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Between April and June 2013, the GRT-1 well, located at the Rittershoffen EGS 
geothermal site in the Upper Rhine Valley (France), underwent three distinct 
stimulations: a thermal stimulation, a chemical stimulation, and finally a hydraulic 
stimulation. These stimulations, in particular the hydraulic stimulation, have 
been previously explored by several studies. The current study addresses a 
feature that has been less analyzed: the possible seismic interplay between 
these stimulations. By applying improved template matching and a relative 
location method, a comprehensive catalog of more than 3000 seismic events 
was established, covering the three stimulations. This catalog allows tracking 
and comparison of reservoir seismogenic responses to successive, yet different, 
stimulation types with high spatial and temporal precision. We present the 
evolution of several indicators such as event distribution and clustering, b-value, 
and seismic injection efficiency across the stimulations. The observed differences 
raise the question of the relevance of using previous stimulation indicators 
to anticipate seismogenic behavior during subsequent stimulations. We also 
evidence simultaneous seismicity migration, decrease of the instantaneous 
injection index and decrease of the seismic efficiency at the end of the hydraulic 
stimulation but prior to the most energetic burst of seismicity that occurred 4.5 
days after shut-in. 
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 1 Introduction

Large fault zones are important targets for the development of deep geothermal reservoirs 
because adjacent damage zones and/or highly fractured zones are likely to be more permeable 
than surrounding formations if not sealed by secondary mineralizations and offer zones 
of facilitated circulation of geothermal fluids (Vidal and Genter, 2018). However, if the 
permeability of the fault zone is insufficient to enable economic geothermal exploitation, 
the connection between the well and the reservoir must be improved by stimulation, leading 
to a so-called enhanced geothermal system (EGS). Therefore, this EGS technology has the 
potential to make geothermal energy production and direct-use heating accessible in any 
region of the world, independently of conventional geothermal resources (IEA, 2024). Fault 
zones, however, are also zones that have experienced seismic episodes in the past and that 
may still present a non-negligible seismic hazard.

The stimulations rely on the injection of fluids from the well into the formation, 
however, the processes expected to improve fluid flow may vary. Thus, in addition to
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hydraulic stimulation, which is the most commonly used for 
the development of EGS to date (Breede et al., 2013), thermal 
or chemical stimulations can also be applied (Li et al., 2022). 
Chemical stimulation should dissolve minerals that seal fluid 
pathways and change their mechanical properties through alteration 
(Portier et al., 2009). Thermal and hydraulic stimulations are 
based on geomechanical processes that lead to fracturing, i.e., 
the generation of new surfaces in the formation, or shearing of 
existing fractures and faults, according to the pre-existing state of 
stresses in the reservoir (Axelsson et al., 2006; Cornet et al., 2007; 
Jeanne et al., 2014; Norbeck et al., 2018). In the former approach, the 
creation of high thermal stresses in the formation is expected, while, 
in the latter, a high pore-pressure increase is foreseen as the main 
driver of the rupture in order to reduce effective normal stresses. 
In thermal stimulation, the fluid is injected generally at flow rates 
lower than those in hydraulic stimulation but for a longer period, 
whereas in hydraulic stimulation the goal is to reach the nominal 
economical flow rate step by step. In all cases, the injected fluid is 
forced to circulate by the surface pumps.

However, the real effects of the stimulation(s) away from the 
well are difficult to ascertain, as they occur beyond the scope of 
observation tools of well logging. One way to gain insight into 
these effects is by analyzing the seismicity induced by mechanical 
instabilities initiated during stimulation (Majer et al., 2007; 
Evans et al., 2012; Zang et al., 2014). In fact, valuable information 
regarding the geomechanical behavior and geometry of the fault 
system in reaction to stimulation(s) can be derived from the 
seismic activity, which results from rock failure and fault/fracture 
slip in areas necessarily affected by stress changes caused by 
fluid injection. Paradoxically, this can also help to identify 
aseismic slips (Schmittbuhl et al., 2014). Seismicity is also crucial 
for the assessment and forecasting of induced seismic risks 
(Gaucher et al., 2015). In fact, induced or triggered earthquakes 
could directly affect the population when they become large 
(typically greater than magnitude 2 to be felt and magnitude 
3.5 to induce building damage). In this case, they should be 
prevented or mitigated (Grigoli et al., 2017) otherwise stimulation 
could ultimately lead to abandonment of the geothermal site 
(Häring et al., 2008; Ellsworth et al., 2019; Schmittbuhl et al., 2021), 
which would constitute a failure for all stakeholders.

Many studies analyze specific stimulation operations 
from the associated seismicity (e.g., Baisch et al., 2006; 
Cuenot et al., 2008; Kraft and Deichmann, 2014; Kwiatek et al., 2015; 
Hofmann et al., 2021; McLennan et al., 2023). However, it is much 
less common to analyze series of stimulations carried out in the same 
well, after drilling, in a reservoir initially devoid of any seismicity. 
Only recently, Drif et al. (2024) did such an analysis for the Soultz-
sous-Forêts (France) geothermal site. In fact, attention often focuses 
on hydraulic stimulation, which is the most prone to generate 
seismicity. In addition, despite improvements in local seismicity 
data processing, the interpretation of the results with regard to the 
stimulation operations remains very limited due to missing public 
information on the history of fluid injection.

In this study, we focus on the seismicity induced by the series 
of stimulations carried out, in the GRT-1 well, at the Rittershoffen 
enhanced geothermal site (Alsace, France) (Figure 1). This site is 
located in the Upper Rhine Valley, an area prone to deep geothermal 
exploitation and development, as underlined by the number of active 

or planned sites in France and Germany (Maurer et al., 2020). 
Actually, Rittershoffen is less than 10 km from Soultz-sous-Forêts. 
The GRT-1 and GRT-2 wells of the plant were drilled to a 
depth of 2.5 km (Baujard et al., 2017). The open-hole section of 
each well crosses the transition zone between the sedimentary 
cover of Triassic sandstone and the Paleozoic granitic basement, 
and intersects a major fault system characterized by an apparent 
normal offset of about 220 m. Unlike GRT-2, the geothermal 
resource could not be exploited from GRT-1 given the poor initial 
hydraulic conditions. Therefore, a sequence of thermal, chemical, 
and hydraulic stimulations was carried out in this well, between 
April and June 2013 (Baujard et al., 2017). Individual injections 
were conducted along the same depth interval and have been 
continuously monitored by at least 12 surface seismic stations 
within a 15-km distance from the wellhead (Maurer et al., 2015; 
Lengliné et al., 2017; Maurer et al., 2020). These operations did 
not generate felt seismicity and multiplied the injectivity index 
of the well by a factor of five (Baujard et al., 2017). Since May 
2016, the plant has been continuously operating and provides heat 
from a 170 °C geothermal fluid produced on the surface at up to
250 m3/h (Lengliné et al., 2025).

The current study extends the results of Lengliné et al. (2017) 
where only the hydraulic stimulation of GRT-1 and the associated 
post-stimulation seismicity were considered, disregarding previous 
stimulations. It also complements the work of Maurer et al. (2020) 
where the authors were limited in their interpretation of the results 
due to questionable absolute locations of seismicity, especially depth, 
and because neither template matching nor relative locations were 
applied. Following the data processing workflow of the present 
study, we have been able to compile a complete and reliable 
seismicity catalog that covers the three phases of GRT-1 stimulation. 
This catalog is first described and then analyzed in light of the 
stimulations considered either independently or in series. Hence, 
we discuss the evolution of several characteristics, such as spatial 
distribution and clustering of events, b-value, seismic injection 
efficiency, and raise the question of the relevance of using previous 
stimulations to better understand the response of the reservoir and 
anticipate its behavior in the face of subsequent stimulations. 

2 Data and methods

2.1 Seismological data

The Rittershoffen geothermal site has been continuously 
monitored by several local seismic networks since the start of drilling 
operations in 2012 (Gaucher et al., 2019; Maurer et al., 2020). 
During all stages of reservoir development, a permanent network 
made up of 12 surface stations was active: four stations were 
dedicated to the Rittershoffen field, while the other eight focused on 
the nearby Soultz-sous-Forêts geothermal site. During the thermal 
stimulation of GRT-1, the permanent network was the only one 
operating; however, in June 2013, five temporary stations were 
added to monitor the chemical and hydraulic stimulations of GRT-
1. On 3rd of July, three temporary supplementary stations were 
installed. Figure 1 shows the distribution of all seismic stations 
that monitor GRT-1 stimulations. Details about these stations can 
be found in Maurer et al. (2020).
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FIGURE 1
Overview map of the position of the seismic monitoring stations and of the Rittershoffen well trajectories GRT-1 and GRT-2. The small insert shows the 
study area on the map of France. Metric coordinates are in Lambert II extended (EPSG 27572).

The thermal stimulation of GRT-1 took place from 23 to 26 April 
2013 (Baujard et al., 2017). Following a pre-stimulation injection 
test on 22 June 2013, the three phases of chemical stimulation 
were carried out between 23 and 26 June 2013. Finally, hydraulic 
stimulation occurred on 27 and 28 June 2013. It should be noted 
that during the so-called thermal and hydraulic stimulations, the 
temperature of the injected fluid was close to 10 °C in both cases 
Maurer et al. (2020). Consequently, the main operational differences 
between the two stimulations lay in the injection rates and durations 
applied. During stimulations, injection flow rates and wellhead 
pressures were measured (Baujard et al., 2017); however, wellhead 
pressures for chemical stimulation are not reliable (V. Maurer, 
personal communication).

The continuous seismological dataset under study covers the 
period from 24/04/2013 00:00:00 to 05/07/2013 00:00:00 (UTC). 

2.2 Data processing

2.2.1 Template matching

To generate a high resolution seismological catalog, template 
matching was applied on continuous data using all events in the 
catalog provided by Maurer et al. (2020) as templates. These events 

were detected using a calibrated “short-term average over long-
term average” (STA/LTA) method and reviewed by an operator in 
a systematic way. Therefore, the original catalog does not contain 
false events, has accurate and checked wave-arrival picks, and 
probably gathers the typical signatures of the seismicity induced at 
Rittershoffen by the stimulations. However, six of these events were 
discarded from the templates because they were too far away from 
the GRT-1 injection.

The template matching algorithm applied follows 
Lengliné et al. (2017) and Lengliné (2022) with an automatic 
selection of the correlation detection threshold according to 
Slinkard et al. (2014) and Slinkard et al. (2016). The template 
window for detection is 2.56 s long and starts 0.5 s before the P-
wave arrival. It is long enough to include the S-wave arrival since 
the maximum delay observed at one station between both wave 
arrivals is 1.9 s. Before correlation, all waveforms are resampled to 
100 Hz and filtered between 10 and 45 Hz (Butterworth filter of 
order 4). These values were chosen after comparative analysis of 
the power spectral density of the template waveforms with periods 
of noise, for each channel. We built a list of all seismic stations 
ranked according to the number of available P and S wave picks in 
the template catalog. Then, correlation is computed on the first six 
channels of this list for which template and continuous waveforms 
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are available. Since the seismic network expanded between the 
thermal, chemical and hydraulic stimulations, the channel list varies 
accordingly. However, among the stations and channels most often 
used for detection (i.e., that are most frequently picked), three are 
permanent stations that were monitoring all stimulation phases. 
The template matching returns the average Pearson correlation 
coefficient at each time step measured over the six channels, which 
has to exceed a given threshold for a new event to be extracted. This 
detection threshold is calculated automatically for each day and 
for each template, in order to guaranty a daily false detection rate 
smaller than 1/10,000. It is obtained by running template matching 
over 1 day of data with the time- and polarity-reversed versions 
of the template waveforms, which should not detect new events 
but does account for the template signal features (i.e., signal-to-
noise ratio, time-frequency content) and the network layout (i.e., 
interstation distance, geometry). This processing flow was proposed 
by Slinkard et al. (2014) and Slinkard et al. (2016) and resulted 
in a median value of the detection thresholds equal to 0.41. More 
details about the statistical distribution of the thresholds can be 
found in the Supplementary Figure S1.

Several template events have similar waveforms, which led to 
multiple detections of the same new event. To remove duplicates 
in the final catalog, the event detection times were compared, and 
if they were separated by less than one second, the detections were 
merged and assigned to the template that detected the event with the 
highest correlation. 

2.2.2 Relative location

After template matching, all new and original events were first 
located using the NonLinLoc software (Lomax et al., 2000; 2009; 
Lomax, 2023) in a 3-D velocity model of the area, which is publicly 
available (Lengliné et al., 2023). This provides the initial absolute 
locations of the events before their relative location.

The high waveform similarities of the events detected by 
the same template enable us to determine with high precision 
the associated P- and S-wave arrival times using focused cross-
correlation. Hence, for all possible event pairs, similar channels 
are cross-correlated over a 1.1 s window centered on the seismic 
wave arrivals. The vertical channels are considered for the P-wave 
arrivals and the horizontal ones for the S-wave arrivals. The template 
events have well-determined P- and S-wave arrivals. However, for 
the newly detected events, initial P-wave arrivals were set according 
to the P-wave travel time of the corresponding template and relative 
to the time of maximum correlation during the detection step. To 
determine the initial arrival time of the S wave, the travel time of the 
P wave of the template and a P- to S-wave velocity ratio of 1.9 were 
used. Then, the obtained arrival time differences are considered for 
relative location only if the correlation coefficient was higher than or 
equal to 0.5 and if, for the same event pair, this threshold applies for 
six channels at least. This screening ensures that the relation of an 
event pair is stable and prevents outliers from being given too much 
weight during location inversion.

The relative location is performed with Growclust3D software 
(Trugman et al., 2022; Trugman, 2023a; Trugman, 2023b), 
using the same 3-D velocity model. We follow the approach of 
Ross et al. (2019) and give a 10-times larger weight to travel times 
delays computed for a pair of template events than for the other 

pairs in order to increase the stability of the resolved location. 
For cross-correlated events, 30 bootstrap iterations were applied 
to quantify the relative precision of the hypocenters (defined as 
the uncertainty in the following). The rest of the parameters follow 
the default values taken in the GrowClust3D software. Finally, all 
hypocenters were shifted to position the first event of the thermal 
stimulation at 2352 m true vertical depth in GRT-1, where a 
major fracture has been observed (Vidal et al., 2017), exactly at 
1010421.7 m Easting, 2447837.2 m Northing1) and 2201 m below 
sea level (b.s.l.). This fracture, which is more than 20 cm thick, 
is considered as a major drain that controls the well hydraulics 
(Vidal et al., 2016; Baujard et al., 2017). The same reference point 
was used by Lengliné et al. (2025), whose relative locations are 
consistent with those of Lengliné et al. (2017) where all events were 
initially located on the borehole trajectory at 2300 m depth. Hence, 
the results reported in the two previous references can be compared 
to ours directly or can complement them. Although there is no 
independent measurement of the absolute distance from the well 
for this first event, seismicity induced by injection generally initiates 
or is considered to initiate in the vicinity of the well (e.g., Goebel 
and Brodsky, 2018; Danré et al., 2024). Thus, the assumption of 
taking this point at the well level as a reference can be considered 
reasonable. 

2.2.3 Magnitudes

For the new events, the magnitudes are calculated from the 
local magnitude, MLv, of the corresponding template event found 
in the catalog of Maurer et al. (2020). At first, the magnitude of 
each template was corrected from the newly obtained hypocenter, 
then the ratio of the maximum waveform amplitudes between 
the template and the new event was used to estimate the 
magnitude difference. In addition, a conversion from MLv to 
moment magnitude MW was done. This was a two-step conversion, 
first from MLv to MLh and then from MLh to MW as proposed by 
Bagagli et al. (2022) and Bethmann et al. (2011), respectively. Hence, 
MW = 0.9097+ 0.5754 MLv. 

3 Results

3.1 Event catalog statistics

The seismological catalog obtained by applying the processing 
workflow described in Section 2 contains 3298 seismic events. 
This almost triples the number of events in the catalog provided 
by Maurer et al. (2020), which underlines the relevance of 
completing the catalog using template matching. Table 1 details 
the number of seismic events detected and located (column 
“Final”), and the number of events relatively located (column 
“Reloc”), for each operational phase of GRT-1 development 
(defined by Baujard et al. (2017)) and for the post-hydraulic 
seismic sequence.

1 The metric coordinate system called Lambert II extended (EPSG 27572) 

is the default system used unless specified.
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TABLE 1 Seismic event statistics per operational phase conducted in GRT-1.

Operational phases Templates Final Reloc QMAX
(l/s)

WHPMAX
(MPa)

Volume 
(m3)

Duration 
(h)

IIndex
(l/s/bar)

Thermal stimulation 23/04–26/04 146 328 291 25 2.8 4230 62.6 0.9

Injection test 22/06–23/06 12:00 0 3 0 27 2.5 357 6.5 -

Chemical stimulation 23/06 12:00–27/06 0 2 2 5 n.a 269 14.2 1.7

Hydraulic stimulation 27/06–28/06 16:00 822 2468 2461 80 3.3 4000 28.2 2.5

Post-hydraulic 28/06 16:00–04/07 162 497 487 0 0 0 0 -

Total 1130 3298 3241 - - 8856 - -

In parallel are presented: the number of events of the initial reference catalog (column “Templates”), the final number of events of our catalog (column “Final”), the number of relative located 
events (column “Reloc”), as well as several parameters of the stimulation operations: maximum flow rate QMAX(in l/s), maximum wellhead pressure WHPMAX(in MPa), total volume injected 
(in m3), injection duration (in hours) and injectivity index IIndex(in l/s/bar). These parameters are extracted from Baujard et al. (2017) and Maurer et al. (2020). The year is 2013.

The template matching more than tripled the number of 
events associated with hydraulic stimulation and the post-hydraulic 
phase compared to the initial catalog and doubled it compared 
to the results obtained by Lengliné et al. (2017). The procedure 
also more than doubled the number of events associated with 
thermal stimulation. Five events have been detected between 22 
June and 26 June, i.e., the period containing injection test and 
chemical stimulation, while none was initially present in the 
Maurer et al. (2020) catalog (no templates are available for this 
period). The three events that occurred after the injection test but 
before chemical stimulation were not relatively located because they 
were not correlated with any other event and their magnitudes are 
smaller than −0.82 MLv. The two events detected during the period 
of chemical stimulation present very large hypocenter uncertainties, 
more than 260 m horizontally and 184 m vertically, as well as large 
origin time uncertainties, more than 20 ms. So, the locations are 
not of good quality (see Section 3.3 for more details). Furthermore, 
an inspection of the traces of these five events at several stations 
suggests that they are most likely associated with noise. Given these 
elements, we will not consider these events to be induced by thermal 
or chemical stimulations. 

3.2 Seismicity and injection history

Figure 2 shows the temporal evolution of seismicity detected 
during thermal and hydraulic stimulations and 4.5 days after 
hydraulic stimulation, the so-called post-hydraulic phase (Table 1). 
The time evolution of the stimulation operation parameters is also 
shown: injection flow rate (in l/s), wellhead pressure (WHP, in MPa) 
(Baujard et al., 2017; Maurer et al., 2020).

Figure 2a confirms the delayed onset of seismicity 
associated with thermal stimulation as previously observed by 
Maurer et al. (2020). However, since the seismicity detection level is 
lower in this study when using template matching, the triggering 
delay is found to be shorter, approximately 24 h after injection 
starts. It coincides with the third step of flow rate increase (20 l/s). 
The WHP was at the start of seismicity at its maximum value of 
2.8 MPa for the second time (Figure 2a). There is also confirmation 
that seismicity stopped before shut-in, when the flow rate was still 
at its maximum of 25 l/s but the WHP was decreasing. A delayed 
occurrence of seismicity is also observed in the case of hydraulic 

stimulation, circa 5.5 h after the injection started (Figure 2b). In this 
phase, seismicity was mostly initiated at the flow rate of 40 l/s, a 
rate significantly higher than that of the onset of seismicity during 
the thermal phase (20 l/s) but at a lower WHP, 2 MPa instead of 
2.8 MPa. During the hydraulic stimulation, the seismic rates are 
significantly larger than those calculated by Maurer et al. (2020), 
based on a STA/LTA detection process, and those calculated by 
Lengliné et al. (2017), with a maximum rate of 216 events per 
30 min. This shows that the applied template matching appropriately 
processes sequences with high seismic rate. The seismic rate seems to 
increase, in average, with increasing injection flow rate and average 
WHP. However, this observation should be balanced by the varying 
magnitude of completeness, which decreases significantly during the 
first 7 hours of induced seismicity, i.e., during the 40 l/s and 50 l/s 
injection flow rates (Figure 3). Sudden increases in the seismicity 
rate are clearly observed when the injection flow rate also varies 
suddenly during the build-up phase. A clear decrease in seismicity 
is visible when the injection steps down from its maximum 80 l/s. 
Interestingly, only a few events, all smaller than −0.2 MLv, were 
observed during the second part of the injection test (from 28 
June, 8:00 to 16:00) even if the flow rate has reached a level (60 l/s) 
higher than the one that triggered seismicity during the first part 
of the test (40 l/s). During this second part, the WHP is mostly 
below 2 MPa, the threshold above which seismicity develops during 
the first part of the stimulation, suggesting an improvement of 
injectivity during the first part. After hydraulic stimulation (on 
the 28th of June), no injection nor production was carried out 
on site. However, around 4.5 days later, on second of July, in less 
than 2 hours, from 04:44 to 06:38, 80% of all events detected after 
injection test occurred (Figure 2c). This burst of seismicity also 
contains the largest magnitude event recorded at the Rittershoffen 
site at that time, 1.55 MLv, substantially larger than the maximum 
induced during the hydraulic stimulation, 0.91 MLv.

As can be observed in Figure 3 (but also visible in Figures 2a,b), 
the minimum magnitude of the recorded events varies as a function 
of the time of day, being lower during the night and higher during 
the day. It highlights that the magnitude of completeness varies 
between nights and days from approximately −1.5 to −0.6 during 
thermal stimulation (blue squares) and between −2 and −1 during 
hydraulic stimulation when five seismic stations were added to the 
network (green circles). Interestingly, with the addition of three 
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FIGURE 2
(a) GRT-1 thermal stimulation phase in parallel with the induced seismicity. Top: injection flowrate (l/s) (left axis, black curve) and GRT-1 wellhead 
pressure (MPa) (right axis, gray curve) (modified after Maurer et al. (2020)); Bottom: histogram of the number of seismic events per 30 min (right axis, 
black bars) and associated MLv magnitudes (left axis, gray circles) with tracking of the maximum magnitude value (thin gray line). (b) GRT-1 hydraulic 
stimulation phase in parallel with the induced seismicity. Same representation as in (a) (modified after Maurer et al. (2020)). (c) Seismicity induced after 
GRT-1 hydraulic stimulation shut-in, defined as the post-hydraulic phase. Since there is no injection during this phase, only the number of seismic 
events per 15 min (right axis, black bars) and associated MLv magnitudes (left axis, gray circles) with tracking of the maximum magnitude value (thin gray 
line) are shown.
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FIGURE 3
Local magnitude (MLv) as a function of the time of the day. The four 
sequences with seismic events are color coded.

more stations prior to the burst of seismicity, the magnitude of 
completeness decreased again (orange diamonds). It should also be 
noted from Figure 2 that during injection, the largest magnitudes are 
almost constant over time and are decoupled with the injection rate 
and the WHP. 

3.3 Seismicity location

Figure 4 shows the locations of the epicenters of the seismic 
events following the procedure introduced in Sections 2.2.1, 2.2.2. 
All the 3298 events are plotted; however, they are differentiated 
according to several quality factors. All events for which the 
magnitude has been determined and the relative location 
uncertainties are lower than or equal to the thresholds detailed 
below, are considered of high quality (80% of the whole dataset) and 
are displayed as blue points. As seen in Figure 4, these events are 
strongly clustered in an area of about 1000 ×  250 m2. The threshold 
values are defined on the horizontal and vertical uncertainties of 
the relative locations and correspond to the upper inner fence2 
values: respectively 24 m and 43 m. These thresholds are exceeded 
by 17% of the hypocenters, which are displayed as black circles. For 
all relatively located events, the median and mean of the hypocenter 
location uncertainties are respectively 11 m and 37 m horizontally, 
and 14 m and 39 m vertically. Not relatively located events, i.e., 
events with absolute location only, are shown in red. This concerns 
1.7% of the catalog and, among them, four template events. Events 
for which the magnitude could not be estimated (4%) are also 
shown in orange.

According to these quality criteria, none of the five events that 
occurred during the injection test and the chemical stimulation 
phases (see Table 1) are of high quality.

After applying our processing workflow, the seismic events 
are more clustered compared to the results provided by 

2 The upper inner fence of a statistical sample is defined as the third 

quartile plus 1.5 times the inter-quartile range of this statistical sample.

Maurer et al. (2020). This is not only for the epicenter locations 
but more importantly for the hypocenter depths, reducing the 
large vertical spreading of the hypocenter distribution existing in 
their catalog. In the present catalog, all high-quality events range 
between 2012 m and 2700 m b.s.l., with a mean at 2256 m b.s.l. As 
mentioned above, the current catalog also doubles the number of 
events compared to those identified by Lengliné et al. (2017) and 
includes thermal and chemical stimulations. The main geometrical 
features they could identify are confirmed by our results, as 
discussed in Section 4.1, where more details about the spatial and 
time distribution of the induced seismicity are given. 

4 Discussion

4.1 Seismicity distribution in space and 
time

4.1.1 High-quality seismicity analysis

Figure 5 shows the space and time distribution of induced 
seismic events that have been relatively located and are of high 
quality (see Section 3.3). The projection of the hypocenters, on a 
map (left-hand side) and on a north-south vertical plane (right-hand 
side), are color coded according to the seismogenic periods: thermal 
stimulation in blue (from 22/06/2013 to 27/06/2013), hydraulic 
stimulation in green to yellow (from 27/06/2013 to 29/06/2013) 
and post-hydraulic phase in red to black (after 29/06/2013). The 
position of the first event is emphasized by the white diamond on 
the GRT-1 well trajectory.

In Figure 5 it can be seen that the seismicity induced 
during the thermal stimulation is totally overlaid by that of 
the hydraulic stimulation. We observe that the first events of 
the hydraulic stimulation occurred in places where the thermal 
stimulation induced events. To confirm this overlay, we meshed 
the entire seismogenic volume in cubes of 30-m side, which 
corresponds to two to three times the median of the location 
uncertainties (see Section 2.2.2). We estimated the volume activated 
during thermal stimulation by adding the volume of the cubes 
that contained at least one good-quality event during thermal 
stimulation. Then, in this volume, we added the volume of the 
cubes that contained at least one good-quality event induced during 
hydraulic stimulation. Consequently, we obtained that 75% of the 
volume activated during thermal stimulation was reactivated during 
hydraulic stimulation.

This observation appears to contradict the common finding 
observed on other stimulated EGS that induced seismicity does not 
develop in a zone that has previously been stimulated unless the 
injection pressure are larger than before (e.g., Baisch et al., 2009; 
Caló et al., 2014; Kwiatek et al., 2014). This is the so-called Kaiser 
effect or “crustal memory” effect (Kaiser, 1950; Lavrov, 2003). 
Indeed, as observed in Figure 2b, more than half of the seismicity 
induced during the step-up phase of the hydraulic stimulation 
occurred at WHP lower than the maximum WHP observed during 
thermal stimulation (2.7 MPa).

Two important features of the stimulation series can be raised 
to explain the seismicity overlap. First, a thermal stimulation is 
usually intended to affect the short-range neighborhood of the wells 
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FIGURE 4
Epicenter map of the seismicity induced by the GRT-1 stimulations. Epicenters are color coded according to quality indicators: red points for 
non-relatively located events, black circles for events with outlying horizontal or vertical location uncertainties (i.e., larger than the upper inner fence 
“UIF” value), orange points for events without magnitude estimate, and, finally, blue points for events considered of high quality, that is with magnitude 
estimate and without outlying location uncertainties. See text for more details.

by cooling the formation with the fluid injection. However, the 
seismicity associated with the present thermal stimulation extends 
almost as far as the seismicity induced during hydraulic stimulation. 
It suggests that the so-called thermal stimulation had not only 
thermal, but also hydraulic effects. It should also be recalled that the 
temperature of the injected fluid was similar for both stimulations, 
close to 10 °C. Second, chemical stimulation took place between 
the thermal and hydraulic stimulations. The purpose of chemical 
stimulation was to increase hydraulic injectivity by chemical 
interaction between the injected fluid and the rock, which was likely 
successful, as shown by the injectivity index that increased after 
chemical stimulation compared to its value after thermal stimulation 
(see Table 1; Section 4.3.2). Therefore, chemical stimulation may 
have affected the thermally stimulated domain, for example, by 
creating new pathways close to the well and along those active during 
thermal stimulation. This would have had the effect of restoring 
the initial hydro-mechanical conditions and thus leading to similar 
seismicity development in space during thermal and hydraulic 

stimulations. This interpretation is further supported by the fact 
that the seismicity induced during hydraulic stimulation started at 
lower WHP (1.1 MPa) than that at the initiation of seismicity during 
thermal stimulation (above 2.5 MPa) (Figures 2a,b).

Figure 5 also highlights that the seismicity at the end of the 
hydraulic stimulation developed to the north, along a plane, which 
appears spatially disconnected from the main cloud that is centered 
around the well and contains the seismicity of most of the thermal 
and hydraulic stimulations. This late seismicity is distributed on a 
plane connected to that of the post-injection seismicity distribution, 
which further extends to the north (see the reddish colored dots 
in Figure 5 and later for further evidence). It is noticeable that 
the seismic burst during the post-hydraulic phase spontaneously 
developed on an approximately 400 ×  500 m2 surface in less than 
2 hours whereas the approximately 250 ×  300 ×  100 m3 cloud 
around the well was built in about 46 h during thermal and hydraulic 
stimulations. The evolution of the b-value, which decreases from one 
stimulation to another and becomes lower than 1 for post-hydraulic 
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FIGURE 5
Top view (left) and side view (right) of the high-quality seismicity induced by the GRT-1 stimulations. The hypocenters are color coded according to 
their chronological order of occurrence. The first 228 events (blueish colors) are from the thermal stimulation. From event #229 (green to yellow 
colors) starts the hydraulic stimulation period and from event #2244 (red to black colors) starts the post-hydraulic injection period. The white diamond 
on the GRT-1 well trajectory shows the location of the first recorded event.

seismicity (see Section 4.2), is consistent with these observations, as 
a low b-value is the signature of natural seismicity along pre-stressed 
fault zones (Zang et al., 2014). 

4.1.2 Cluster analysis

To further investigate the space and time distribution of the 
seismicity, spatial clustering of all seismic events was performed 
independently of the seismogenic period. We applied the density-
based clustering approach DBSCAN proposed by Ester et al. (1996), 
which is implemented in the Matlab (2024) software. For reliability 
purposes, clustering was applied to only high-quality events.

A minimum of five hypocenters within a radius equal to the 
maximum between the upper inner fence of the horizontal or 

vertical hypocenter uncertainty, i.e., 27.5 m, was chosen to define 
the so-called core point. Following the clustering, the best fitting 
plane was computed for each cluster and its representativeness is 
given by the planarity value to compare with the linearity and 
sphericity values (Gaucher, 1998).

Figure 6 shows the time distribution of seismic events within 
each cluster. The first cluster, Cluster 1, is the only one that is 
active during all seismogenic periods, from thermal stimulation 
(not represented in Figure 6) to the burst of seismicity of the 
post-hydraulic phase (Figure 6a). Then, Cluster 2 and Cluster 3 
appear when the stimulation reaches the two highest injection rates 
(Cluster 1 remaining active). While Cluster 2 is only activated by 
the hydraulic stimulation, Cluster 3 also contains the first events 
of the seismic burst of the post-hydraulic phase as well as the 
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FIGURE 6
(a) Time occurrence of the seismic events (circles) within each cluster 
during the hydraulic stimulation and the post-stimulation sequences. 
Each cluster is represented by one specific color. The gray curve 
shows the fluid injection flow rate whose values (in l/s) are given by 
the right-hand side y-axis. (b) Zoom on the most seismogenic part of 
the post-hydraulic phase (during which no injection took place). 
Cluster 1 (purple color) was the only cluster active during the thermal 
stimulation (which is not represented here). Clusters 4 to 9 have been 
activated only after the hydraulic stimulation (i.e., during the 
post-hydraulic phase).

subsequent ones. The six following clusters (from 4 to 9) initiate 
one after the other and last for most of the burst sequence of the 
post-hydraulic phase (Figure 6b).

For each identified cluster, the cross-correlation coefficients 
between all pairs of events were calculated. A similar calculation 
was done between all pairs of non-clustered events. The results 
show that all clusters but Cluster 2, which contains only six 
events, have a median and mean cross-correlation coefficients larger 
than those obtained between non-clustered events. The median 
value of the latter equals 0.63 while the medians of the former 
range between 0.64 and 0.68. The smallest values are observed 
for Clusters 1 and 9, the largest values (0.67 and 0.68) for 
Clusters 7, 8 and 5. This shows that the spatial clustering is also 
accompanied by waveform clustering. (More details can be found 
in Supplementary Table S1; Supplementary Figure S2).

Figure 7 shows the seismic events colored according to the 
cluster they belong to, as shown in Figure 6, as well as the best fitting 
plane. As seen in Table 2, the first two clusters and the last one 
are not very well represented by planes since the planarity value is 
smaller than the sphericity value. This is visually clear for Cluster 1,

FIGURE 7
Best planes fitting the nine clusters that have been identified. The 
GRT-1 trajectory in this depth interval is shown in magenta and the 
position of the first event with the white diamond. The clusters are 
color coded as in Figure 6. Cluster 1 (purple color) was the only cluster 
active during the thermal stimulation that remained active afterwards 
too. Cluster 2 (dark blue) occurred only during hydraulic stimulation. 
Cluster 3 (light blue) was active during and after the hydraulic 
stimulation. Clusters 4 to 9 were active only during the 
post-hydraulic phase.

which contains the seismicity induced by thermal stimulation and 
most of that from hydraulic stimulation. This also confirms the 
rather 3-D development of this cluster around the well during these 
phases. However, interestingly, the best-fit plane of this cluster, 
which dips 78o in a 286o direction, is fairly consistent with the 
orientation of the main fault as given by Vidal et al. (2016): 72o/275o. 
The clustering does not show any spatial continuity between the first 
two clusters and Cluster 3, which also contains the first events of the 
seismic burst (Figure 6). This may evidence a specific signature of 
the seismicity occurring at the end of the hydraulic stimulation. The 
large structure depicted by the burst of seismicity is split into seven 
clusters, which are reliably represented by planes (except for the 
last one) and which emphasize the 2-D development of this seismic 
sequence within few hours. Hence, several seismogenic patches 
are distinguished with dips varying between 77o and 90o for dip 
directions between N271o and N297o. Except for Clusters 4 and 5 
(green and light green, respectively) and Clusters 3 and 7 (blue and 
orange, respectively), the plane orientations are different for each 
cluster. However, the northern planes have the tendency to strike 
in the north direction, unlike the other ones that strike more to 
the east. These distinct clusters may highlight different parts of the 
same major Rittershoffen fault zone targeted by the geothermal wells
(Maurer et al., 2020).

4.2 b-values

Based on the newly generated catalog and the high-quality 
events, b-values are calculated for the three main seismogenic 
phases, that is, thermal stimulation, hydraulic stimulation, and post-
hydraulic stimulation. To do so, four different methods have been 
considered and compared. They are the Aki/Wiemer-Wyss (Wiemer 
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TABLE 2 Dip and dip direction of the best fitting plane for each cluster whose number of events is given. The plane representativeness is quantified by the 
planarity value that must be larger than the linearity and sphericity values.

Cluster Dip (o) Dip dir. (o) Event nb Linearity Planarity Sphericity

1 78 286 2145 0.21 0.39 0.41

2 86 317 6 0.20 0.26 0.54

3 82 292 119 0.36 0.44 0.20

4 77 278 104 0.23 0.62 0.16

5 78 279 20 0.12 0.63 0.26

6 90 271 49 0.38 0.41 0.20

7 81 297 71 0.19 0.50 0.31

8 79 289 7 0.17 0.47 0.36

9 82 98 10 0.23 0.34 0.44

TABLE 3 Comparison of b-values calculated for the three main seismogenic phases: thermal stimulation, hydraulic stimulation and post-hydraulic phase. 
The values estimated by Maurer et al. (2020) are recalled (first row) and several other methods have been used “Aki/Wiemer-Wyss” (Wiemer and 
Wyss, 2000; Aki, 1965), “b-positive” (van der Els. 2021), “b-more-positive” (Lippiello and Petrillo, 2024) and “b-more-incomplete” (Lippiello and 
Petrillo, 2024). Only high-quality events are consider for estimating the b-values and their number is given in parentheses.

Applied method Thermal Hydraulic Post-hydraulic

Maurer et al. (2020) 1.53 ± 0.15 1.16 ± 0.05 0.92 ± 0.08

Aki/Wiemer-Wyss 1.48 ± 0.12 (54) 1.27 ± 0.05 (107) 0.81 ± 0.05 (116)

b-positive 1.45 ± 0.14 (113) 1.08 ± 0.03 (959) 0.80 ± 0.06 (179)

b-more-positive 1.59 ± 0.11 (222) 1.16 ± 0.03 (2007) 0.87 ± 0.04 (381)

b-more-incomplete 1.59 ± 0.11 (221) 1.16 ± 0.03 (1962) 0.86 ± 0.04 (373)

and Wyss, 2000; Aki, 1965), the b-positive (van der Elst, 2021), the b-
more-positive and b-more-incomplete (Lippiello and Petrillo, 2024) 
methods. For the last three, the minimum magnitude difference was 
set at 0.02, and the blind time to 2 s. Table 3 provides all the b-values 
computed and indicates the number of events used to calculate each 
of them. As a reminder, the b-values provided by Maurer et al. (2020) 
are also given.

For the thermal and post-hydraulic phases, the b-values 
provided by the four methods are consistent within the uncertainty 
range. However, for the hydraulic phase, the Aki/Wiemer-Wyss and 
b-positive methods give different results than the b-more-positive 
and b-more-incomplete ones. Nevertheless, for a given method, 
a similar trend appears: the b-value is the largest, larger than 
1.44, during thermal stimulation, then decreases during hydraulic 
stimulation to range between 1.08 and 1.27, and decreases once 
more after hydraulic stimulation during the seismic burst of the 
post-hydraulic phase to values smaller than 0.87. Each decrease 
is significantly larger than the uncertainties of the b-value. So, as 
noticed in previous work (Maurer et al., 2020; Lengliné et al., 2017) 
but confirmed by our analysis, while the b-value is larger than 
1 during both stimulations, it decreases significantly below 1 
during the burst of seismicity of the post-hydraulic phase, which is 
consistent with observations from other EGS sites (Zang et al., 2014).

Since part of the volume activated during thermal stimulation 
was reactivated during hydraulic stimulation, Table 4 shows the b-
values obtained for the events induced during hydraulic stimulation 

in the volume overlapping the thermal stimulation and also outside 
it. Again, the Aki/Wiemer-Wyss and b-positive methods give 
different results than the b-more-positive and b-more-incomplete 
ones. However, independently of the method used (despite at the 
limit for the Aki/Wiemer-Wyss), the b-values of the events in the 
overlapping volume are all smaller than the b-values of the events 
induced by hydraulic stimulation in the newly activated volume.

Both results suggest that stimulation in a new volume would 
exhibit b-values significantly larger than 1 that could be interpreted 
as the signature of an initial volumetric activation of small induced 
fractures. On the contrary, lower b-values would correspond to a 
shift towards reactivation of an existing fault system, natural or 
already created. The very significant low b-value of the delayed 
burst of seismicity during post-hydraulic phase can be interpreted 
as the triggered reactivation of a natural tectonic fault system. This 
interpretation is also supported by the space-time evolution of the 
seismicity discussed in the previous sections. The differentiated 
analysis of the b-value for the events induced by hydraulic 
stimulation in or outside the volume activated during thermal 
stimulation also suggests a transition from an already fractured zone 
to an undisturbed zone. 

4.3 Seismicity and injection operations

Since GRT-1 stimulations in 2013, several approaches and 
models have been proposed to describe and follow the seismicity 
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TABLE 4 Comparison of b-values calculated for the events induced during the hydraulic stimulation in the volume overlapping the thermal stimulation 
(second column) or outside it (third column). Only high-quality events are considered for estimating the b-values and their number is given in 
parentheses. The four different calculation methods are used again (see Table 3).

Applied method Inside “thermal volume” Outside “thermal volume”

Aki/Wiemer-Wyss 1.30 ± 0.08 (67) 1.45 ± 0.08 (84)

b-positive 0.90 ± 0.05 (354) 1.12 ± 0.05 (582)

b-more-positive 1.01 ± 0.04 (760) 1.23 ± 0.04 (1243)

b-more-incomplete 1.00 ± 0.04 (748) 1.24 ± 0.04 (1249)

induced during stimulations as a function of operational parameters. 
The goal is to obtain indicators that could predict induced seismic 
activity, providing sufficient time to mitigate it and its impact 
(Kwiatek et al., 2019). Typically, the maximum magnitude of the 
seismic event as a function of the volume injected is considered 
(McGarr, 2014; van der Elst et al., 2016; Galis et al., 2017). 
Another approach consists in looking at the seismic energy 
radiated as a function of the hydraulic energy injected underground 
during stimulation, and the evolution of this ratio over time 
(Kwiatek et al., 2019; Drif et al., 2024). The specific context of 
the development of the GRT-1 well, with its various stimulations, 
raises the questions of whether the thermal, chemical, and hydraulic 
stimulations are providing similar responses and whether they 
should be considered as independent injections or not. 

4.3.1 Maximum magnitude and injected volume

To look at the evolution of the maximum magnitude as a 
function of the cumulative injected volume and compare with 
existing models and other sites, the moment magnitude MW was 
used (see Section 2.2.3). Figure 8 shows this evolution for the 
different stimulations and compares them with different models 
(McGarr, 2014; van der Elst et al., 2016; Galis et al., 2017). For the 
“McGarr model” (McGarr, 2014) (red dash-dotted line), a friction 
coefficient of 0.6, a shear modulus of 10 GPa, as suggested by 
Drif et al. (2024), and a b-value of 1.2, which is consistent with 
the value observed during hydraulic stimulation (see Table 3), 
were applied (see Equation 12 in McGarr (2014)). For the “van 
der Elst model” (van der Elst et al., 2016) (purple dotted lines), 
the same b-value of 1.2 was applied, but values of −1 and −2 for 
the so-called seismogenic index Σ were chosen (see Equation 5 in 
van der Elst et al. (2016)). For the “Galis model” (Galis et al., 2017) 
(gray dashed lines), the γ values of 106 and 107 are used (see 
Equation 3 in Galis et al. (2017)).

First, we assume that thermal stimulation and hydraulic 
stimulation could be treated as independent injection phases 
because they are separated by 2 months without any operation. The 
results are shown by the blue and red circles in Figure 8, respectively. 
Hence, one can see that the response during thermal stimulation 
is shifted from that to hydraulic stimulation. While injection of 
more than 4000 m3 of fluid are necessary to induce the largest
MW= 1.09 event of the thermal stimulation, one-10th of such 
a volume is necessary to reach this magnitude during hydraulic 
stimulation. With the injection of 4000 m3 of fluid, the hydraulic 
stimulation led to a significantly higher maximum magnitude of 
MW = 1.43 (the post-hydraulic phase is not considered here). 

This leads to the conclusion that the maximum magnitude versus 
cumulative injected volume relation observed at Rittershoffen 
during thermal stimulation could not have been used to anticipate 
the response of the system to hydraulic stimulation. After the 
first 400 m3 of fluid have been injected, the increase in maximum 
magnitude drops and varies from 1.24 to 1.43 with the next 3600 m3 
of fluid injected. This change in slope makes it difficult to linearly 
approximate the evolution of the maximum magnitude with the 
logarithm of the cumulative injected volume.

If we consider now the hydraulic stimulation as a continuation 
of the thermal and chemical stimulations, as shown by the green 
circles in Figure 8, in first order, a reasonable degree of continuity 
is observed, that is, an approximately linear relationship between 
the maximum magnitude and the logarithm of the cumulative 
injected volume. Hence, a “van der Elst model” with Σ = -2 or a 
“Galis” model with a γ values smaller than 106 may be consistent 
and bound the observations, however, the “McGarr” model is 
inconsistent by several orders of magnitude. Therefore, if only one 
“van der Elst model” or “Galis model” were to be applied to GRT-
1, hydraulic stimulation should not be considered independent of 
thermal and chemical stimulations, and the injected volumes should 
be cumulative. However, a closer examination suggests that different 
models could also bound the thermal stimulation (blue circles) and 
the hydraulic stimulation (green circle), with a larger slope for the 
hydraulic stimulation model.

The evolution of the maximum magnitude as a function of 
the logarithm of the cumulative injected volume is punctuated by 
sudden jumps of variable magnitudes with low or no concurrent 
volume injection. The major one is associated with the seismicity 
burst recorded after hydraulic stimulation, which occurred 
without any concurrent volume injection. These magnitude 
jumps are observed considering the stimulations as cumulative or 
independent. Moreover, from one jump to another, variable volumes 
have been injected. Yet, these sudden jumps may be significant in 
terms of seismic hazard. From a predictive perspective, the main 
concern would be to determine which part of the observations 
should be used to fit a theoretical model. Therefore, the GRT-1 
stimulation case is a good example of the limitation of monitoring 
the maximum magnitude evolution as a function of the injected 
volume for hazard assessment. 

4.3.2 Seismic energy and hydraulic energy

We follow Drif et al. (2024) to calculate the cumulative release of 
seismic energy and the cumulative hydraulic energy injected into the 
reservoir. The hydraulic energy, EH, injected between times ti and t f
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FIGURE 8
Maximum moment magnitude (left axis) or maximum seismic moment (right axis) as a function of the cumulative injected volume (m3) in 
semi-logarithmic or log-log scales, respectively. The volume injected during the hydraulic stimulation was considered either separated (H, red dots) 
from the thermal (T, blue dots) and the chemical stimulations, or not (T-C-H, green dots). Reference models from McGarr (2014), 
van der Elst et al. (2016) and Galis et al. (2017) are shown with the associated parameters. See text for more details.

is equal to the integral of the wellhead pressure, WHP(t), times the 
injection flow rate, Q(t), as per Equation 6 in Drif et al. (2024):

EH = ∫
tf

ti

WHP (t)Q (t) dt.

The seismic energy radiated by one seismic event is calculated 
according to Equation 16 in Drif et al. (2024):

ER =M0
Δσ
2μ

ηR,

with Δσ the stress drop assumed to be 3 MPa, μ the shear modulus 
equal to 10 GPa as before, ηR the radiation efficiency coefficient 
taken equal to 0.46 and M0 the seismic moment calculated 
according to Hanks and Kanamori (1979) from the event moment 
magnitude MW. All parameters, except M0, are assumed to be 
constant across all seismic events. The seismic energy radiated 
between times ti and t f  is the sum of the seismic energy radiated 
by the seismic events that occurred during this period (also written 
ER in the following).

Figure 9 shows the cumulative seismic energy radiated (dots 
on the line) and the instantaneous injectivity index (thin line) as 
a function of the cumulative hydraulic energy injected into the 
reservoir, under the assumption that thermal (T, blue), chemical (T-
C, purple) and hydraulic (T-C-H, green) stimulations accumulate. 

To consider hydraulic stimulation independent of the other two, 
the green curve should simply be shifted to start at (0, 0). The 
instantaneous injectivity index, III(t), is calculated by dividing the 
injection flow rate at time t by the wellhead pressure measured at 
the same time:

III (t) =
Q (t)

WHP (t)
.

Unlike the standard injectivity index, the instantaneous injectivity 
index does not require the hydraulic regime to be steady state in 
order to be estimated.

Figure 9 highlights that the seismic energy radiated as a function 
of hydraulic energy during thermal stimulation (blue dots over 
the line) is different than during hydraulic stimulation (green dots 
over the line), the thermal stimulation being weakly seismogenic 
compared to the hydraulic stimulation. This change of behavior may 
partly result from the chemical stimulation. For the same amount of 
injected hydraulic energy, 7500 MJ, approximately 100 MJ of seismic 
energy is radiated during thermal stimulation against approximately 
700 MJ during hydraulic stimulation. In other words, the seismic 
injection efficiency (e.g., Kwiatek et al., 2019; Drif et al., 2024) 
is different during thermal stimulation and hydraulic stimulation 
(slopes of the red dashed lines in Figure 9 are significantly different). 
Interestingly, a relatively constant slope is observed for most of 
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FIGURE 9
Estimated cumulative seismic energy radiated (MJ) (left axis) and instantaneous injectivity index (l/s/bar) (right axis) as a function of the cumulative 
hydraulic energy (MJ). The thermal (“T”, in blue), chemical (“T-C”, in purple) and hydraulic stimulations (“T-C-H”, in green) are considered as dependent. 
The dashed red lines highlights the relatively constant seismic efficiency during the step-up injection phases of the thermal and hydraulic stimulations.

the hydraulic stimulation, until the step-down shut-in phase begins 
and a flattening occurs. This slope is approximately equal to 0.115. 
For thermal stimulation, the seismic efficiency varies over time. It 
starts very low, then increases to around 0.036 and, at the end, 
also flattens out. The initial low value is likely an effect of the high 
magnitude of completeness up to the end of the 20 l/s injection step 
(see Figure 2a or Figure 3) and presumably biased.

This analysis shows that the evolution of the seismic energy 
radiated as a function of the hydraulic energy during thermal 
stimulation could not have been used to anticipate the response 
of the system to hydraulic stimulation. However, monitoring these 
two parameters in relation to each other and computing the 
seismic efficiency, appears as a sensitive tool for deciphering each 
stimulation phase.

The initial constant seismic efficiency during hydraulic 
simulation could be interpreted as the typical seismogenic response 
of a reservoir with (relatively) homogeneous hydro-mechanical 
properties. The absence of seismicity that follows, despite continued 
injection, marks a different regime. This could indicate that 
the limit of the homogeneous reservoir has been reached. The 
limit may be a geostructural boundary. As seen in Section 4.1.2; 
Figures 6, 7, before the hydraulic stimulation shut-in begins, the 

seismic events start to distribute on a plane (Cluster 3) that will 
be active during the burst of seismicity after all injections and 
that is distinct from the previously active zone (Clusters 1 and 
2). Hence, the transition from the 3-D distribution of events 
to a 2-D distribution appears to coincide with the change of 
the seismogenic regime. The stimulation operations would have 
connected the initial volumetric reservoir zone to a fault zone, as 
confirmed by the seismicity induced during the geothermal plant 
operation (Lengliné et al., 2025).

From the perspective of seismic risk assessment, it may be 
tempting to extend the linear trend of radiated seismic energy as a 
function of hydraulic energy to highlight a lack of seismic energy 
that will need to be compensated for at some point and possibly 
predict the radiated energy expected following the procedure 
detailed in (Drif et al., 2024). This would first implicitly assume 
that, in our case, the average seismogenic response of the stimulated 
medium does not change during the step-down shut-in phase of the 
thermal and hydraulic stimulations. Second, the burst of seismicity 
occurred 4.5 days after the hydraulic stimulation, i.e., without any 
injection taking place. This raises the question of “for how long” and 
“how” the radiated seismic energy that is apparently missing, about 
250 MJ in our case, should be distributed.
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From a hydraulic point of view, the series of GRT-1 stimulations 
have been successful since the injectivity index has increased from 
0.6 l/s/bar, at the start of the thermal stimulation, to 2.5 l/s/bar, at the 
end of the hydraulic stimulation (according to Baujard et al. (2017)). 
As observed in Figure 9, the III increased almost linearly with 
the hydraulic energy injected during thermal stimulation, even 
during the seismic quiescence at the end of the 25 l/s flow 
rate (see also Figure 2a). During hydraulic stimulation, although the 
increase in III was initially proportional to the injected hydraulic 
energy it slowed-down from 60 l/s flow rate while the radiated 
seismic energy was still increasing. The radiated seismic energy 
quiescence occurred after the III flattened and the injection shut-
in started. The difference in the evolution of III with the injected 
hydraulic energy (and the radiated seismic energy) may highlight 
that the volume stimulated during injection at a flow rate of 60 l/s 
does not behave as previously observed.

Monitoring the variation of the radiated seismic energy and the 
III as a function of the injected hydraulic energy looks interesting to 
detect changes in the behavior of the reservoir. The departure from 
linear evolutions could be seen as an alert for an unexpected event. 

4.4 Stimulation versus circulation 
seismicity

It is of interest to compare the present analysis of the seismicity 
induced during the stimulation period (2013) with that of the 
circulation period (2016–2024) performed by Lengliné et al. (2025). 
The first similarity is the occurrence of bursts of seismicity rather 
independently of the injection conditions. Indeed, during the 
long term circulation, a strong intermittency of the seismicity 
was observed with the development of more than 80 bursts of 
seismicity lasting a few hours, despite a quasi-continuous injection 
rate. The post-hydraulic seismicity after the GRT-1 stimulation 
has the features of one of these bursts that occurred during the 
circulation period, suggesting a common triggering mechanism, 
such as aseismic slip. The second similarity is the spatial distribution 
of the seismicity. Figure 3a of Lengliné et al. (2025) shows the 
location of seismicity during the 2013 stimulations and that 
recorded during long-term circulation (2016–2024). Since the 
location of the seismicity recorded during the 2013 stimulations 
in Lengliné et al. (2025) is consistent with our (Figure 5), result 
comparison is possible and shows that the fault involved in the 
post-hydraulic stimulation is one of the existing parallel faults in 
the area that have been activated during circulation. Subsequently, 
we can conclude that the 2013 stimulations had an impact on 
only one of the local faults. Furthermore, one can observe that 
limited seismicity developed along or around the post-hydraulic 
seismic cloud, until 2020. This suggests that, after the 2013 
stimulations, a stress memory effect was established, which only 
disappeared 7 years later, and that a stress shadow effect developed 
and prevented from further extension of the seismicity to the North 
(see Figure 4 of Lengliné et al. (2025)). 

5 Conclusion

Through the application of an enhanced template matching 
technique and the relative location method, we have built a 

comprehensive catalog that covers the three stimulations that 
Rittershoffen GRT-1 well underwent between April and June 2013. 
More than 3000 seismic events are included in this catalog, 
which corrects the locations provided by Maurer et al. (2020) and 
complements the results of Lengliné et al. (2017) by including 
thermal and geochemical stimulations. Hence, this open-access 
catalog can be used as a reference for this period and for this site.

This catalog allowed us to precisely track and compare 
the seismogenic responses of the reservoir during the different 
successive stimulations (thermal, chemical, and hydraulic). In 
particular, it showed that the seismicity induced at the beginning 
of the hydraulic stimulation was located in the volume that was 
already active during the thermal stimulation. We interpret this as a 
consequence of the chemical stimulation that took place in-between 
and which removed the classical Kaiser effect, yet observable 
during the second part of the hydraulic stimulation. Interestingly, 
the chemical stimulation did not induce noticeable seismicity. 
However, the seismic sequence associated with the hydraulic 
stimulation further developed the volume activated during the 
thermal stimulation and ended with the activation of a fault segment 
that is reactivated during a seismic burst of the post-hydraulic phase 
that occurred almost 4 days after injection was terminated.

Indicators such as high to low b-value variation, sudden 
magnitude increase, 3-D to 2-D seismicity distribution, confined to 
extended spreading of the seismicity and sudden trailing-seismicity, 
all converge towards a seismic burst that was triggered rather than 
induced during the post-hydraulic stimulation phase.

The evolution of the maximum magnitude as a function of 
the injected volume is different between thermal and hydraulic 
stimulations. Similarly, the relationship between seismic energy and 
hydraulic energy is also different between thermal and hydraulic 
stimulations. This was observed when both stimulations were 
considered independent or part of one long and unique stimulation 
sequence. This may be due in part to chemical stimulation. 
Consequently, the responses of these indicators to the thermal 
stimulation of GRT-1 could not have been used to anticipate the 
response to the hydraulic stimulation of GRT-1, and therefore 
to calibrate a seismic hazard assessment model of the hydraulic 
stimulation from the results of the thermal stimulation.

Unlike the maximum magnitude as a function of the injected 
volume, the radiated seismic energy showed a smooth positive 
linear correlation with the injected hydraulic energy, mainly during 
the step-up phases of the stimulations, with evidence of departure 
from this linear evolution during the step-down shut-in phase or 
earlier. For hydraulic stimulation, this change in behavior appears 
at the same time as the transition from a volumetric distribution 
of seismicity to a distribution along a fault zone that was to be 
reactivated during the post-stimulation seismic burst. Furthermore, 
this also appears to correlate with a decline in the increase in 
the instantaneous injectivity index. Together, these observations 
indicate a change in the subsurface system response compared to 
the initial stable behavior, which can be seen as an alert for an 
unexpected event.

For seismic hazard assessment, we recommend to monitor in 
real-time not only the evolution of radiated seismic energy as 
a function of the injected hydraulic energy but also the spatial 
evolution of the seismicity and the instantaneous injectivity index.
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