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Abstract.

The Upper Rhine Graben (URG), located in France and Germany, is bordered by north-south trending faults, some
of which are them-considered active, posing a potential threat to the dense population and infrastructures on from
the Alsace plain. The largest historical earthquake in the region wais the M6.5+/-0.5 Basel earthquake in 1356.
Current seismicity (M>2.5 since 1960) is mostly diffuse and located within the graben. We build upon previous
seismic hazard studies of the URG by exploring uncertainties in greater detail_and; revisiting a number of
assumptions. We first take into account the limited evidence of neotectonic activity, then explore tectonic scenarios
that have not been taken into account previously, exploring uncertainties forer M., its recurrence time, the b-
value, and the moment released aseismically or through aftershocks. Uncertainties on faults’ moment deficit rates,
on the observed seismic events’ magnitude-frequency distribution, and on the moment-area scaling law of
earthquakes are also explored. Assuming a purely dip-slip / normal faulting mechanism associated to a simplified
3 main fault model, M,,,,, maximum probability is estimated at M,,6.185. Considering this scenario, there would
be a 99% probability that M,,,,, is less than -belew-7.325. In contrast, with a strike slip assumption associated to a
4 main fault model, consistent with recent paleoseismological studies and the present--day stress field, M, is

estimated at M, 6.8985. Based on this scenario, there would be a 99% probability that M, ., is less than 7.6.55-
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1  INTRODUCTION

The Upper Rhine Graben (URG), located in France and Germany, is bounded by north-south trending faults, some
of which are considered active, posing a potential threat to the dense population and the industrial and
communication infrastructures of the Alsace plain (Figure 1). The largest historical earthquake in the region wais
the 1356 Basel earthquake with a maximum intensity equal to -or greater than 1X (Mayer-Rosa and Cadiot, 1979;
Féah et al., 2009), an earthquake presently associated to a magnitude between M6.5+/-0.5 (Manchuel et al., 2017)
and M6.9+/-0.2 (F&h et al., 2009). Current seismicity (M>2.5 since 1960) is mostly diffuse and located within the
graben (Doubre et al., 2022), hence the difficulty to attribute individual events to a given fault segment. The
bordering faults; themselves; are relatively quiet except for the south-eastern section of the graben, near Mulhouse-
Basel, where natural seismic sequences (ROULAND et al., 1983; Bonjer, 1997) and induced seismicity (Kraft and
Deichmann, 2014) haveshas been observed. Seismic activity actually varies along the URG with an increasing rate
of events towards the south (Barth et al., 2015). The relative rate between small and large events (b-value from the
Gutenberg-Richter law) also -increases alse-towards the south indicating a surplus of small earthquakes or a deficit
of large events roughly south of Strasbourg (Barth et al., 2015). Focal mechanisms of earthquakes suggest that the
region is subject to undergees—a—a-strike-slip regime with some normal component (Mazzotti et al., 2021),
consistent with the large wavelength strain inferred from geodetic data (Henrion et al., 2020). Characterizing Fhe
characterization-of-the slip rates of the graben’s faults based on geodetic data remains challenging. Indeed regional
glacial isostatic adjustments, local subsidence and low tectonic strain rates result in a heterogeneous velocity field
with values below 0.2 mm/yr and often within measurement uncertainties (Fuhrmann et al., 2015; Henrion et al.,

2020).

The seismic hazard of the URG has been evaluated by multiple studies at the national/European scale (Griinthal et

al., 2018; Drouet et al., 2020; Danciu et al., 2021). Furthermore, the seismic hazard of the southern region of the
URG in particular has recently been assessed byFhe-seismic-hazard-of-the URG-seuthern—region-was—recently
assessed-by Chartier et al. (2017) with a focus on the Fessenheim nuclear power plant with-a-particularfocuson

the-nuelearplant-of Fessenheim-(Figure 1). This study evaluates the seismic hazard_using -with-a fault-based

approach, taking into account the network of potentially active faults eharaeterized—characterized by faut—of

Jomard et al. (2017). This fault-based work involves a moment budget approach, which involves eensists—n

comparing the rate of moment release by seismicity and the rate of moment deficit (MDR) accumulating along
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locked portions of faults between large earthquakes (i.e. the tectonic loading rate of each fault). Since the period
of seismological observation (a few centuries) is too short to be representative of the long-term behavior of
seismicity, Chartier et al. (2017) built instead a seismicity model assumed to be representative of the long-term
Mpragnitude-Ffrequency Dagnitude-fregueney-distribution (MFD) of earthquakes, a method similarly used in
former studies (e.g. Molnar, 1979; Anderson and Luco, 1983; Avouac, 2015). Earthquakes below M, 5Mw5 are
disregarded (Bommer and Crowley, 2017; Chartier et al., 2017). Earthquakes between M, 5Mw5 and 6 are
assumed to follow the MFD of the catalog of earthquakes they consider. This catalog integrates several sources of
instrumental and historical earthquakes including sources from the Laboratoire de Détection et de Géophysique

of the Commissariat a I’Energie Atomique et aux énergies alternatives (CEA-LDG; http://www-dase.cea.fr/) and

from the FPEC (French Parametric Earthquake Catalogue; Baumont and Scotti, 2011), the IRSN contribution to
SHEEC (SHARE European Earthquake Catalogue; Stucchi et al., 2013). Fhe-MFDs are estimated based on -within
a French seismotectonic zoning scheme defined by Baize et al. (2013). Earthquakes with magnitude above
M,, 6Mw6 are assumed to occur on the fault planes (Jomard et al., 2017). Chartier et al. (2017) consider two types
of model: (1) Each fault ruptures only as its maximum magnitude event, which is controlled by the surface area of
the seismogenic fault segment (characteristic earthquake model); (2) Events follow the Gutenberg-Richter (GR)
law with a b-value equal to 1, and the maximum magnitude, M,,.,, is fixed as in the previous model. The
recurrence timestime of the M,,>Mw=6 events are then calibrated so that the rate of moment released by the

seismicity models matches the MDR estimated from neotectonic data (Chartier et al., 2017; Jomard et al., 2017).

The authors explore different fault geometries (e.g. dip and seismogenic depth) using a logic-tree methodology
and then proceed to the Probabilistic Seismic Hazard Assessment (PSHA) of the region, providing a map of the

probability of exceedance of Peak Ground Acceleration (PGA) within a time period.

Within-this—framewerk,—aA number of strong assumptions are madetaken within this framework.taken: As

mentioned previously, a simplified fault network is used (Jomard et al., 2017), which constrains the seismogenic
area available for ruptures. Expert choices have also been made to distribute slip rates (i.e. loading rates) originally
attributed to faults that have been removed from the initial fault network (Niviére et al., 2008) on other fault
segments. On a number of faults, no estimates of neotectonic slip rate are available (e.g. West Rhenish Fault) and
the authors have chosen to apply slip rates equivalent to those from other nearby faults (0.01 to 0.05 mm/yr). The
neotectonic data are actually only along-dip slip rate estimates. No along-strike slip rates have yet been published

due to the lack of markers to quantify horizontal offsets along faults and this sueh-component has thus been
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ignorednegleeted. In addition, Chartier et al. (2017) do not consider continuous probabilities as they apply a logic-
tree method. Chartier et al (2017) fix the b-value to 1, choose the seismogenic depth to be either 15 or 20 km and

do not take into account multi-segment ruptures when te-estimatingeestimate a M,,,, for each fault segment.

In this study, we build upon Chartier et al. (2017) seismic hazard evaluation of the southern URG by exploring
uncertainties in greater detail, revisiting a number of assumptions. We_use-fellew- the methodology from Rollins
and Avouac (2019) and Michel et al. (2021), which allows to evaluate the seismogenic potential of faults in a
probabilistic fashion and explore uncertainties foren parameters such as the b-value or M,,,,. We use the fault
network and slip rates taken into account by Niviére et al. (2008), disregarding the Western Rhenish Fault for

which, to our knowledge, no —slip rate data infermation—is unavailable. We assume faults can rupture

simultaneously (i.e. multi-segment rupture). In the following sections, we start by first-describingedeseribe the
concepts and methods we use to constrain the seismogenic potential of the URG, and then describe the data

available before discussing the robustness of our results.

2  METHOD

We feHew-use- the methodology from Michel et al. (2021) in order to estimate the seismogenic potential of the
upper Rhine Graben, including M,,,, and its recurrence time. As in Chartier et al. (2017), we produce seismicity
models representative of the long-term behavior of earthquakes. We assume that_the MFDs of -background
earthquakes have—a-MFD-that-follows a Gutenberg-Richter power law up to M,,,,. We define background
earthquakes as mainshocks, as opposed to their subsequent aftershocks. We assume that their timing of occurrence
is random, following a Poisson process. Each model is controlled by three parameters: (1) M4, (2) the recurrence
time of events of a certain magnitude, ., and (3) the b-value. We use two types of model, namely the tapered and
truncated models (Rollins and Avouac, 2019; Michel et al., 2021; Figure S1). The tapered model type assumes a
non-cumulative power-law MFD truncated at M,,,,, Which givesgive rise to a tapered MFD in the cumulative
form (i.e. the traditional display when representing the Gutenberg-Richter law). The truncated model type assumes

instead a MFD with a distribution truncated at M,y,,, in the cumulative form.

The seismicity models are then tested against three constraints: (1) the moment budget, as in Chartier et al. (2017),

which implies that moment released by slip on the fault should match the moment deficit accumulating between

earthquakes over a long period of time; (2) the moment-area scaling law, an empirical scaling law relating fereach

earthguake-the-rupture area to the-slip_for each earthquake, and (3) the MFD of observed seismicity. Each of these
4
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constraints are described in more detail inta the following sub-sections;we-deseribe-in-mere-detail-each-of these

constraints. .The data and associated uncertainties used for the constraints are discussed in the following section

for (i.e. Section 3).

2.1 Moment budget

A moment budget consists in comparing the rate of moment released from slip events (seismic or aseismic),

mgoml, with the moment deficit rate, mg’ff, accumulating between slip events. The moment deficit rate is defined

by the equation mgef = [ D9 dA, where u is the shear modulus, A is the area that remains locked during the
interseismic period (i.e. the potential seismogenic zone), and D¢/ is the rate at which slip deficit builds up. Since

itis-netyet-pessible-in-the- URG-to-determine-the distribution of locked segments of faults and their associated

loading rates cannot yet be determined for the URG from geodetic measurements, A is assumed to be homogeneous

along-strike for each fault, while we consider possible the seismogenic width to change from one fault to another.
The rate at which slip deficit builds up, D, is evaluated based on neotectonic information (see Section 3.1). The
total moment released, m}°® is calculated based on the rate of moment release of the long-term seismicity model.
Since; the long-term seismicity model only considers enrly-mainshocks, we includedinelude a fourth parameter,

a,, that represents the proportion of moment released by background seismicity (Avouac, 2015), mg”kmd, relative

to the total moment released (including aftershocks and aseismic afterslip). If i = mfetal = mE*e o

then the moment budget is said to be balanced.

The cumulative MFD foref tapered and truncated seismicity models achieving a balanced thatbatanees-the-moment
budget have an analytical form and are a function of M,,,, b, mgef and a, -(see Rollins and Avouac, 2019, and
references therein). We can therefore estimate the probability of a seismicity model balancing the moment budget,

Pguager: by sampling the a priori distributions of those parameters.

2.2 Moment-area scaling law

According to global earthquake statistics, the moment released by an earthquake, mg€, is proportional to the area

such thatas mge™s o A2 (Wells and Coppersmith, 1994; Leonard, 2010; Stirling et al., 2013).

of its rupture, 4 eq

eq
We use this scaling to evaluate whether a seismic event of a given magnitude has a rupture area that fits within the

seismogenic zone. By considering the spread ofren the empirical distribution of magnitude vs. area, we assume

Mis en forme : Police :(Par défaut) Times New Roman, 10
pt, Anglais (Etats-Unis)




143
‘144

145

146
‘147
148
‘149

150
151

152

153

154

155

156
157

158

159

160

161

162

163

164

165

166

167

the probability distribution function of an event of magnitude M,, to be probable considering this scaling, Pscqiing -
We use here the self-consistent scaling law, and related uncertainties, as defined by Leonard (2010) in theits dip-

slip equation (the strike-slip equation is in any case almost the same).

2.3 Earthquake catalog

We-finaHy- test whether the observed MFD from earthquake catalogs may be a sample of the distribution of the
long-term seismicity models we are building. Effectively, we evaluate the likelihood of our observed MFD given
the distribution of the models. Since we_only- consider here-orhy-mainshocks, wewe—e define the likelihood of

the observed seismicity catalog, Pgq, @S Prar = where P, is the probability to observe nobs

1 Byl
L poisson’ polsson

events, within the magnitude bin M;, occurring during the time period e assuming the long-term mean

obs’

recurrence of events is T’ ;-

M nMi

i i M;  M;

(an t — (tobs/rmodel) obs e—tobls/‘fmf,de,

pozsson obs’ obs‘ mndel ( M; ). )
Mobs

Effectively, for a given seismicity model, we generate randomly 2500 declustered earthquake catalogs—ef

earthguakes. We evaluate the likelihood of each catalog and define P, as the average of these likelihood values.

Note that we follow the recommendation by from-Felzer (2008) while exploring magnitude uncertainties and
correct the magnitudes of fer—each event their—magnitude—by AM = (b%02)/(2 log,o(e)), where b is the
declustered catalog b-value, o is the standard deviation foref the event’s magnitude, and e is the exponential

constant.

2.4 Seismicity model probability and marginal probabilities
Finally, the probability of a seismicity model is defined as Psy = Pguaget Pcat PscalingPsamma=s Which depends,

among others, on M, and b (Michel et al., 2021). The evaluation of the parameters to estimate Pg,,are discussed

in Section 3. Marginal probabilities such as Py, . ., the probability of M., and P,,, the probability of the b-value
probability, can be estimated based on Pg,,. We also define P(Tpax | Mimayx) as the probability of the rate of M.,
and P(z | M,,) as the probability of the rate of events with magnitude M,,, which accounts for all earthquakes from
all of the models (i.e. not only M,,,,.). Probabilities needed for estimating seismic hazard (e.g. PSHA) such as the

probability to have an event above magnitude M,, for a time period T, P(M > M,, | T), can likewise be evaluated.

[ Mis en forme : Police :Anglais (Royaume-Uni)
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3 DATA AND ASSOCIATED UNCERTAINTIES

We present in this section the data and their associated uncertainties used to evaluate each constraint.

3.1  Neotectonic data, seismogenic along-dip width and moment deficit rate

In order tFo evaluate the MDR for the moment budget constraint (Section 2.1), we must infer estimates of loading
rate (i.e. D9/ for each fault taken into account. The slip rate on each fault is taken from Niviére et al. (2008) for
the Rhine River, Black Forest, Weinstetten and Lehen-Schonberg faults (the Landeck or West Renish faults are
not considered). Their slip rates rely on estimates of the cumulative vertical displacement of the faults based on
Pliocene-Quaternary sediments thickness variations measured from 451 boreholes, assuming that the
accommodation space opened by tectonic motion is completely balanced (or over-balanced) by sedimentation.

However, potential erosional periods due to the piracy of the Rhine River might bias the measurements, thus the

(2008) inferredinfer vertical slip rates of 0.07 and 0.17 mm/yr from the age of the sediments for the Rhine River

and Weinstetten faults; respectively. The Lehen-Schonberg fault slip rate reaches is-given-between 0.04 and
0.1 mm/yr. While borehole observations do not allow to conclude on the Pliocene-Quaternary slip rate of the Black
Forest fault, this structure is suggested to be inactive during this time period, and that the deformation is now
accommodated by the other aforementioned faults aferementiened-(Niviere et al., 2008). Note that theesethose are
vertical slip rate estimates and that-the along-strike component is for the moment neglected. For the moment rate

calculation, we project vertical slip rates on the along-dip direction considering the dip angles of each fault.

The seismogenic down-dip extent of a fault depends on the temperature gradient (e.g. Oleskevich et al., 1999),
among other parameters. Indeed, between the isotherms 350°C and 450°C, quartzo-feldspathic rocks undergo a
transition in frictional properties (Blanpied et al., 1995) from a rate-weakening (<350°C), potentially seismogenic
behavior to a rate-strengthening (>450°C), stable sliding behavior (Dieterich, 1979; Ruina, 1983). The geothermal
gradient below the URG is higher than_in- the surrounding regions due to its tectonic history (Freymark et al.,
2017). Based on borehole temperature measurements from Guillou-Frottier et al. (2013), we estimate the envelopes

of the geothermal gradient in the southern URG (Figure S21), assuming a linear temperature gradient with depth,

and show that the frictional property transition would occur between depths of 6 (shallowest position of the 350°C

isotherm; Figure S2) and 18 km depth-(deepest position of the 450°C isotherm; Figure S2). In this study, we define

the PDF of the seismogenic down-dip extent as a uniform distribution between 0 and 6 km depth associated withte

a linear taper down to 18 km. The linearity of the taper implies that the position of the fault’s transition to a fully

7
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rate-strengthening behavior (>350-450°C) has a uniform probability to fall between 6 km (shallowest position of

the 350°C isotherm according to Figure S2) and 18 km depth (deepest position of the 450°C isotherm; Figure S2).,

Additionally, the southern part of the URG is the site-loeation- of a potash-salt evaporitic basin (Lutz and Cleintuar,
1999; Hinsken et al., 2007; Freymark et al., 2017), which reaches a maximum depth of ~2 km. Such
formationsfermation may not accumulate any moment deficit as the yield stress of evaporites is very low (Carter
and Hansen, 1983). We assume each fault is potentially impacted by this formation, hence modulating the
seismogenic thickness and in turn the seismogenic area available for a rupture. The resulting PDF foref the
seismogenic thickness is the convolution of the PDF of the down-dip extent of the seismogenic zone with the PDF
of the evaporitic basin thickness, giving a uniform distribution between 0 and 2 km. Combining Fhe-combination
of-both temperature and salt basin assumptions leads to a PDF of the along-dip seismogenic width, which is

uniform down to ~5 km and decreases linearly until ~17 km (Figures S32 to S65).

The moment deficit is then the product_of-between-_the length of each fault, their seismogenic width, the neo-
tectonic long-term slip rate, and the shear modulus that we fix to 30 GPa (same as in Chartier et al., 2017). Each
fault is assumed to have its own seismogenic width. The moment deficit rate of each fault is shown in Figure 1.
The PDFs foref each of the fault’s constitutive parameters are shown in Figure S32 to S65. By c€onsidering the
range of the fault’s geometrical parameters, which considers also the Black Forest Fault even though it is assumed
to be non-active, we obtain the moment-area constraint shown in Figure 2. Events up to Until-M,, 6.5; events-are

equiprobable while those above M,, 7.7 are extremely improbable.

3.2 Instrumental and historical seismicity catalogs

To constrain the MFD of the long-term seismicity models with an observational seismicity catalog, as described

M;

in Section 2.3, we need to evaluate from the observational catalog the number of events per magnitude bin n '

over a period of time " (Section 2.3). We use the earthquake catalog from Drouet et al. (2020)-te-censtrain-the

MFD-of-the-long-term-seismicity-moedels{Seetion2-3)-,. This catalog was built from multiple former catalogs. It

relies mostly on the FCAT-17 catalog (Manchuel et al., 2018), which is itself a combination of the instrumental
catalog SiHex (SIsmicité de ’HEXagone; Cara et al., 2015) for the 1965-2009 period, and ar historical catalog
based on the macroseismic database of SISFRANCE (BRGM, IRSN, EDF), intensity prediction equations from

Baumont et al. (2018) and the macroseismic moment magnitude determination from Traversa et al. (2018) for the
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463-1965 period. Events located more than beyend-20 km from-ef- the French border, not provided by the FCAT-
17, are based on the SHEEC catalog (Stucchi et al., 2013; Woessner et al., 2015). Finally, events between-from

2010 andte 2016 come from the CEA-LDG bulletins (https://www-dase.cea.fr). All events magnitudesmagnitude

are given in M,, and uncertainties are provided. Anthropic events are expected to be already removed from the
catalog (Cara et al., 2015; Manchuel et al., 2018).

We select events within the coordinates [6°, 8.5°] #r-longitude and [47°, 49.5°] latitude, i.e. a broad region covering

the whole URG, and divide the catalog intoin two time periods, an instrumental period and ar historical one taking
events from 1980 onwards and 1850 onwards, respectively. We decluster both catalogs to compare them withte
the long-term seismicity models (Section 2.3). Declustering is based on the methodology of Marsan et al. (2017),
which evaluates the probability that an earthquake is a mainshock. Declustering is applied based on a completeness
magnitude, M., of 2.2 and 3.2 for the instrumental and historical catalogs, respectively (Text S1; Figures S76 and
S87). From the resulting catalogs, we keep events from 1994 onwards and 1860 onwards for the instrumental and
historical catalogseataleg, respectively (Figures S76 and S8%), in order to avoid border effects from declustering.
For the instrumental catalog, 1994 is also the date from which the seismicity rate appears relatively constant
(Figure S76). We then select events in the region of interest (i.e. the southern part of the URG), taking into account
only earthquakes located within a 10 km buffer around the faults considered, including the Black Forest fault

(Figure 3). Note that since no events are-considered-below M, are considered,; there is a lack of events which falls

in the magnitude bins directly above M, while exploring magnitude uncertainties. Thus, when applying the
earthquake catalog constraint (Section 2.3), we take events with M,, >>-2.875 and M,, >>4.325 for the

instrumental and historical catalogs, respectively (Felzer, 2008) (Figure 3).

3.3 Seismicity-model-Ceonstitutive parameters_of the-seismicity models

As mentioned in Section 2.1, the cumulative MFD foref tapered and truncated seismicity models balancing the
moment budget can be defined as a function of- M., b, mgef and a,. We explore theesethese parameters using
threugh-a grid search with M,,,, and b sampled uniformly over M., € U(4.5,9.9) and b € U(0.1,1.45),
respectively. Based on global statistics of the post-seismic response following earthquakes (Alwahedi and
Hawthorne, 2019; Churchill et al., 2022), we assume that the PDF of a, is a Gaussian distribution with
N (0.9, 0.25)€90%0:9,25%0-25) (Figure S98). Finally, the PDF of the MDR foref each fault is assumed_to be

wnifermbe uniform between 0 and the estimate based on the maximum slip rate from Niviére et al. (2008) (Section

3.1). We thus include scenarios for which almost no moment deficit accumulates on the fault (i.e. the fault slips
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256 over a seismogenic width terminating at either 15 or 20 km. Doing so, we explore a broad range of possible models.

257 4 RESULTS

258 The combination of constraints (Section 2) leads to the results shown in Figure 4. For the truncated model, the
259 marginal probability of Ps,, in the M,,,, and t,,,, space is represented by the gray shaded distribution in Figure
260 4 (not shown for the tapered model since the models taper at M,,,,). The marginal probability of M,,,, for the
261 tapered model (in green) peaks at 6.105, while the one for the truncated model (in blue) is bi-modal with peaks at
262 5.15-2 and 5.875. For the truncated model (not the tapered model for the same reason as previously indicated), the
263 marginal probability P(T,ax | Mipax = 5.875) (solid blue line in the y-axis) peaks at ~1000 yrs. Taking
264 M. =6.55-6 or 76:957.0, a number close to the estimated magnitude of the 1356 Basel earthquake, the marginal

265  probability would instead peak at ~16,000 and ~80,000 yrs, respectively.

266  The marginal probabilities P(z | M,, = 6.165) and P(t | M,, = 5.875) for the tapered and truncated models

267 (green and blue dotted lines on the y-axis, respectively), which take all events fromef the seismicity models into

268 account (not only M,,,,), have instead peaks at ~16,000 yrs and ~10,000 yrs, respectively. The marginal

269 probability P, peaks at ~0.85 and 0.9 for the tapered and truncated models, respectively.

270  The effect with and without the moment-area scaling law is shown in Figure 5. Adding the scaling law constraint

271 does not change the mode of Py, but completely rejects scenarios with M,,,>7.8.

272 Finally, the probabilities P(M > M,, | T) for T = 100 and 10,000 yrs are also shown in Figure 5. As an example,
273 the probability of occurrence for an event above M,, 6.5 (similar to the 1356 Basel earthquake) for an observational
274 period of 100 yrs is ~0.1% for both the tapered and truncated models. For an event above M,, 6.0 and for the same

275 period, this probability is it-s instead ~1% for both models (see zoom in Figure 5.c).

276  The correlations between M,,,,, the moment deficit rate, the b-value, -and «, for both the tapered and truncated

Mis en forme : Non Surlignage

277 models but without the scaling law constraint, are shown in Figures S10 and S11. For both models, probable M,, ..

Mis en forme : Non Surlignage

278  increases with increasing b-value (Figure S10.a and S11.a), highlighting a-strong interdependency between the Mis en forme : Non Surlignage

279  two beth-parameters. Raising the moment deficit rate will control the minimum- probable M,,,,, prebable-(Figures [ Mis en forme : Police :Non Surlignage

Mis en forme : Police :Non Surlignage

280  S10.b and S11.b) but will also tend to exclude gejeetscenarios with a high b-value (>1.25; Figures S10.f and S11.).
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uncertainties of the parameters explored. ,

The results if we combine the PDFs from the tapered and truncated models using a mixture distribution are shown

in Fiqure§12. PMmuuhas‘a main peak at 5.9Aand a smaller peak at 5.2, which oriqinatesjrom the truncated model.

5 DiscussioN

5.1  Sensibility to earthquake catalog declustering

The catalog declustering (i.e. removal of aftershocks) may have a significant impact on the results (Section 2.3),
influencing the shape of the observed MFD of earthquakes. We-use-lin this study, we applied the methodology of
from-Marsan et al. (2017), which is based on_the- ETAS framework and intrinsically assumes that background
events have a-Poisson behavior. Other declustering methodologies are available and we test here the one from
Zaliapin and Ben-Zion (2013) based on the nearest-neighbor distances of events in the space-time-energy domain.
The results from this methodology produce background seismicity catalogs with more events than the one from
Marsan et al. (2017) (Text S2 and Figures S9-S13 to S15%), but infers larger b-values when combining the
instrumental catalog with the historical one (as inferred by Figure 6.b). The analysis ofren the seismogenic
potential of the URG using Zaliapin and Ben-Zion (2013) methodology results with Py, ... peaking at M6.325 for
the tapered model, and is still beirg-bi-modal for the truncated model, with peaks at M5.145-2 and M5.85-9 (Figure
6). Unlike with Marsan et al. (2017), the-secend- peak at lower magnitude for the truncated model is more probable
than the first-one at larger magnitude. The most probable M,,,, for both models are thus-slightly highershifted to

lower magnitudes than the values enes-estimated using Marsan et al. (2017) methodology, but the width of the

PDFs appears unchanged seem-to-have-remained-to within-enefirst order-ef-magnitudefirstorder-the-same.. The

resulting marginal probabilities P(z | M,, = 56:15.9) and P(z|M,, = 5.885) for the tapered and truncated

models have-both peaks at ~825,000 yrs-and—~12,500-yrs-respectively.

5.2  Source of seismicity

We initially selected earthquakes within a 10 km buffer zone around the faults to as-t-reflects the strain-spatial

strain pattern of a vertical fault blocked down to a depth of 10 km-depth. Nevertheless, the locking depth could

potentially be deeper, down to ~18 km as suggested in Section 3.1. In this respectatregard, we We-thus-also provide
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the-results if events are selectedingselecting events-within 20 km of from-the faults (Figures S12-S16 and S13S17).

Under these conditions, the seismicity rates of the observational earthquake catalogs are higher and thus-constrain

the long-term seismicity models to cases that produce higher moment release rate. Py, . thus favours thus-events
with a ef-lower magnitude than the one using events within 10 km (Figure 5; Section 4). The tapered model peaks
at M,,5.985, instead of 6.165, while the truncated model has-tweo-peaks twice at M,,5.245 and 5.8, in a 75;-very

similar manner to the reference scenario in Section 4, except that the peak at M,,5.215 is now the most probable.

However, current seismicity in the URG is seemingly diffuse and it is difficult to associate it with a fault in
particular (Doubre et al., 2022). On the other hand, geodetic data are not yet able to resolve any tectonic
deformation and thus to evaluate the loading rate of faults (Henrion et al., 2020). Even though the Drouet et al.
(2020) catalog, based on FCAT-17 catalog, is supposedly devoid of anthropic seismicity (Cara et al., 2015;
Manchuel et al., 2018), one can then ask whether the current seismicity is totally representative of the undergoing
long-term tectonic processes or presently modulated by surface loads such as the post-glacial rebound (e.g. Craig

et al., 2016), aquifer loads, erosion or incision {e.g. Bettinelli et al., 2008; Steer et al., 2014; Craig et al., 2017), If

S0, the assumption hypethesis-stating-that the main driver of seismicity is tectonic loading breaks down and our
method_used to assess-for-assessing—_seismic hazard must be completed by physics-based constraints of such
transient stress release (Calais et al., 2016). Distinguishing seismic sources triggered by tectonic loading from
other driven forces is an extremely difficult task. The earthquake catalog contribution (Section 2.3) might then not

be appropriate.

Additionally, the magnitudesrragnitude of historical events from the FCAT-17 catalog (before the 1960s), and
thus the onesere from Drouet et al. (2020), seem to be overestimated (or instead-the instrumental events have
underestimated magnitudes even though it seems less probable) and a bias of the MFD is thus expected (Beauval
and Bard, 2022; Doubre et al., 2022). For the URG case, 3 bins out of 7 of the observed MFD are estimated from
the instrumental period. The bins-eres -estimated from the historical period have thus slightly more weight in the

catalog constraint (Section 2.3).

We test an alternative constraint inferring that the possible magnitude and frequency of M,,,,, must be consistent
with the observed largest event over the observation period (~146 yrs), meaning that it has to be larger than or
equal to the known largest event while the return period of the largest event cannot be significantly shorter smater
than the observation period (Approach 2 from Michel et al., 2018). This constraint is equivalent to

consideringeensider that there-is-no earthquakes with a ef-magnitude greater than ever-the largest event seen-in
12
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the observation period occurredingeecurring during the time period covered by ef-the observed catalog.

Theoretically, this constraint imposes a lower bound on M,,,, and its recurrence time. The results obtained using
this constraint together with the moment budget and scaling law ones are shown in Figure 7. Since M,,,., frequency
differs for-is-different-between- the tapered and truncated models, the new constraint imposes different lower
bounds foren the two models. Ts-the truncated model rejectsingrejecting mere-stronghy-scenarios with M, ., below
M,,5.5 more stronglyM5:5. P, is not constrained by the observed seismicity catalog but higher values of the b-
value seem slightly more probable (inset inef Figure 7). The marginal probabilities P(t | M,, = 5.985) and

P(z | M,, = 6.325) for the tapered and truncated models have peaks at ~12,500 yrs and ~63,000 yrs, respectively.

5.3  Strike slip component

In this study, as well as in Chartier et al. (2017), we assume solely along-dip displacement since it is the only
published neo-tectonic information available. Nevertheless, recent paleo-seismological data- on the Black Forest
fault_near Karlsruhe (north of our study area) -suggest -2-5.9 m of cumulative strike-slip, in contrast to 16.3-
0-61.2 m of cumulative vertical slip, overinfer-an-eventthat-occurred-after the-last glacial-maximum-(~15,000-yrsin
the last 5.9 kayrskyrsy (Pena-Castellnou et al., 2023). ThoseFhere-are-also-evidence-of othereventswith-lefi-lateral

ship;-associated-with-vertical-0-5-m-displacementose displacements seem to be associated with at least three paleo-

earthquakes. Thist suggestsearthguake—tH-—suggest (1) that the Black Forest fault has been active during the
Quaternary period and that (2) strike-slip might be predominant. The ratio between strike- and dip-slip from the
Black Forest event would be then equal to 4between-3.3-and-6.64.8. We thus test a scenario where the Black Forest
fault is associated with a maximum vertical slip deficit rate of 0.18 mm/yr, as proposed by Jomard et al. (2017),

and where we multiply the maximum slip deficit rate of all faults considered fauts-by 46.64.8.(the-largest-strike-

over-dip-ship-ratio-suggested): The results and the revised MDR foref each fault are shown in Figures 8 and S184.
Phtq, PEAKS At M, 6.M6:85-8 and M,,6.Mé6-65-6 for the tapered and truncated models, respectively. They are
associated with the marginal probabilities P(z | M,, = 6.885) and P(r|M,, = 6.665) that both peak at

~16,000 yrs for the tapered and truncated models..—+espectively- Note that Pena-Castellnou et al. (2023) suggest

that earthquakes of potentially M, 6.5_occurred north of our study area.using-\WeHs—and-Coppersmith-{1994)
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for both the tapered and truncated models, respectively;-thus at lower values than taking into account the vertical-

slip component alone.

The previous scenario tested (Figure 8) takes two more faults (i.e. Weinstetten and Lehen-Schonberg faults) into

account than in Chartier et al. (2017), as theesethese two faults are not present within the BDFA (the French

database of potentially active faults; Jomard et al., 2017). The results obtained by selecting faults as defined by
following-Chartier et al. (2017) faultseleetion-and applying the strike slip assumption are provided in Figure S195.
Pitnay PEAKS at M, 6.M675-7 and M,,6.M6:55-6 for the tapered and truncated models, respectively, very similar
to the scenario taking all four faults, as the moment deficit rate is dominated by the Rhine River and Black Forest
faults. Note that the marginal probabilities P(z | M,,) and P(Tynax | Minax) Seem to get more noisy, likely due to

the shape of the MDR PDF which skews heavily towards zero (black line in Figure S184.e).

5.4  Multi-segment rupture

In this study we assume that all faults can rupture simultaneously. Nevertheless, the Black Forest Fault is initially
taken as inenenene-active, and the traces of the Weinstetten and Lehen-Schonberg faults are separated by at least
a—minimum—of-7.9 km. According to Wesnousky (2006), multi-segment ruptures are associated withte low
probability when the inter segment distance exceeds 5 km. Consequently, the seismogenic potential scenario from
Section 4 would then-be an overestimation. On the other hand, according to Castellnou et al., 2022, the Black
Forest Fault is in fact active and seismogenic, and could be assumed to rupture with other faults. Additional
structures might actually link all the faults together (e.g. Lutz and Cleintuar, 1999; Bertrand et al., 2006; Rotstein
and Schaming, 2011). In this case, the seismogenic potential scenario from Section 4 would be interpreted as an

underestimation.

Finally, we only consider the faults within a finite zone, which controls the total seismogenic area of the faults (i.e.
the moment-area scaling law effect), whereas the faults continue northwards and southwards to a lesser extent.

According to Weng and Yang (2017), the aspect ratio (width to length ratio of thea rupture’s-width-everlength)

of dip-slip events barely ahmest-deesn’t-reachesreach beyond 8. Taking a seismogenic width of 18 km (our
maximum estimate), the maximum length of earthquakes would then be 144 km, while the full length of the URG

faults considered-fautts, including the Black Forest fault-inetuded, is ~250 km (~160 km if the Black Forest fault

is not included). The rupture of all the faults would then be unlikely. On the other hand, strike-slip events do not
seem to be capped by any aspect ratio (Weng and Yang, 2017), so M,,>7.5 events cannot then-be excluded in this

context.
14
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6 CONCLUSION

In this study, we investigate the seismogenic potential of the south-eastern URG, building tpon the work by «

from-Chartier et al. (2017). Based on a complex fault network (Niviére et al., 2008), we evaluate scenarios that
have not been accounted for previously, exploring uncertainties on M, its recurrence time, the b-value, and

the moment released aseismically or through aftershocks _(see Table 2 for a summary of the results considering

the different scenarios). Uncertainties foren the MDR, the observed MFD, and ea-the moment-area scaling law

are also explored. Given the four faults considered, and the scenario in which the Black Forest fault is no longer
active but where the other faults can still rupture simultaneously, the M,,,,,, maximum probability is estimated at
M,,6.85-1 and M,,5.75-8 using the tapered or the truncated seismicity models; respectively. Nevertheless, Py, .
for the truncated model has a second peak at M,,,5.25-2 and the recurrence time of events of such magnitude (not

only My,ax), P(z | M, = 5.245) ~ 2,000 yrs, is much shorter lewer-than the one estimated using the main peak,

P(t | M,, = 5.875) ~ 10,000 yrs. Again Sti}-considering the scenario excluding igrering-the Black Forest fault,
there is weuld-be-a 99% probability that M,,,, is less than-below-7.25-3 using either the tapered or truncated

modelsmedel. n-contrast-In contrast, when strike-slip kinematics are considered as described in Section 5.3

and the Black Forest Fault is taken into account, there is a 99% probability that M, _is less than 7.6 and 7.5 for

the tapered and truncated models, respectively. This is our preferred scenario as it is based on recent findings for

strike-slip mechanisms, although the assumptions made in this analysis are debatable (i.e. strike-slip/dip-slip

| Mis en forme : Anglais (Etats-Unis)

ratio evaluated on a fault just north of our zone of study and applied to all faults; Section 5.3). It should be noted

that seismic hazard studies often place, an upper bound on the values of M,,,, considered, In the case of, the

URG, studies that use yvarying, approaches to ours, have yielded values comparable to, or marginally,lower than

the 99th percentile of Prra _of our strike-slip scenario (e.g. M7.4, M 7.1 and M7.5 for Grunthal et al., 2018, \
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Drouet et al., 2020, and Danciu et al., 2021, respectively).considering-strike-stip-as-deseribed-in-Seetion-5:3-and

In any case, within this study, strong assumptions still had to be made that certainly affectedaffeet the results. It

includes the methodology used to decluster the earthquake catalogs, en-determining whether it is wise to compare

a-comparisen-between-the loading rate of each fault and-with seismicity-is-wise, er-opting to only considering enty
the dip-slip component despite the fact that while-strike-slip is highly probable, en-covering the possibility of

multi-segment ruptures and even the choice of the faults to be considered.eensider- Further work, from paleo-
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23 seismology, seismic reflection, geodesy, or earthquake relocation is needed to obtain extract-more information on
424 the structures tectonically involved and their associated loading ratesrate, and to better constrain the URG seismic

425
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Figure 1: (Left panel) Regional setting and seismicity of the Upper Rhine Graben (Drouet et al., 2020). Black lines are

faults while colored ones are the faults taken into account in this study. The fault network geometry is based on the

BDFA database (Jomard et al., 2017) and Niviére et al. (2008). Blue dots are epicenters of M,, > 2.2 earthquakes since

1994. The white star indicates the 1356 Basel earthquake (magnitude ranging from M6.5+/-0.5 (Manchuel et al., 2017)

to M6.9+/-0.2 (Fah et al., 2009)). The brown bar indicates the approximate orientation of the maximum horizontal

compressional stress (Symax) (Heidbach et al., 2016, 2018). The thin dashed black line is the border between France

and Germany. The nuclear powerplant of Fessenheim and the main cities are indicated by white squares. (Right panels)

Moment deficit rate PDFsPBF (expressed in counts) are-given-foref each of the four eensidered-faults consideredfautt

(colors are indicative of the faults in the left panel), and ef-their combination (in greaeygrey).
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Figure 2: PDF of M,, considering the along-dip moment-area scaling law of earthquakes from Leonard (2010). Note

that the area from the Black Forest Fault is not included, as its loading rate is assumed equal to 0 mm/yr.
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squares indicate M,, > 2.8 and>2-75-and 4.25-3 earthquakes taken into account for the seismogenic potential analysis.
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Figure 4: Seismogenic potential of the URG using all constraints: moment budget, observed magnitude-frequency
distribution, and moment area scaling law. The rate of occurrence of historical and instrumental earthquakes, within
their observation periodsperiod, are indicated by red and pink crosses and error bars, respectively. Thick and thin
error bars indicate the 15.9-84.1% (1-sigma) and 2.3-97.7% (2-sigma) guantilesguantite of the MFDs. Dashed lines show
the spread of possible MFDs for the 2500 catalogs randomly generated to explore uncertainties. The green and blue
colors are associated withte the tapered and truncated long-term seismicity modelsrmedel. Green and blue dots show
the meansmean of the marginal PDF foref the long-term seismicity. Dashed gGreen and blue dashed-lines indicate the
spread of the best 1% best-seismicity models. The marginal probabilities of M,,qx, Pp,,,, are indicated by the solid

lines on the M,, axis-. They have been normalized so that their amplitude is equal to one instead of 0.60,and 0.59 for the

tapered and truncated models, respectively. Green and dark blue lines on the earthquake frequency axis indicate the
probability of the rate of events, T, with magnitude M,, = Myjqe, thus P(t | M, = Mpqe), With M yy.4.=6.05-1 and
5.75-8 for the tapered and truncated models, respectively, considering all magnitudes in the seismicity models and not

only the recurrence rate of M,,,,. They have also been normalized and their peaks were initially at,1.13 and 1.17 for

the tapered and truncated models, respectively. The Ikight blue line on the earthquake frequency axis indicates

P(Timax | Minax = 5.875) (enby-for the truncated seismicity model_only) and is normalized so that its amplitude equals

one instead of 1.19. The top-right inset shows the marginal probability of the b-value. Note that the seismicity MFDs

shown in the figure are not in the cumulative form.
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Figure 5: (a) Evolution of the marginal PDF of M, when adding the moment-area scaling law constraint. The green

and blue colors in the figure are associated withte the tapered and truncated long-term seismicity modelsmedet. (b)

Same as (a) but for the marginal PDF of the recurrence time of events: P(z | M,, = 6.1){z}M;—=6-051) and
P(t|M,, = 5.8){=M,;—=-5-758) for the tapered and truncated models (dark blue and green lines), respectively, and
P(Tpmax | Mypax = 5.875) shown only for the truncated model (solid light blue selig-line). (c) Probability of occurrence

of earthquakes with aef magnitude larger than M,, over a period of X yrs. We show the probability of occurrence of

such events for the 100 yrs and 10,000 yrs time periods. In (a), (b) and (c), dotted lines represent the marginal PDFs
considering both the moment budget and seismicity catalog constraint, the dashed lines indicate the PDFs when adding
the earthquake scaling constraint_is added. The inset in (c) is a zoom of the panel. The 1% probability of exceedance

over a time period of 100 yrs is a typical order of magnitude for nuclear applicationsappheatien in France.
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Figure 6: Results using the declustering method from Zaliapin and Ben-Zion (2013) instead of Marsan et al. (2017)
(Text S2). In this scenario, no probabilities of events to be mainshocks are defined. (a) M, PDF. (b) b-value PDF. (c)
P(t| M,, = Myq.) PDF. Solid lines correspond to the results using all constraints while the dotted lines use-only use
the moment budget and earthquake catalogs constraints. Green and blue lines correspond to the tapered and truncated
models, respectively. The results shown here are the ones taking a b-value equal to 1 for Zaliapin and Ben-Zion (2013)
declustering method. The results for b-values of 0.5 and 1.5 are also shown in Figure S15% and are relatively similar to

the ones obtained using a b-values of 1.0.
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Figure 7: Same as Figure 4 but only considering erly-the constraints foren the moment budget, the moment-area scaling

law, and the one on M,,,,, frequency considering the time period of the catalog (which serves as a lower bound constraint

forte M pq,; Section 5.2; Approach 2 from Michel et al., 2018). The marginal probabilities Py, have been normalized

so that their amplitude is equal to one instead of 0.46 and 0.58 for the tapered and truncated models, respectively. The

(enby-for the truncated seismicity model only) which peaked at an amplitude of 0.85-efamplitude.
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Figure 8: Same as Figure 2 but considering a strike-slip slip rate component equivalent to 46:64.8 times the dip-slip
estimate, and assuming the Black Forest Fault maximum long-term vertical slip rate is 0.18 mm/yr (as proposed by
Jomard et al., 2017). Leonard et al.'s (2010) strike-slip moment-area scaling law is used here for the scaling law

constraint, even though it is very similar to the dip-slip version. The marginal probabilities Py, have been normalized

‘max

so that their amplitude is equal to one instead of 1.02 and 0.88 for the tapered and truncated models; respectively. The

same is true-for P(z | M,, = M04.) Which were initially of 1.15 and 1.13 of amplitude, and P(Tax | Mimax = 6.6) (enly

for the truncated seismicity model only) which peaked at an amplitude of 1.17-efamplitude.
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667 Table 1: Fault parameters. U and & stands for uniform and normal distribution. The PDFs of each of theesethese

668 parameters and the resulting moment deficit rate foref each fault are shown in Figure S32 to S65.

. . Evaporite
Segment - Seismogenic zone
Fault Name (from Dip (°) Length Slip-Rate down-dip extent !ayer
Name (km) (mmlyr) thickness
BDFA) (km)
(km)
FRR-1 Uu(50,80) | M(35,2) (1) Uniform from 0
. . to 6 km in depth.
Rhine River = on o T U(50,80) | M(25.2) | U(0,0.07)
Fault
FRR-3 U(55,85) | N(20,2)
(2) Linearly
FFN-1 U(35,75) | N(20,5) decreasing
Black
B from 6 to 18 k
Forest Fault FFN-2 U(40,80) | N(50.2) 0 dreopTh. 0 m Uu(0,2)
FFN-3 Uu@35,75) | N(352)
Lehen-
Schonberg U(40,80) | NV(54.2) U0,0.1) Does not apply to
the Black Forest
Fault as its loading
Weinstetten U(40,80) | N(152) U(0,0.17) | rate is assumed
equal to 0 mm/yr
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Table 2: Summary of the results considering the different scenarios tested from section 4 to 5.3.

Scenarios

Modes of M,,,qx

99% probability
that M, is below

magnitude M,

Mode of P(z | M,, = Myeq.)

Rhine River Fault

+ Lehen-Schonberg Fault
+ Weinstetten Fault

Dip-Slip Only
Marsan et al. (2017) Declus.

(Section 4 / Fig. 4 and 5)

Tapered Model

Tapered Model

Tapered Model

M, 6.1 M, 7.3 7=16,000 yrs
Truncated Model Truncated Model Truncated Model
M,, 5.2and 5.8 M, 7.3 7 =2,000 and 10,000 yrs

Rhine River Fault
+ Lehen-Schonberg Fault
+ Weinstetten Fault
Dip-Slip Only
Zaliapin and Ben-Zion
(2013) Declus.

(Section 5.1 / Fig. 6)

Tapered Model

Tapered Model

Tapered Model

M,, 5.9 M, 7.2 7 =8,000 yrs
Truncated Model Truncated Model Truncated Model
M,, 5.2and 5.8 M, 7.1 7 =1,600 and 8,000 yrs

Rhine River Fault

+ Lehen-Schonberg Fault
+ Weinstetten Fault

Dip-Slip Only
Marsan et al. (2017) Declus.
Loose catalog constraint
(Approach 2 from Michel et

al., 2018
(Section 5.2 / Fig. 7)

Tapered Model

Tapered Model

Tapered Model

M,, 5.9 M, 7.4 T =12,500 yrs
Truncated Model Truncated Model Truncated Model
M, 6.3 M, 7.4 7 = 63,000 yrs

Rhine River Fault
+ Lehen-Schonberg Fault
+ Weinstetten Fault
+ Black Forest Fault

Strike- and Dip-Slip
Marsan et al. (2017) Declus.

(Section 5.3 / Fig. 8)

Tapered Model

Tapered Model

Tapered Model

M, 6.8 M, 7.6 7 =16,000 yrs
Truncated Model Truncated Model Truncated Model
M,, 6.6 M,, 1.5 7 = 16,000 yrs
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