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ABSTRACT

The injection of fluid in the upper crust, notably for the development or exploitation of geothermal reservoirs, is often associated with
the onset of induced seismicity. Although this process has been largely studied, it is not clear how the injected fluid influences the
rupture size of the induced events. Here we re-investigate the induced earthquakes that occurred during an injection at Soultz-sous-
Foréts, France in 1993 and studied the link between the injected fluid and the source properties of the numerous induced earthquakes.
We take advantage that deep borehole accelerometers were running in the vicinity of the injection site. We estimate the moment and
radius of all recorded events based on a spectral analysis and classify them into 663 repeating sequences. We show that the events
globally obey the typical scaling law between radius and moment. However, at the scale of the asperity, fluctuations of the moment
are important while the radii remain similar suggesting a variable stress drop or a mechanism that prevents the growth of the rupture.
This is confirmed by linking the event source size to the geomechanical history of the reservoir. In areas where aseismic slip on pre-
existing faults has been evidenced, we observed only small rupture sizes whereas in part of the reservoir where seismicity is related
to the creation of new fractures, a wider distribution and larger rupture sizes are promoted. Implications for detecting the transition
between events related to pre-existing faults and the onset of fresh fractures are discussed. We also compare this behavior with those
of other deep geothermal circulations in Northern Alsace, France (Soultz-sous-Foréts and Rittershoffen).

1. INTRODUCTION

While large induced events have to be avoid in order to guarantee safe operations of reservoir exploitation, small induced events still
offer the opportunity to study the mechanical response of these fractured reservoirs submitted to intense perturbations. For instance,
deep EGS geothermal reservoirs present a specific context for fault behavior analysis since they are at high temperature and relatively
at low normal stress (reservoirs are typically shallower than 5 km depth at 150-200°C) (Cornet et al., 2007; Huenges & Ledru, 2011;
Olasolo et al., 2016; Vallier et al ,2019). Indeed, this context favors the transition from frictionally stable or conditionally stable
regime with velocity strengthening behavior to zones frictionally unstable with velocity weakening regimes that are responsible for
seismic ruptures (Scholz 1998). It thus allows the investigation of the link between earthquakes and slowly deforming interfaces that
are typically studied usually at much greater depth at the bottom of the seismogenic zone where the brittle-creep transition occurs
(Beroza & Ide, 2011). Furthermore, because the imposed loading on the reservoir can be controlled from the wellhead injection rate
or pressure and because a dense instrumentation can be deployed at proximity of the reservoir, it provides both information on the
forcing term and high resolution observations on induced effects, both being favorable for a better knowledge of the fracture and fault
behavior. It represents a large scale experiment (between the lab-scale and the scale of a developed fault system) that can help to
decipher the links between fluid flow, slow aseismic movement and earthquake nucleation (Bernard, 2001).

Because most of the induced events related to injection in a geothermal reservoir have a small magnitude, capturing these events and
achieving a detailed analysis of this seismicity, requires an appropriate instrumentation. Notably, borehole instruments, when
available, provide a wealth of data compare to seismic surface network. This allows a better description of the ongoing deformation
process that happens during the injection. Here we revisit the 1993 Soultz-sous-Foréts stimulation of the deep GPK1 well. This
injection has been already extensively studied. It produced an abundant seismic activity (e.g. Cornet et al., 1997). A particular
characteristic of this injection experiment is that repeated borehole imagery, before and after the injection, identified planar structures
intersecting the borehole that slip aseismically (Cornet et al., 1997, Cornet, 2016). This was also confirmed from the analysis of the
repeating earthquakes that took place on one of this structure whose cumulative slip matches the one observed from borehole
measurement (Bourouis & Bernard, 2007). A dedicated network of borehole sensors was operating at the time of the injection
providing a unique opportunity to see the details of the seismicity and to investigate the role of fluid on the source properties of the
induced events (Baria et al., 1996).

Here we study the sources of the microseismic events that were recorded during the 1993 episode in order to detect any possible links
between the source parameters of the seismic events and the injection history. In particular we investigate if the events possibly
associated with aseismic slips within the reservoir have a distinct signature from the events that result from the creation of new
fractures that appeared at later times and in a different part of the reservoir. For this, we first computed source properties for all events
recorded, using a typical Brune's spectral model (Brune 1970). We then isolated repeating event sequences on individual asperities
and obtained refined source parameters for these events. We show that the scaling of these events obeys globally the typical scaling
law between radius, r, and moment, Mo. Interestingly, when events are analyzed at the scale of the asperity, this scaling law is not
fulfilled and the moment Mo is evolving independently of the radius r over a range that explains the typical broad dispersion of such
(r,Mo) scaling law (Kanamori & Anderson, 1975). It suggests that an external factor is influencing the size of the seismic rupture at
the asperity scale. We also observe that events size is on average changing over the course of the injection and for different parts of
the reservoir. We interpret this control of the event size as a result of the fluid pressure on the rupture mode.
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2. SEISMICITY DATABASE

We analyze the induced seismicity associated with the hydraulic stimulation of Soultz-sous-Foréts, France that occurred between
September and October 1993 in two phases. The hydraulic stimulation was performed through the injection well GPK1. The injection
process lasted from September 01, 1993 to October, 16th, 1993 with an interruption between September 17" and October 11, The
injection flow rate was increased by steps of 6 L/s every two days, reaching 36 L/s at the end of September episode and about 50 L/s
at the end of October episode (Cornet et al., 1997). In total, approximately 44000 m3 of fluid was injected at a depth between 2850
and 3400 m (3550 m in October). About 15000 events were recorded by 3 accelerometers and 1 hydrophone installed in 4 deep wells
(at depths between 1400 and 2000 m), in close proximity to the injection well, over the two months of the experiment. While the gap
of seismicity between September 17" and October 11t is due to the injection shut in, several gaps of seismicity are observed on
September 7, 11 and 12t and are instead due to a loss of data. The accelerometers are 4-component instruments and have a flat
response up to 1 kHz. The accelerometers were oriented with one vertical component and the other three are 109.5° away from each
other and from the vertical direction. Conversion from 4 components to 3 components was performed during post-processing by
Gaucher (1998). All seismic events were recorded on 2-second-long triggered windows and sampled with a frequency of 5 kHz.
Event locations were firstly determined by the Camborne School of Mines Associates (Jones et al., 1995) from P and S waves arrivals
and assuming an isotropic velocity structure. In a second step, relative location of events was performed based on travel time
differences by Bourouis (2004). These latter locations are used in this study. As the stimulation starts, the seismicity is generated all
around the injection source, at a depth of about 2950 m. The seismicity cloud grows gradually during the stimulation, with a
distribution of events along sub-vertical planar structures (Cornet et al., 1997; Moriya et al., 2003; Evans et al., 2005). A few days
after the stimulation started, the seismicity is observed to migrate principally to shallower depths (Cornet & Morin 1997). The final
extent of the seismicity cloud reaches a distance of 800 m from the injection well at the end of the stimulation.

We first identified the P-wave arrival times for all events and at all stations through a STA/LTA approach (Earle & Shearer, 1994)
applied to all signals filtered in a common frequency band between 80 and 270 Hz (STA=0.02 s, LTA=0.3 s and TH= 3.5). We then
selected a 0.25-s-long signal window surrounding the P-arrivals (0.05 seconds before and 0.20 seconds after) and computed the
acceleration amplitude spectra. The spectral energy of the events ranges between 80 Hz and 500 Hz for the stations 4550 and 4616
and hydrophone EPS1, and up to 270 Hz for the furthest station 4601. At higher frequencies, the spectral amplitudes decay rapidly
due to the attenuation effect. We model the acceleration amplitude spectra of the events with the Brune's model (Brune, 1970) to
estimate absolute values of the seismic moments Mo and the corner frequencies fc of each event. We use data from the seismic stations
4550 and 4616, the closest to the seismicity cloud and apply the analysis to the 80-500 Hz frequency band to hinder the noise
contamination at lower frequencies and the attenuation effects affecting the higher frequencies. The source-receiver distances, r, are
estimated from Bourouis (2004). Assuming a circular rupture model, we then infer the source dimensions from the corner frequency
estimations through the following relationship from Madariaga (1976): R =V./fc with V: is the rupture velocity taken as: V: = 1069
m/s (Gaucher, 1998).

3. REPEATING EARTHQUAKES

3.1 Identification

We identify families of seismic events that are generated by repeated ruptures on the same asperity. These repeating events are not
only characterized by highly correlated seismic waveforms but also by sharing a common source location and source mechanism.
Forming families of repeating events allows us to use relative methods leading to more accurate estimates of the difference of source
parameters. All changes that are resolved at the scale of the repeating earthquake sequence, are uniquely associated to temporal
variation of the event sources. We identify those sequences of repeating events in a two-step procedure. We first gather events on the
basis of high waveform cross-correlation (i.e. multiplets). We then select events in each family of similar waveform events, those
that are co-located and reject events that are not. For this second step, we (i) estimate the source dimension through a spectral analysis;
(ii) assess the inter-event distance from Ats - Atp time delays and (iii) verify that the event rupture areas of the sequence do overlap
by checking that the source dimensions are larger than the inter-event distances.

We build a cross-correlation matrix where elements are given by the maximum of the cross-correlation function (CC) computed
between two 0.55 s-long-windows (0.05 s preceding the STA/LTA picking time and 0.5 s after, or 2750 points long) of waveforms
filtered between 80 and 270 Hz. This frequency band is chosen to maximize the signal-to-noise ratio of the recorded waveforms. The
use of 0.55 s-long windows enables to encompass the P- and S-waves in the seismic waveforms. Since the analyzed signals are
acceleration records, the resulting correlations emphasize the highest frequencies of the signal, compared to the use of correlations of
velocity measurements.

We then cluster events according to the correlation coefficient computed from the vertical components for the stations that are the
closest to the injection source (4550). The clustering threshold for the normalized correlation coefficient is set to 0.75. We test several
correlation coefficient thresholds and keep 0.75 as a good compromise between a too weak selection of events that actually merges
events of different sequences and a too tight selection that separates events that are part of a same sequence. We chose an open and
non-exclusive algorithm for building clusters: in a set of events, only one connection (event pair with CC>0.75) is enough to cluster
with other events. In this manner, 6970 events were classified into 1941 sequences of similar events.

We apply a spectral ratio method to compare corner frequencies and seismic moments between pairs of events of each sequence
(Lengliné et al. 2014). The method provides relative information which has a higher accuracy than the comparison of absolute
estimates using a Brune's spectral fitting of all individual event waveforms. At frequencies lower than fc, the spectral ratio is expected
to be flat and its level is then used to estimate the relative moment of the events. We computed the spectral ratios in a common
frequency range, 80-200 Hz, for all the repeating earthquakes. In this frequency range, the signal is indeed well above the noise level.
We apply the spectral ratio technique to all pairs of events belonging to a common sequence. This produces a large amount of relative
measurements (Ar and moment ratio) since radius and moment differences are computed for each possible pair of events in a sequence.
To take advantage of this large set of data, we develop a minimization approach. Assuming as a priori information, the absolute
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measurements of R and Mo obtained from a Brune's spectral fitting and minimizing (in the least square sense) the relative
measurements obtained from the spectral ratio method, we obtain high resolution values of R and Mo.

We estimate distances between earthquakes in each sequence of similar events through a high resolution cross-correlation analysis to
get a fine measurement of S-P travel times (Poupinet et al., 1984; Bouchon et al., 2011). We assume that for each event pair of the
sequence, their inter-distance is much smaller than the distance to the receiver. We slide a 128 sample-long window on the pair of
signals along the entire signal duration, with steps of 64 samples. At each step, we compute a cross-correlation function between both
signals and identify the time lag associated to the maximum of the function. We then determine ATp and ATs as the variation in P-
and S- arrivals between the pair of events. This variation is zero when the two investigated events have an exact common origin. We
compute ATs.p for each pair of events in each sequence and by averaging the results on the three components and iterating for the
three stations 4550, 4616 and 4601. For each event pair, we thus obtain three measurements, one corresponding to each station.

Finally, in each earthquake sequence, we compare the sum of the radii and the inter-event distance for each pair of events. An
overlapping criterion is introduced and defined as an inter-event distance smaller than the sum of event pair radii. We only keep
events in each sequence when their source overlaps with at least two other events of the sequence. This last criterion is useful to
ensure that the so-formed repeating sequence represents a compact set of individual ruptures without mixing closely located but
distinct repeating sequences. In this manner, we classified 4252 seismic events into 663 sequences comprising 3 or more repeating
earthquakes (doublets are excluded in this selection).

3.2 Scaling of repeating events

We investigate here the moment-radius (R;Mo) scaling of all identified repeating events (see Figure 1). We first observe in this figure
that repeating events have radii R, distributed between 2 and 13 meters and moments Mo in the range [3-107 - 3 - 10!°N m]. We
however keep in mind that these absolute values depend on arbitrary parameters such as the rupture velocity but also on hypothesis
such as the circular shape of the rupture zone (Aki, 1967; Kanamori & Anderson, 1975). The scaling between both parameters is
expected to be of the form Mo oc R3 as observed from numerous earthquakes worldwide (e.g., Kanamori & Anderson, 1975). We see
from Figure 1 that globally the scaling is fulfilled and most events fall in a range of average stress drops between 0.2 MPa and 20
MPa. Again the absolute values of the stress drops are dependent on arbitrary choices like the rupture model and its parameters. We
however observe that a dispersion of the stress drops exists.
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Figure 1: Seismic moments as a function of sources radii. The dashed lines represent constant stress drop values. The colored
circles are attributed to individual sequences of repeating earthquakes (after Cauchie et al, 2020).

Interestingly, when we investigate at the scale of a single repeating earthquake sequence, we obtain a very different result. We show
in Figure 1 several examples of repeating earthquake sequences using colored circles (one color per sequence). For each sequence,
we observe a small variation of R for a large evolution of My, very differently from the classical scaling: Mo o«cR3. Tt has to be noted
that the variation in moment within a repeating sequence is not a monotonic time evolution but is randomly distributed in time with
no clear history of the moment evolution. When we are analyzing a single repeating sequence, we are dealing with relative
measurements of the moment and radius variations that are well constrained and sensitive. It thus suggests that most of the dispersion
around the theoretical moment-radius scaling is taking place at the scale of the repeating earthquake sequence itself.

3.3 Two populations of asperities

In order to look at the possible mechanisms that control the variations of the source parameters, we investigated how they do change
over the course of the injection. Here we concentrate our analysis on the first part of the stimulation in September 1993 (from
September 1% to September 20'™). We report in Figure 2 the inferred radii of the repeating earthquakes as a function of time. We
observe a spreading of the radii between 1 and 13 m. This spreading is actually increasing few days after the beginning of the injection
(on September 6th, coincidentally with an increase of the flow rate) and then remains stationary during the rest of the stimulation.
The average radius is also showing two regimes. We observed that during the first few days, most of the earthquakes have a small
dimension (typically the inferred radius is rather constant around 4 m). In a second period, the average radius of the repeating
earthquakes evolves to 6 m and shows a plateau for the rest of the stimulation.
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Figure 2: Top: Evolution of the source radius of all sequence events with time (blue circles). Two domains are identifed: one
in dark blue at the beginning of the stimulation (2 days around Sept 5™) and one in light blue (2 days around Sept
14'), Bottom left: distribution of source radius for each period; Bottom right: distribution of the event magnitude, m
for each period. Magnitudes are computed from m = 2/3 (log10(Mo) — 9.1) (Hanks & Kanamori, 1979).

We identified two representative periods of the same duration (2 days) during these two regimes: one around the 5™ of September
and one around the 14™ of September. In Fig. 2, we detailed two properties of the repeating events during these two periods: the
distribution of their radius and the distribution of their magnitude. During the first period, the radius distribution is peaked around 4
m which is significantly different from the second period when it appears larger and broader. Interestingly we observe that the
magnitude distributions are similar as a Gutenberg-Richter power law distribution with the same b-values (b ~ 1:5 evaluated using
the maximum-likelihood method of Ogata & Katsura (1993)) but a different prefactor (i.e. a-value). We conclude that there exists
two populations of events that can be hardly distinguished by a b-value monitoring but better evidenced by a source radius
characterization.

The transition between both periods dominated each by a specific population of repeating events (small and peaked for the first period
and larger and broadly distributed for the second), is actually related to a specific transition in the flow rate history: the increase from
6 to 12L/s on September 6%, the 5™ day of the stimulation. Indeed this transition corresponds to the increase of the average source
radius from 4 to 6 m. When we compare this time evolution to the depth evolution of all the events, we see that at the transition from
12 to 18 L/s on Sept 8th, the seismicity starts to rise from the injection depth (2900m) to shallower zones (2000m deep). The transition
has been interpreted as the onset and growth of a quasi-vertical fresh hydraulic fracture (Schmittbuhl et al. 2014; Cornet 2016). Here
we show that the population of repeating events existing during the hydraulic fracture growth was existing before this 12-18 L/s
increase, that is to say at the 6-12 L/s transition highlighting that the process of nucleating a new fresh fracture has started earlier.
The average radius change is not related to a change in the proportion of repeating events in the whole population of seismic events.
The Gutenberg-Richter distribution is characterized by two parameters for magnitudes M larger than the completeness magnitude:
P(M) = aM™. We see a sharp increase of the a-value at the 6-12 L/s transition and fluctuations of the b-value around an average value
of' b 1.5. The b-value for the sequence events is typically slightly larger than for the whole seismicity. It confirms the result of Fig. 2
that each population of sequence events share a similar b-value but a different a-value.

3.3 Evolution of source parameters with time and depth

We see from Figure 3 that at the beginning of the injection, most of the seismicity is clustered at a depth around 2900 m. This depth
corresponds to the upper limit of the open-hole section (2850-3400 m) where injection occurred. We observe that as the injection
progresses, most of the earthquakes take place around a restricted depth range (2850-3150 m). They present a small source dimension
as confirmed by the radius distribution that is peaked at 4 m independently of time and significantly different from distributions in
other depth intervals. Immediately below this depth interval, in the depth range (3150-3500 m), repeating events are initiated later
with a significant increase of the event size as a function of time. In the part of the reservoir just above the injection zone (2700-2850
m deep), a similar history is obtained. Earthquakes have a small radius (smaller than 5 m) at the beginning of the time series but show
an abrupt increase of these event radii when the flow rate is increased from 6 L/s up to 12 L/s as discussed in the previous section.
After this change of the flow rate, earthquakes in these two depth intervals, tend to have higher and broadly distributed radii dominated
by the second population type of events. Finally the last depth interval we consider includes the upwards migration of the events
towards shallower depth (2000-2700 m). This migration occurs after the increase of the flow rate to 18 L/s. These shallower events
are the ones with the largest radius illustrating the second population of repeating events. No statistical change of radius is observed
for these events from their first occurrences up to the end of the injection (Figure 3).
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As a summary, we conclude that as the injection progressed we clearly evidence an increase of the source dimension of the
earthquakes that occurred in the reservoir, but we observe that this increase does not occur everywhere in the reservoir: a) the depth
section around the open hole (2850-3150 m) hosts mostly the first population of small and peaky distributed events over the whole
course of the injection; b) the upper domain (2000-2700 m) corresponds to the second population of large and broadly distributed
events; ¢) the two other domains show a mix between these two populations.
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Figure 3: Evolution of the earthquake source sizes (radius of the rupture area) as a function of time and depth (color circles)
(after Cauchie et al, 2020). Only events within identified sequences are reported. The size and color of the circles refer
to the dimension of the event. The blue vertical lines represent the flow-rate steps. The horizontal dashed lines
represent the various depth intervals chosen for analyzing the seismicity.

4. CONCLUSION

Based on accelerometer records of the 1993 injection experiment in the geothermal reservoir of Soultz-sous-Foréts, we estimated
source parameters of repeating earthquakes. We show that the rupture area of these events is dependent on the mechanism at the
origin of the seismicity. We first evidence that at the asperity level, a deviation from the typical scaling law between moment and
radius is observed suggesting that the stress drop on each asperity is significantly fluctuating during a repeating sequence. We also
show that the source radius of repeating events is a relevant feature for identifying two populations of events: a first population of
small radius events is evidenced close to the injection well, in the zone of the reservoir that experienced aseismic slip on pre-existing
faults. As the fluid pressure is increased in the reservoir and the seismicity develops farther away from the injection zone, a second
population of repeating events emerges with a wider range of radii and a different recurrence behavior. We propose to relate this
second population to the initiation of new large fractures that are fluid induced. Our results suggest that brittle and ductile mode of
deformation promotes populations of repeating earthquakes that have distinct properties.
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