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SUMMARY

Between 2019 November and 2021 July, four induced earthquakes of local magnitude equal
to or greater than than three were felt by the population of Strasbourg, France. These events
were related to activity at the deep geothermal site GEOVEN located in Vendenheim in the
northern suburb area of the city of Strasbourg. The first earthquake, with a local magnitude
(Myy) of 3.0, occurred on 2019 November 12, at the same depth as the bottom of the wells
(approximately 4 km) but 5 km to the south. The second (M), 3.6) occurred a year later, on
2020 December 4, below the wells, and led to the termination of the project by the authorities.
The third (M}, 3.3) was initiated three weeks after shut-in on 2021 January 22, while the
largest earthquake to date (M), 3.9) occurred on 2021 June 26, more than 6 months after
shut-in. We constrained these four events’ absolute locations using a 3-D velocity model
of the area and here present regional intensity maps. We estimated moment magnitude and
focal mechanism trough waveform inversion and inferred the fault plane activated during the
largest event from an analysis of rupture directivity effects in the recorded waveforms. Our
analysis highlights the existence of a critically stressed fault that hosted three of these widely
felt events. We show how the derived source properties of these four earthquakes are directly
linked to ground shaking observations at the surface. Notably, we demonstrate how earthquake
moment, location, direction of rupture and stress drop impact the regional intensity distribution.
Our results suggest that the traffic light system could benefit from including ground shaking
scenarios based on realistic subsurface properties and potential earthquake source models.

Key words: Waveform inversion; Earthquake source observations; Induced seismicity.

event, occurring on the 2021 January 21, with a local magnitude of

1 INTRODUCTION My, 3.3. The last, the largest of the sequence thus far, took place

A series of more than 500 earthquakes occurred below the northern
suburb of the city of Strasbourg between the end of 2019 and 2021
July (Schmittbuhl er al. 2021). They were recorded and localized
by the French service for the observation of national seismic ac-
tivity, hosted by EOST (BCSF-Rénass). Four of these events were
particularly felt by the local population. The first event, with a local
magnitude of M), 3.0, occurred on the 2019 November 12 and was
located below the Robertsau area. The second event occurred on
the 2020 December 4 with a local magnitude of M, 3.6. It was
located 5.5 km further north under the city of La Wantzenau, close
to the termination of one of the deep wells of the deep geothermal
energy project GEOVEN. The third event was close to the M), 3.6

close to the two previous events and had a magnitude M, 3.9.
These four events were unexpected. No natural earthquakes had
been recorded over the previous 40 yr within a 5 km radius around
the GEOVEN project before their onset (Schmittbuhl e al. 2021).
Given that the area’s natural seismicity is very low and that all these
earthquakes occurred after the onset of the GEOVEN project and
in close vicinity to the boreholes in which fluid was injected, these
events are illustrative examples of induced felt earthquakes in an ur-
ban context that strongly impacted the local population. The events
were much greater than the alert level of the traffic light system
(TLS) implemented during the GEOVEN project. Industrial opera-
tors and regulators are typically looking for tools and procedures to

© The Author(s) 2023. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

2445

€202 Joquieydas /0 uo Josn sioynm Aq 8250122/SyYe/e/vEZ/o1oMmeIB/wod dnoolwapeoe)/:sd)y Wwoly papeojumod


http://orcid.org/0000-0003-0678-2587
mailto:lengline@unistra.fr
https://creativecommons.org/licenses/by/4.0/

2446 O Lengliné et al.

control seismicity and assess the related hazards, using TLS systems
with typically three levels (green—yellow—red) corresponding to
increasing thresholds of potential vibrations (Bommer & Crowley
2006; Grigoli e al. 2017; Mignan et al. 2017). TLS can be physics-
based (e.g. Kwiatek ef al. 2019) but are generally based on simple
parameters such as magnitude, maximum peak ground acceleration
(PGA) or maximum peak ground velocity (PGV) according to the
emphasis given to the hazard view, that is, the characterization of
the seismic source in the reservoir (magnitude of the event) or the
response of the ground below buildings (PGV or PGA). Here, the
red level of the TLS was set using a magnitude criterion of M), = 2.

Despite the seismic hazard posed by induced earthquakes (Foul-
ger et al. 2018), these events are useful for assessing the develop-
ment of the reservoir, as they can delineate the activated structures
(e.g. Lengliné et al. 2017) in the reservoir, provide key indicators of
the underground state of stress (Cornet & Jianmin 1995; Schoenball
et al. 2014), track the evolution of the pore pressure (e.g. Shapiro
et al. 2002), or help to infer geomechanical parameters of the reser-
voir (e.g. McClure 2012).

Whether the objective is gaining insight into reservoir behaviour
or implementing a TLS, both approaches rely on the same mea-
surements: the recorded waveforms of monitoring seismic stations.
However, the design of a monitoring seismic network might be
different for each approach: as sensitive as possible for describ-
ing small event s and for reservoir management (dense network,
borehole arrays, low noise site, highly sensitive sensors, etc.), or as
close as possible to infrastructure for site effect assessment (Zang
et al. 2014; Bohnhoff er al. 2018). In practice, monitoring net-
works are typically a compromise for assessing both objectives,
and TLSs are evolving to be adaptive, including updated on-the-fly
geomechanical and seismological parameters and, ideally, attempt-
ing to include the transfer function of the dynamic strain from
the seismic source to the ground response (Grigoli et al. 2017;
Mignan et al. 2017). However, advanced TLS systems (able to pre-
dict seismicity and account for variable scenarios) are limited in
their ability to include multiple records, advanced analysis and de-
tailed indicators in quasi real time. Moreover, TLSs rely on the
principle that seismicity is not only important at the origin of the
risk when events are large, but is also, the key indicator when
events are small, since seismicity can provide in-depth knowledge
of the dynamics of the reservoirs and can potentially forecast the
nucleation phase of the largest events. This principle relies on nu-
merous assumptions, including: high sensitivity and reliability in
monitoring systems, appropriate description of the velocity model
around the reservoir and a seismic signature of the main deforma-
tion of the reservoir. These assumptions are increasingly questioned
with respect to important aseismic deformation (Cornet et al. 1997,
Schmittbuhl ez al. 2014; Wei et al. 2015; Guglielmi et al. 2015;
Cornet 2016; Hopp ef al. 2019). This work aims to improve the
link between ground shaking at the surface and seismic sources
at depth. A better knowledge of this link will have strong impli-
cations for improving reservoir monitoring and optimizing TLS
strategies.

Our first objective is to decipher the main features of the four
largest induced earthquakes that occurred in the Strasbourg se-
quence. We assess their characteristics in terms of surface obser-
vations, such as shaking intensity maps and their seismic source
properties at depth. We then aim to link these features by develop-
ing a 3-D velocity model around the reservoir with deterministic
waveform modelling. Thus, our analysis demonstrates how earth-
quake sources impacts on the population could be calculated and
integrated into TLS.
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Figure 1. Representation of S-wave velocity profiles at three locations in
the Rhine Graben. All depths are relative to sea level. The green dashed
line shows the 1-D reference velocity (similar for all locations). The blue
line corresponds to velocity profiles extracted from our 3-D model. The
red line gives the reference velocity model derived at Soultz-sous-Foréts
(Charléty et al. 2006) and Rittershoffen (Maurer et al. 2020). The yellow
and grey areas represent the sedimentary cover and the granitic basement,
respectively.

2 EARTHQUAKE LOCATIONS

2.1 3-D velocity model of area

A suitable velocity model for the reservoir area and its surround-
ings is required to obtain a precise estimate of the event locations
and, subsequently, of the seismic source properties of the events.
The BCSF-Rénass’s default velocity model for the region is a 1-
D velocity model based on Rothé & Peterschmitt (1950), which
does not accurately represent the shallow sedimentary layers of the
graben. Sedimentary layers can be quite thick in the upper Rhine
graben, particularly in the city of Strasbourg and its surroundings.
A set of regional normal faults with variable offsets also contribute
to significant lateral variability in the basin. As a result, there can
be significant velocity contrasts between these layers and the 1-D
reference velocity model which could result in complex patterns
on the intensity maps. Here, we created a 3-D velocity model by
considering the varying thickness of the Rhine graben’s sediment
cover. Based on the data set released by Freymark et al. (2020),
which maps all geological units in the upper Rhine Graben with
their appropriate depth and thickness, the 3-D model has a variable
basement depth. In particular, we identified the transition depth and
mapped (on a horizontal grid with a resolution of 1 km) the bottom
of the Buntsandstein unit of this data set, which represents the inter-
face between the sedimentary cover and the granitic basement. We
considered that the regional 1-D reference velocity model (Fig. 1)
could accurately describe all seismic velocities below this transi-
tion depth. We decided to set the P- and S-wave velocities in the
sedimentary cover, above the transition depth, as varying linearly
in steps of 500 m from the surface to the transition depth, with
velocities near the surface fixed at 2.0 and 0.9 kms~! and those
at the top of the granitic basement at 5.2 and 3.1 kms™' for P
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and S waves, respectively. These numbers are extrapolated from the
velocity models at the two geothermal sites in Rittershoffen and
Soultz-sous-Foréts. A comparison of our model and the reference
1-D velocity model shows some notable differences (Fig. 1). We
also note that the two velocity models of Rittershoffen (Maurer
et al. 2020) and Soultz-sous-Foréts (Charléty er al. 2006) are well
captured by our straightforward linear gradient 3-D velocity model.
In fact, 1-D profiles at the locations of these two reservoirs extracted
from our 3-D model agree well with the measured profile at each
site. Due to the orientation of the Rhine graben, the 3-D model
exhibits an N-S direction with slow velocity, as shown in Fig. S1
(Supporting Information). We also extract a 1-D profile at the lo-
cation of the GEOVEN wells (Vendenheim profile in Fig. 1), and
we note that the transition between the granitic basement and the
sedimentary cover is, on average, deeper here than at the Soultz-
sous-Foréts and Rittershoffen sites, at 3.5 km depth, indicating the
presence of a thickening of the sedimentary cover at the Strasbourg
site.

2.2 Earthquake locations in the 3-D model

When calculated using the 1-D reference model, the locations of
the four largest events obtained by the BCSF-Rénass are related
to some significant traveltime residuals at several stations, particu-
larly for S-wave arrivals (Fig. S2, Supporting Information). These
residuals point to a significant difference in seismic wave veloc-
ity between the various stations, which may have an impact on the
earthquakes’ inverted locations. Due to the heterogeneous nature
of the subsurface, we use the 3-D velocity model that was devel-
oped in the previous section to both better constrain the earthquake
locations and minimize these effects. Using NonLinLoc software
(Lomax et al. 2001), we invert the locations of the events based on
the manual P and S wave arrival time picks made by BCSF-Rénass
operators. In Fig. 2, we show the location and related location un-
certainty for each of these events. When compared to the results
obtained using the reference 1-D velocity model, the traveltime
residuals from our location in our 3-D model are significantly re-
duced (Fig. S2, Supporting Information). In fact, we reduce the
mean S-wave residual from 0.57 to 0.17 s and the mean P-wave
residual from 0.23 to 0.10 s. These four events all have depths of
approximately 4300 m, which is roughly equal to the depth of the
wells’ bottoms but is 1 km shallower than the BCSF-Rénass lo-
cations (Fig. S3, Supporting Information). Our findings also show
that the three most recent events occurred close to the GEOVEN
wells, specifically between the two wells. Our locations move these
earthquakes 1 km south of where the BCSF-Rénass places them.
These three events are aligned in an NW-SE direction. We note that
this direction is resolved in Schmittbuhl ez al. (2021) only from the
relative relocation of earthquakes.

3 INTENSITY MAPS

3.1 Macroseismic and instrumental data

For all four earthquakes, spontaneous testimonies from the public
arrived in the first minutes on the www.franceseisme.fr website. An
extensive call for testimonies was made through social networks, the
media and the BCSF-Rénass seismological information distribution
list. In addition to questions regarding the impacts on common in-
dicators (people, objects, furnitureandildings), the individual forms
filled out by the witnesses, were accompanied by representative and
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Figure 2. Location of the four main events based on picked P- and S-wave
arrival times and using the built 3-D velocity model (stars). The ellipses
around each star represent the location uncertainties. The colour refers to
each earthquake: red is the 2019 November event, blue is the 2020 December
event, green is the 2021 January event and yellow is the 2021 June event. The
plain circles refer to the location of the same events by the BCSF-Rénass.
The brown lines show the simplified paths of the geothermal wells. The
purple lines indicate the known fault location at the top of the basement in
the GEORG model. The blue triangles show the locations of the seismic
stations used in this study.

selectable thumbnails of seismic effects that provided an individ-
ual value of ground shaking severity (Sira et al. 2021b). Averaged
over the municipality, they gave a rapid and preliminary measure
of intensity that is fairly reliable for intensities below V (strong
shaking) when the number of returns is sufficiently large (over 10
forms collected, Sira et al. 2021a).

Except for the earthquake of 2019 November 12, for which only
these individual forms were used, BCSF-Rénass also took into ac-
count, in its estimation of final municipal intensities, the results
of collective forms returned by town halls. For these forms, the
BCSF-Rénass has generated a specific building indicator for re-
porting damage to buildings by inhabitants. Only the municipality
of La Wantzenau (1 km to the epicentres of the 2020 and 2021
earthquakes) returned a significant number of declared damages
to the BCSF-Rénass. The intensity estimates were made according
to the criteria of the EMS-98 macroseismic scale (Griinthal 1998)
essential for estimating the severity of shaking.

For German territory, the Landesamt fiir Geologie, Rohstoffe
und Bergbau (LGRB) and the Landeserdbebendienst of Baden-
Wiirttemberg, and the Landesamt fiir Geologie und Bergbau (LGB)
of Rhineland-Palatine also collected the testimonies of the inhab-
itants through their websites. Based on these testimonies, we esti-
mated an EMS-98 intensity for localities with more than 10 col-
lected individual forms. These intensities have been added to the
cross-border macroseismic maps produced for the four main Stras-
bourg earthquakes (Fig. 3 and Table 1, and Fig. S4, Supporting
Information).

The three macroseismic studies (for the 2020 December 04, 2021
January 22 and 2021 June 26 earthquakes) indicate maximum in-
tensities of IV=V to V for the French and German territory near the
epicentres. The statistical robustness of the EMS98 scale suggests
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Figure 3. Intensity maps for the four studied events. For the 2019 event, the intensity map is from citizen testimonies received by the BCSF-Rénass and LGRB,
averaged by localities. For the three others, intensities are estimated using communal and individual forms for the French portion and only individual forms
from localities in Germany. The red stars indicate the locations of the epicentres.

Table 1. Number of reports collected in the cross-border macroseismic with good certainty that the V intensity was not exceeded for any
survey for each of the four analysed earthquakes. The reports are listed of the earthquakes. Most of the damage was of grade 1 on build-
according to their geographical origin (B.W. is Baden—Wiirttemberg and ings with a vulnerability of A to C. Grade 2 occurred very rarely
R.P. Rhineland-Palatine). (<1 per cent of the buildings in each vulnerability class B and C).
Date Magnitude France B.W. R.P. Combining this observation with other indicators is in agreement
2019/11/12 My 3.0 555 133 0 with an upper bound estimation of the %nte-ns1ty toV. T.he estlm_atlon
2020/12/04 My, 3.6 1540 977 0 must cons@er the coherence of all the 1ndlcgtors. Particularly in the
2021/01/14 My, 3.3 1014 1459 0 case of an induced earthquake where the residents are well aware of
2021/06/26 My 3.9 1861 1450 3 a potential reimbursement, an excessive reliance on declared dam-

ages as a diagnosis results in an overestimation of intensity values.
The damage data collected by the BCSF-Rénass after the earthquake
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0f 2021 June 26 are rather scarce and probably do not represent all
effects produced on buildings (Sira & Grunberg 2021).

In addition to the intensity estimated from macroseismic studies
and individual testimonies, we computed the intensity derived from
PGV at instruments in the vicinity of the epicentre up to a distance
of 60 km. We estimated PGV at each station using the maximum
velocity amplitude on horizontal components when available. We
used the relationship provided by Caprio et al. (2015) to convert
these PGV values into intensities.

3.2 Intensity distribution

Generally, for the same magnitude, shallow earthquakes generate
felt vibrations at shorter distances from the epicentre than deep
earthquakes. For the analysed Strasbourg events, a notable vibra-
tion was produced up to distances of 120 km in both France and
Germany, particularly for the earthquake of 2021 June 26 (Fig. S4,
Supporting Information). The location of the witnesses in single-
family homes or ground floors at these farthest distances suggests
potential geological or topographical site effects, possibly related to
the Rhine Graben’s sedimentary terrain.

We compared the decay of the intensities with distance from
the epicentre between each earthquake to reveal their respective
impacts. We observe that there is good agreement between the in-
tensity estimated from the macroseismic data and that derived from
the PGV (Fig. 4). The largest magnitude earthquake of the sequence,
the 2021 June, M, 3.9 event, produced the greatest intensities at the
farthest distances, as expected. The intensities linked to the 2020
December and 2021 January earthquakes are nearly identical and
only slightly lower than those of the magnitude M), 3.9 event. The
lowest intensities are observed for the 2019 November earthquake.
For this event, although its estimated magnitude is not very differ-
ent from that of the 2021 January earthquake, the differences in
intensities are quite pronounced.

4 EARTHQUAKE SOURCE PROPERTIES

4.1 Moment tensor inversion

Establishing the source properties of the four earthquakes is not a
trivial task since they are small events (i.e. small magnitude) and
occurred in an urban environment, which creates significant noise
on the seismograms. Nevertheless, there exists a dense coverage
of seismic instruments, of various qualities close to the epicentres
(Fig. 2 and Fig. S5, Supporting Information). We estimated the fo-
cal mechanisms for each of the four events by inverting the compo-
nents of their moment tensor based on the displacement waveforms
recorded in the vicinity of the epicentre. By successively setting
each of the components of the moment tensor to unity, we calcu-
lated the elastodynamic wave propagation in a 3-D medium for
each source location using the finite-difference method of Maeda
et al. (2017) (Text S1 and Table S1, Supporting Information). The
velocity model established in the preceding section is used in the
calculation. We used a grid search approach to invert the compo-
nents of the moment tensors of these four main earthquakes by
varying the strike, dip and rake, each in 1° steps, restricting our
analysis to the search for double-couple mechanisms. We obtained
the three-component synthetic displacement seismograms at each
chosen site by summing the computed signals for each component of
the moment tensor in accordance with Aki & Richards (2002). The
displacement seismograms are filtered between 0.14 and 0.8 Hz and
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with a duration of 10 s starting at the origin time of the earthquake.
For the 2021 June 26 earthquake, we extend the duration to 15 s
because of the longer duration of the signal. The frequency range
and the signal duration are chosen based on the parameter settings
from Wang & Zhan (2020) for earthquakes of similar magnitudes.
The noise level at low frequencies determines the lowest frequency
range, and the point source approximation and unmodelled small-
scale subsurface heterogeneities determine the highest bound. The
time window includes both the P and S waves in the same window
(Fig. 5) due to the proximity of the earthquakes to the recording
sites. By applying a time-shift to all traces that best maximizes the
average correlation coefficient between synthetic and observed sig-
nals, we allowed for an uncertainty of the origin time of each event
(Table S2, Supporting Information). We estimated the moment of
each event from the difference in amplitude between the synthetics
and the observed waveforms for each trial in the grid search. Finally,
to assess the quality of the source parameters, we computed an L2
norm between the moment-scaled synthetics and the recorded sig-
nals after correcting for time-shift. We kept the earthquake locations
determined using the 3-D velocity model. Given the small size of
the events (as hypothesized from their magnitude), the difference in
location between the centroid and hypocentre should be small, and
this approximation is reasonable.

We report the best models for each event as defined as those
for which the misfit is no more than 5 per cent of the best-fitting
model (Fig. 6). The range of moment magnitudes associated with
each of these best mechanisms is also determined (Table 2). We
also report an independent validation of the obtained result for each
event by plotting the P-wave polarities determined manually by
BCSF-Rénass analysts. We found good agreement between these
polarities and the recovered mechanisms by the waveform fitting
scheme.

4.2 Spectral properties of the main events

We present an analysis of the spectra of the four studied events to
determine the source size of the events and validate our moment esti-
mates. For each event, at each station, a window of five s begins one s
before the S-wave pick is extracted. For stations with no S-wave pick
available, a theoretical S-wave arrival is computed in the 3-D veloc-
ity model based on the source and station location. The displacement
spectrum, U(f), is obtained after deconvolving from the instrument
response and filtered in the 0.1-35 Hz frequency range (Fig. 7).
For each station, when three component records are available in the
spectrum, U(f) is computed as U( /) = /UZ(f) + UZ(f) + UZ(f),
where U,(f) is the S-wave spectrum for component x. The spectrum
at each station is then fitted in the [0.3,30] Hz range using Brune’s
(1970) spectral model and considering the attenuation, correspond-
ing to

Q
7()/ 5 exp(—=mft*), (1)
1+ (%)

where f; is the corner frequency, t* = ﬁ with #, being the S-wave
traveltime between the source and the station, and Qy is the S-wave
quality factor. The seismic moment, M,, is deduced from €2, (Text
S2, Supporting Information). The inversion uses a truncated New-
ton algorithm with bounds and minimizes the least-squares norm
between the calculated and observed spectra (Satriano 2021). A
weighted average estimate of each of the three parameters obtained
at all stations is returned. We observe that our moment estimates are
in close agreement with those inferred from the waveform fitting

Ut =
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Figure 4. Macroseismic intensities (circles) and computed intensities derived from PGV (triangles) for each of the four studied earthquakes. For each event,

we compute the average distance for each intensity level reported by macroseismic data (dashed line) and its median absolute deviation (coloured area). To
better visualize the differences in intensities among events, we report in the upper left panel an insert where we plot this average tendency for each earthquake.
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Figure 5. Comparison of the recorded displacement waveforms for selected stations of the earthquake of 2021 June (grey line). The portion of each waveform
used for the inversion is shown in black. The signals are filtered between 0.14 and 0.8 Hz. The red curves show the synthetic waveforms obtained for the
best-fitting moment tensor. For each waveform segment, the correlation coefficient between the synthetic and the observed waveform is reported along with
the station name and the component.
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Figure 6. Focal mechanisms for the four largest events. Colours are similar to Fig. 2. For each event, the best solutions are displayed, and P-wave polarities
are represented. The purple nodal planes are those of the best-fitting solution. Purple circles surrounding polarities, and purple crosses indicate stations used
for the inversion, with or without a determined polarity, respectively. The date of each event is indicated.

Table 2. Table summarizing the results of the source parameters for the four analysed earthquakes. For each earthquake
we indicate the moment magnitude, as inferred from the inverted moment tensor, My, or from spectral fitting, M.
The magnitude has been calculated from the moment using the relation of Hanks & Kanamori (1979). The two nodal
planes that are associated with the mechanism with the lowest misfit are called NP1 and NP2 and are described by their
strike/dip/rake. We report as well the corner frequency, f. as deduced from spectral fitting.

Date MmN pgmax NP2 M fo (Hz)
2019/12/11 2.7-2.9 202/56/—16 301/77/—144 28403 5+2
2020/12/04 3.1-32 36/85/8 305/82/175 3.1£02 7£2
2021/01/22 3.0-3.1 212/80/-20 306/70/—169 3.0£03 5+2
2021/06/26 3.4-35 124/88/—169 33/79/-2 34403 5+2

and that the corner frequencies are quite similar for the four events
(Table 2).

4.3 Directivity analysis of the 2021 June earthquake
rupture

Schmittbuhl et al. (2021) identified a regional fault plane, included
in the public database GEORG (http://www.geopotenziale.org) con-
necting the 2019 southern event and the northern cluster close to the
wells, the so-called Robertsau fault. The direction of this fault varies
between N025°E and NO10°E from south to north (Fig. 2). This di-
rection might match one of the nodal planes of the earthquake that
occurred in 2019 November (Fig. 6). However, the seismicity distri-
bution near the injection wells, as determined by double-difference
relocation, reveals a preferred direction that mainly favours the aux-
iliary plane with N304°E (Schmittbuhl et al. 2021).

A geomechanical stability analysis of the faults can benefit from
knowing which of these two nodal planes is the real fault plane.

Looking at potential azimuthal variation in the seismic radiation,
or directivity effects of the rupture (Haskell 1964), is one way to
demonstrate which of these two planes is the most appropriate. We
examine the variation in the apparent rupture duration at the various
recording sites to determine the rupture direction during the largest
event of the sequence, the 2021 June event. We anticipate that, in
the case of a unilateral rupture, the apparent rupture duration will
vary depending on the angle formed by the rupture direction and
ray direction. The stations in the direction of the rupture will have
a lower apparent rupture duration, while in the opposite direction
to the direction of rupture, we expect a higher apparent rupture
duration.

To retrieve apparent rupture durations, we first calculate the ap-
parent source time functions using the projected Landweber de-
convolution method, which is effective in producing stable results
(Bertero et al. 1997; Lanza et al. 1999; Vallée 2004). This approach
relies on the deconvolution of the main shock signal by an approx-
imation of the Green function of the medium taken as the signal of
a colocated earthquake of smaller size. We found a suitable event
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Figure 7. S-wave source spectra for the event of 2021 June recorded at Sta-
tion R4B4A (the closest to hypocentre) of the three components (coloured
plain lines) and noise spectra (dashed lines). The best-fitting Brune’s model
is displayed as a black line, while we also show the best fit without consid-
ering attenuation (grey solid line) or without corner frequency (grey dashed
line). The vertical line shows the estimated corner frequency with its asso-
ciated uncertainty (grey area). The horizontal grey area shows the estimated
range of the moment.

that can be used as an empirical Green’s function (EGF) that oc-
curred on 2021 April 10, with magnitude M,, 2.7. The projected
Landweber method is an iterative process that computes an esti-
mate of the apparent source time function (astf) signal, f{f). The
projection enforces a positivity constraint as well as a constraint of
a finite rupture duration, 7, on the recovered astf signal (Text S3
and Fig. S6, Supporting Information).

To interpret the results of the deconvolution in terms of rupture
direction, we need to compute the apparent rupture duration at each
recording site. We estimate these apparent rupture durations by
defining the onset and the end of the rupture as the points where the
moment, as computed from the time integration of the astf, becomes
greater than 5 and 95 per cent of the final moment, respectively. The
apparent rupture duration, t;, at station 7 is finally obtained as the
duration between these two times.

According to the Haskell (1964) rupture model and following
Park & Ishii (2015) and Abercrombie et al. (2017), the theoretical
apparent rupture duration, /", recorded at station i will vary with

=1+ é [sin (y,) sin (¥;) + cos (¥;) cos (i) cos (¢, — ¢;)] .

2

In eq. (2), 7y is the rupture duration, L is the rupture length and V;
is the velocity of the considered phase (P or S). The angles y, and
¢, give the dip and azimuth of the rupture, while y; and ¢; are the
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Figure 8. Variation in t; as a function of cos8;/V;, following eq. (2) for
the rupture orientation leading to the minimum misfit. Circles indicate mea-
surements from P waves, while squares are measurements from S waves.
The slope of the best fit (dashed grey lines) gives an estimate of L, while the
intercept provides an estimate of 7.

take-off angle and azimuth of the ray to station i. Here, we aim to
recover the rupture direction (y,, ¢,) as well as its characteristics (L,
79). To do this, we employ a grid search approach over all possible
values of y, and ¢, by a step angle of 1°. For each tested pair of
angles, eq. (2) becomes

th L
o' b) = 0+ 37 cos(6), )

where (6;), the angle between the rupture and the take-off direction
for the ith station, is obtained by identification from eq. (2). We
then estimate the best 7 and L from a simple linear least-squares fit
mll‘lllell’lg S(Vra ¢r) = Zi ||T,~th()’r, (br) - ri||2 (Flg 8) Take-off
angles were obtained from our new locations within the 3-D model,
and we use here astf recovered from both P and S waves such that
V; can be the P- or S-wave velocities derived from the 3-D model at
the source location. We infer the best rupture direction as the one
given by the lowest value of S(y,, ¢,), which gives an azimuth of
N318°E and dip of y, = —36°, meaning that the rupture propagates
towards the surface (Fig. S7, Supporting Information). From this
rupture direction, the best-fitting estimates of 7, and L are 0.14 &
0.004 s and 322 + 45 m, respectively. Assuming 7o = L/V,, where
V, is the rupture speed, we can deduce from the previous estimates
that 7,= 2301 ms~'. We note that the azimuth, N318°E, of the
rupture is very close to the direction of the first nodal plane inferred
from this earthquake, N304°E (Table 2). When we compute the dot
product between the rupture direction and the normal vectors of the
two nodal planes, we identify that the first nodal plane with a strike
direction N124°E actually has a dot product three times smaller
than the second nodal plane with a strike direction N33°E. The
directivity of the largest event in the sequence thus indicates that
the fault plane corresponds to the plane in agreement with the main
direction of relocated small earthquakes near the main shock and in
a direction almost NW-SE (Fig. S8, Supporting Information).

As a consistency check, we can interpret the corner frequency as
derived from the spectrum fitting in the previous section in terms of
the source dimension. The relation between corner frequency and
rupture length for unilateral rupture taken from (Savage 1972) gives
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L =1.0 x B/(rf.), where we have considered that the ratio Vz/ =
0.7. We find L=210 m from f. = 5 Hz for the largest event, which
is, slightly lower, but still in agreement with the dimension deduced
from the directivity analysis.

5 GROUND MOTION AND INTENSITY
MODELLING

To link inverted source features at depth and inferred intensity maps
at the surface, we carried out forward modelling of the ground mo-
tion based on the retrieved source parameters to see if the computed
source properties and the derived 3-D velocity model are both in
agreement with the observed intensities. To compute the seismic
wavefield caused by the 2021 January earthquake, we employ the
same finite-difference technique as in Section 4.1. Based on the
similar corner frequency for the 2021 January and June events, we
set the source duration at 0.14 s, and make use of the 3-D velocity
model created in Section 2.1. The highest resolved frequency, ac-
cording to the parameter settings, is 20 Hz. To assess the impact of
the medium on the recovered waveforms, we also run a comparable
simulation using the 1-D reference velocity model rather than the
derived 3-D model. We convert the simulated velocity seismograms
into seismic intensities using the maximum amplitude in the hori-
zontal direction and the relation from Caprio et al. (2015) for each
point of the grid that is located at the surface. We report the ob-
served intensities for each map (Fig. 9), which were obtained from
macroseismic data or computed from seismic instruments situated
in the study area and converted to intensities using the same relation
as for the simulated ones (Caprio et al. 2015)

We note that when we use the reference 1-D velocity model, the
intensities we obtain are too low in comparison to the observed in-
tensities. The largest computed intensities, which reflect the event’s
focal mechanism, are seen in four lobes surrounding the epicen-
tre. The largest intensities in the 3-D model have a shape that is
somewhat similar to the 1-D reference model, but the intensities
are greater because the shallowest layers have less rigidity. As a
result of the 3-D variations in the velocity model, we also observe
some local effects. Notably, we can see some amplification along
the Robertsau fault in the south. Overall, we see that the computed
intensities in the 3-D case are higher and more consistent with the
observed ones.

Our simulation is not intended to fully capture the complexity of
the waveforms at high frequency. In fact, the simulated shaking can
be altered by details of the source slip process, small size velocity
perturbations and local site effects (which may be quantified by
variation of the V;30). However, we find that our method accurately
reproduces the shaking intensity level without considering such
refinements, and that the modelled intensities are quite accurate.
This comparison shows how our source, location and velocity model
results can all be interpreted within a unified framework.

6 DISCUSSION

6.1 Impact of the 3-D velocity structure

Our findings suggest that important 3-D velocity variations in the
Rhine Graben must be taken into consideration, particularly for
the location of events near the geothermal site. By applying an
appropriate weighting of the various seismic wave phases based
on their knowledge of the geological structural unit at each station
site, the BCSF-Rnass operators reduce these effects. However, this
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Figure 9. Modelling of the seismic intensity produced by the 2021 January
earthquake (background colours). Black lines show faults included in the
GEORG database, and brown lines indicate simplified well trajectories. The
epicentre location is depicted with a red star. Macroseismic intensities are
displayed as coloured circles, and are estimated as average localities whose
administrative contours are shown as thin white lines. The colour triangles
refer to intensity derived from waveforms. Top: simulation performed in
the reference 1-D velocity model. Bottom: simulation performed with the
derived 3-D velocity model.

method only uses some of all available phase picks for location and
still produces some arrival times that are poorly predicted.

Here, we demonstrate that, for both P and S waves, all traveltime
picks for all stations within regional distances, including those close
to the epicentres in the sedimentary basin, can be reconciled using
a 3-D velocity model at the regional scale. The 3D model’s effects
go beyond just the earthquake location; they also have an impact on
the computation of the moment magnitude and focal mechanism.
In fact, the event’s location can alter estimates of its depth and
magnitude. Second, if the low velocity (low rigidity) of the subsur-
face material is not taken into account when estimating a moment
magnitude based on the displacement recorded in the graben with a
thick sedimentary cover, the magnitude may be overestimated. The
evolution of the TLS, which is based on a magnitude threshold in
this case, as well as our ability to understand the evolution of the
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reservoir from the analysis of the seismicity, are both impacted by
these effects.

6.2 Identification of the active fault plane

Close to the wells, the orientation of the fault plane that slipped
during the largest event is approximately N318E (N304E from the
moment tensor inversion), in agreement with the orientation of
the earthquake cloud obtained from precise double-difference re-
location (Schmittbuhl et al. 2021) and Fig. S8 in the Supporting
Information. We tested if this orientation is compatible with the
stress field of the area. The orientation of the principal horizontal
stress is deduced from the two closest well measurements located in
Soultz-sous-Foréts and in Rittershoffen. Both sites are geothermal
reservoirs located 30 km north of the GEOVEN reservoir.

According to Cornet et al. (2007), the maximum horizontal stress
(Sy) at the Soultz-sous-Foréts geothermal site is oriented N170E.
In the Rittershoffen reservoir, Azzola et al. (2019) and Hehn et al.
(2016) found that the direction of Sy changes with depth and that
the granitic basement can reach N155E. Assuming that the principal
stress directions at the location of the studied earthquakes are similar
to these two cases, and hypothesizing a friction coefficient 1 = 0.8,
we found that the optimally oriented fault planes are N325E and
NO1S5E for Sy oriented N170E and N310E and NOE for Sy oriented
N155E. The fault plane identified here, N318E, has an orientation
very close to the N325E and N310E optimal planes, indicating that
it is the easiest to destabilize. Our results imply that identifying the
active fault plane is best captured by the precise earthquake location
and the accurate modelling of the source of the larger events, as
done here. This task can only be achieved with a sufficiently dense
network of equipment close to the earthquake locations.

6.3 Impact of the source parameters on the intensities

6.3.1 Earthquake magnitude

Our results show that even if the induced events analysed in this
study have a moment magnitude M,, only slightly larger than 3.0,
their location, at the centre of a densely populated area, 4 km deep
and in a sedimentary basin, still results in widespread shaking (up
to intensity V) and some damage, as was also seen in a manner
similar to that during the 2006 Basel earthquake (Deichmann &
Giardini 2009). The location and source estimates of these four
earthquakes help us to interpret the earthquake intensities and dis-
cuss their differences in pattern, notably for the three earthquakes
that took place close to the wells because they share nearly identical
locations and mechanisms. For these three events, we can test, at
common sites, how the intensity changed between each shock. For
all sites located less than 10 km from the epicentre, we computed
the difference in intensity (as estimated from macroseismic data
or derived from PGV) between the 2021 June earthquake and the
other two earthquakes of 2020 December and 2021 January. The
average intensity difference is —0.28 for the December earthquake
and —0.44 for the 2021 January earthquake. We can check whether
these differences in average intensity match the measured moment
magnitude of these events. Indeed, we can convert the variation in
intensity, A/, into a difference in moment magnitude, AM,,, using
the ground motion prediction equation of Bakun & Scotti (2006)
derived for the Rhine Graben, at a common site and at a similar
epicentral distance, using AM,, = Al/1.27. This results in moment
magnitude differences between the earthquakes in 2021 June and
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Figure 10. Variation in the intensity between the 2021 June earthquake and
the 2021 January earthquake (from macroseismic data, circles and inferred
from PGV, triangles). The average difference in intensity has been removed.
The arrow shows the epicentre location of the June event and points in the
inferred rupture direction.

2020 December and between those in 2021 June and 2021 January,
of —0.22 and —0.34, respectively, in accordance with the computed
magnitudes (see Table 2).

6.3.2 Directivity

We also tested whether the rupture directivity of the 2021 June
earthquake affected the recovered ground shaking associated with
this event. This directivity effect manifests as an azimuthal mod-
ulation of the intensity amplitude. We computed the difference in
intensity for each common site between the 2021 June event and the
2021 January earthquake (Fig. 10). Because the magnitude of the
June event is larger than that of the January event, we expected the
difference in intensity at all sites to be positive. To correct for this
global effect, we removed the average intensity difference from each
estimate to reveal only possible azimuthal variations. Because both
tested earthquakes are located very close to each other and share
almost the same focal mechanism, we expect that all the perceived
differences in shaking at similar locations originate from source
differences between the two events. We expect the difference in
intensity at all sites to be positive since the magnitude of the June
event was greater than the magnitude of the January event. We elim-
inated the average intensity difference from each estimate as a way
to correct for this global effect and to only reveal potential azimuthal
variation. We can interpret the observed intensity variations as the
result of the rupture directivity of this larger event if we assume that
the directivity effect of the 2021 January earthquake is small, which
is reasonable given its smaller magnitude compared to the June
2021 earthquake. We note that almost all intensities show a consis-
tent pattern of greater ground shaking to the NW of the epicentre
(Fig. 10). Only lower amplitudes are seen in the opposite direction.
The direction of rupture previously predicted for the earthquake in
2021 June corresponds to the direction where enhanced intensities
are observed. This agreement between the direction of the rupture
and the direction of the increased intensities demonstrates how the
shaking caused by these events is being modified by such effects.
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6.3.3 Stress drop and 3-D effects

The magnitude difference between the 2019 earthquake and the
2021 January event is relatively small, but the 2019 earthquake pro-
duced much lower intensities. For this observation, we can offer two
main explanations. First, it is clear that the two events did not take
place in the same place. This difference in location could highlight
the importance of 3-D effects of the geological structures dependent
on the source location, in modulating the severity of the perceived
shakings. Indeed, the geographical variation in the thickness of the
sediment cover in the area and the presence of faults that induce
material contrasts (see Fig. S2, Supporting Information) can lead
to local amplification or reduction in ground shaking depending on
the direction of the incoming wavefield (Graves ef al. 1998; Frankel
et al. 2009). The 2019 earthquake’s lower stress drop is another
explanation for why it produced less ground motion than the 2020
earthquake. Our spectral analysis shows that the corner frequencies
of both earthquakes are similar, suggesting that the rupture dura-
tions of both events are comparable. Since the first event’s moment
is slightly lower, its moment rate is also slightly lower over a compa-
rable duration, making it a less energetic event with a smaller stress
drop. As previously observed for injection-induced events, lower
stress drop events have been linked to lower intensities (Hough
2014).

6.4 TLS design based on ground motion modelling

Our results illustrate how the perceived ground shaking related to
injection-induced earthquakes in urban environments can change
depending on the source and location of the earthquakes. It empha-
sizes the fact that the ground motion variability can be accounted
for by geological factors and earthquake properties that can both
have an impact on the perceived shaking. All these factors must
be taken into account in the modelling of possible scenarios re-
lated to the development of a geothermal project (e.g. Ripperger
et al. 2009). Identifying the possible faults and future earthquake
locations, estimating the variability in earthquake source properties,
including possible rupture directivity effects, and modelling the re-
sulting wavefield for each scenario can then be a beneficial task.
Indeed, such an approach would make it possible to estimate, even
before the start of a geothermal project, the critical zones that might
possibly suffer from the largest surface vibrations and thus to adapt
the design of the project or even decide its continuation if the results
of these simulations are unfavourable. For example, such a strategy
has been successfully applied to investigate the effect of induced
seismicity near Munich, Germany (Keil et al. 2022). In our study,
because of the dense population all around the epicentres and the
magnitude of the analysed events, the distribution of the population
is not an essential factor to consider in these scenarios. However,
depending on the project location, such information should also be
used in establishing the outcome of such simulations, as illustrated
by Schultz et al. (2021). Our results therefore encourage basing
the adaptative-TLS system on ground shaking rather than on mag-
nitudes. The combined effect of magnitude, focal mechanism and
possibly rupture direction are all key aspects to consider as well as
the development of realistic velocity models, especially for shallow
unconsolidated sedimentary layers.

7 CONCLUSION

We have shown that, taking into account a realistic velocity model
for the region, we are able to recover the source parameters of the
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four most important earthquakes that occurred during the Stras-
bourg induced seismicity sequence. Modelling the ground motion
from these parameters shows that the predicted intensity is in agree-
ment with that observed in the vicinity of the geothermal site. As
the population’s perception of the severity of shaking may impact
the development of geothermal projects, we propose that scenarios
that consider the modelling of the wavefield produced by induced
earthquakes be included in TLS.
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SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Figure S1. Difference of P-wave velocity between the reference
1-D model and the constructed 3-D model at 2 km depth. The green
triangle is the location of the GEOVEN wellheads and the blue
triangles are the location of seismic stations used in this study.
Figure S2. Traveltime residuals for P wave (left) and S wave (right)
computed for the 1-D reference model (blue), and for the derived
regional 3-D model (red). The large delays on S-wave traveltimes
visible for the 1-D model mostly are much reduced using the 3-D
model.

Figure S3. Histogram showing the distribution of the depth of
scatter points drawn from the pdf of the location of each event. It
highlights the similar resolved depth for all events. For comparison,
the coloured dashed lines show the depth of the same event in the
BCSF-Rénass catalogue. Colours refer to each earthquake similarly
as in Fig. 2.

Figure S4. Intensity maps for the four studied events. For the 2019
event, the intensity map is from citizen testimonies received by
the BCSF-Rénass and LGRB, averaged by localities. For the three
others, intensities are estimated using communal and individuals
forms for the French part and only individuals forms from localities
in Germany. The red stars give the location of the epicentres.
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Figure SS. Waveforms recorded at two sites (left: site in Reichstett,
station R60B1, approximately 3 km from the reservoir, right: Stras-
bourg seismology museum, station STMU, approximately 9km
from the reservoir). All records start at the origin time of each

event and last 15s. The records at R60B1 are velocity in ms™!,

while at STMU are ground motion acceleration in ms~2.
Figure S6. Example of the deconvolution process at station R461D.
Left: the top panel shows the P-wave record of the EGF at station
R461D. The middle panel shows the recording of the P wave as
well at the same station for the 2021 June event, that is, the main
event. On the bottom panel, the red curve shows again the main
event waveform while the black line shows the recovered signal by
convolution of the EGF signal with the apparent source time func-
tion displayed on the right. Right: evolution of the misfit function
€ as a function of the total duration allowed for the deconvolution
process, T. Here we observe a rapid decrease of e upto 77>~ 0.1 s and
after an almost constant level of €. The dashed red curve indicates
the fixed value of 7 based on this curve.
Figure S7. Variation of the misfit as a function of the orientation
of the rupture direction. The misfit is the difference of the sum of
square between the observed and computed z; obtained for each
orientation of the rupture direction. Negative values indicate an
upward rupture. The lowest misfit is obtained for ¢, = 318° and
= —36°.
i/?igure S8. Map of relocated events up to the 2021 June 28 (grey
dots). Initial, absolute locations of the relocation process are taken
from the BCSF-Rénass locations. Red stars are the relocations of the
three largest event in the area. The black curve shows the simplified
trajectory of the GT2 well. The details of the relocation process
follows the same procedure as in Schmittbuhl ez al. (2021).
Table S1. Quality check estimators of the moment tensor inversion.
We report the shift in origin time, AT, for each event that best match
the waveform and the average correlation coefficient, CC between
synthetics and observed waveforms.
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