite, depending on the
availability of stress field data, I, and y can be used equivalently, as they appeared to be linearly related if the
stress field is homogeneous over the reservoir.

We first compiled and harmonized seismic catalogs to account for differences in network configuration, pro-
cessing schemes and resulting magnitudes between the sequence of hydraulic tests. In this context, we showed the
importance of harmonized data sets (seismic catalogs and production data) for inter-episodes and inter-sites
hydro-seismic studies.

We noticed a clear signature of the seismic response characterized by the evolution of I or y values as a function
of hydraulic energy, depending on the injection configuration: stimulation, re-stimulation and circulation test. The
stimulation and re-stimulation episodes showed similar I;; values (between 1.7 X 107> and 5.2 x 107>) and y
values (between 4.8 X 1072 and 2.2 x 107") at the end of the episodes but differ in the evolution during the
injection test. While y is almost constant during the stimulations, we noticed for the re-stimulations very small
values of y before a rapid increase after reaching similar levels of total hydraulic energy injected during the
previous stimulation test. Consequently, we interpret this y evolution as a result of the initially stored elastic strain
energy that was released during the first stimulation. This is quite a different interpretation from previous studies,
where such a sudden increase in seismic energy with hydraulic energy was interpreted as unstable reservoir
behavior.

The circulation tests showed y values at the end of the episode to be an order of magnitude lower than those of the
stimulations and re-stimulations (between 1.5 x 107> and 1.1 x 10~2) which is potentially related to the release of
the elastic strain energy initially stored in the reservoir (by tectonic loading) during the preceding stimulations.
Similar y values have been observed for R3 and R5 injection episodes which contrasts with previous studies.

We showed for the 1993 stimulation that y can be of the order of 1 when taking into account of the aseismic
faulting energy (associated with the aseismic slip evidenced). This scenario indicates that previously stored elastic
energy within the reservoir can be released in addition to the energy related to the hydraulic perturbation. In the
case of a first fluid injection, this potentially provides a criterion to determine if seismicity is triggered (y > 1) or
induced (y < 1).

Finally, the similar values of I or y for stimulations and re-stimulations lead us to consider these two parameters
as a reservoir property describing the seismic response to fluid injection. Based on this, we proposed a method
using I or y that has been able to accurately predict the cumulative seismic moment and the largest magnitude of
the induced seismic events knowing the maximum targeted hydraulic energy of the injection. Our method is found
to be similar to the one proposed by McGarr (2014), but their method tended to overestimate the maximum
magnitudes by about 1 unit. Although I and y appear to be linearly linked when the stress field is homogeneous at
the reservoir scale and thus both useful for real time monitoring application and seismic hazard assessment, we
underline that y could be especially useful for comparing different reservoirs where high resolution knowledge of
the stress field is known.
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¢ 2000 stimulation episode: (GEIE-EMC & EOST, 2018a).
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¢ 2004 stimulation episode: (GEIE-EMC & EOST, 2018c).

e 2005 stimulation episode: (GEIE-EMC & EOST, 2018d).

e 2010 circulation test episode: (GEIE-EMC & EOST, 2019d).

An Authentication, Authorization and Accounting Infrastructure (AAAI) ensures that data distribution respects
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of the data processing is realized with the open source Python program SourceSpec (Satriano, 2022).
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