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Abstract. The region of northeastern France is affected by low-magnitude background seismicity, with
the rare occurrence of moderate earthquakes, which gives this region a non-negligible seismic risk.
We provide an overview of the seismicity and seismotectonics of this intraplate domain and of its sub-
regions: the Upper-Rhine Graben (URG), the external range and foreland of Jura, the Vosges, northern
France and southern Belgium. Previously published catalogues over historical and instrumental times
are used, and the epicentral distribution of earthquakes is compared to known tectonic structures, and
the recently computed deformation field. Although no large earthquakes with My, > 6.0 occurred since
the 1356 Basel seismic event (Io IX, MKS), the recent identification of active faults suggests periods of
high seismic strain rates in the past. The origin of the seismic activity in each of these sub-regions,
characterized by low to very-low strain rates, is attributed to pre-existing faults reactivated under

specific natural or anthropogenic conditions.
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1. Introduction

Northwestern Europe is considered as one of the best
examples for intraplate seismicity. The occurrence of
several earthquakes in western Europe with a mod-
erate magnitude made its mark on the population
and the cities during both the historical and the in-
strumental periods. With a maximum intensity of IX,
the 1356 Basel earthquake (Switzerland and France),

* Corresponding author.
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for which various magnitudes have been proposed,
reaching a maximum value of 7.1, is regularly cited
as the strongest earthquake in western Europe [e.g.
Mayer-Rosa and Cadiot, 1979, Meghraoui et al., 2001,
Ferry et al., 2005, Féh et al., 2009]. The occurrence
of such an event and the regularly recorded micro-
seismicity raises many questions regarding the phys-
ical processes involved in the generation of small
and large earthquakes in an area of low deformation
rate, where the active tectonic structures and their
kinematics remain poorly understood. The recent
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geodetic analyses in this region based on long time
series measurements confirm the low surface dis-
placements and strain rate field [Henrion et al., 2020].
If the seismic energy is released as a sudden slip
of locked fault segments in areas of accumulation
of elastic deformation due to tectonic forces [Sykes,
1978], it induces a long loading period and large re-
currence time (>10,000 years?) between each event
as inferred in the Lower-Rhine Graben [Camelbeeck
and Meghraoui, 1998]. A damaging earthquake may
occur where the seismic hazard was considered low,
such as the recent seismic event of Le Teil in France in
2019 [M,y 4.9; Cornou et al., 2021] which struck a re-
gion with low background micro-seismicity. As with
other seismic events in the intraplate domain, the
role of local, anthropogenic or natural, perturbations
of the stress state and/or the fault strength have been
invoked to explain the occurrence of large intraplate
earthquakes [Stein et al., 2015, Calais et al., 2016].
The seismological archives and catalogues combined
with the identification of active faults are therefore
essential to study the seismic behavior of such a re-
gion and better constrain the processes potentially
involved in the occurrence of small and large earth-
quakes.

Micro-seismicity can be seen as an indicator of
the seismic potential of a region, pointing out the lo-
cation of a future moderate/large earthquake. How-
ever as underlined by Ebel et al. [2000], the micro-
seismicity and specific sequences of low-magnitude
earthquakes in areas of low deformation rates, such
as intraplate domains, could also be considered as a
sequence of aftershocks of larger seismic events with
a return period longer than the period covered by
the historical archives [Stein et al., 2015]. Therefore,
the absence of knowledge of very old large events
makes it difficult to interpret both the current micro-
seismicity and some swarms of events that stand out
from the low background regional seismicity as se-
quences of aftershocks consistent with the Omori
law descriptions of seismic rate decrease over time
[Omori, 1894, Utsu, 1961]. This low background seis-
micity is generally diffuse throughout the region and
is usually interpreted as due to the presence of a net-
work of numerous small faults likely loaded at var-
ious rates, instead of being seen as a large seismo-
genic structure at crustal or even lithospheric scale
along a plate boundary, where the tectonic loading is
stationary. Conversely, in the absence of active faults,

C. R. Géoscience— 2021, 353, n° S1, 153-185

itis also risky to consider the lack of micro-seismicity
in some areas of the intraplate region as a seismic
gap that would indicate the places prone to the next
large event. The estimate of seismic hazard for the in-
traplate domain remains challenging.

Northeastern France in particular is a region sub-
jected to all these debates. The seismic hazard is
mainly focussed within the URG due to the Basel
earthquake. However moderate events have also
been observed in the Vosges, Jura and Ardennes (Fig-
ure 1). Each of these sub-regions have a “seismic his-
tory” confirmed by the historical catalogues and pa-
leoseismic studies, suggesting that they may remain
over time the locus of coseismic deformation. Even
if the region of Northeastern France is of relatively
small dimensions (<500 x 500 km?) with respect to
other intraplate seismically active regions (Mongolia,
New Madrid, etc.), this synthesis shows that many
sub-regions have been affected by a distinct tectonic
evolution and the seismicity characteristics remain
specific to each sub-region, in terms of space and
time distribution, magnitude range, and eventually
tectonic origin. The analysis of the micro-seismicity
for each of them is therefore crucial to mitigate the
seismic hazard of this region, characterized by high
vulnerability (large cities, industries, infrastructures).

2. Data

We present in the following the main sets of data used
for the analysis of the seismicity in the region un-
der study. This latter corresponds to the area located
between E001° and E010° longitude and N46° and
N51.5° of latitude, excluding the regions of Lower-
Rhine Embayment, the Roer graben, the Swabian
Jura (East of the Black Forest, see Figure 3 for loca-
tion) and the northern Alps, which are too far from
Northeastern France and from most of the seismic
network used for the location of the instrumental
seismicity. Datasets acquired in the framework of
other specific local studies will be mentioned within
the corresponding subsections.

2.1. Tectonic and neotectonic data

Investigations in active tectonics have been mainly
conducted in the Rhine Graben and the Ardennes
[Camelbeeck and Meghraoui, 1998, Meghraoui et al.,
2001, Kervyn et al., 2002, Shipton et al., 2016]. The



Cécile Doubre et al. 155

-

7

Ariais-Brabant-Hainaut-Ardennes

;\ 4 s Y
TS I £
[ \\’ AW M'dﬁa - f\g‘ﬁ’ g

Lower Rhine
Embayment

0,95_}.

£

T 75

I
Paris Basin

Figure 1. Map of northeastern France and surrounding regions. The rectangles show the sub-regions
under study. URG: Upper-Rhine Graben; LI-V {.: Lalaye-Vittel fault; BB z.: Baden-Baden shear zone.

identification of active faults consists of combined
studies in quantitative geomorphology, geophysical
prospecting, and paleoseismological analyses (with
trenching and isotopic dating). The progress in neo-
tectonic studies has benefited from the recent ap-
plication of geophysical methods (shallow geophysi-
cal prospecting, seismic profiles, etc.). The long-term
faulting behavior is determined through systematic
studies along each potentially seismogenic rupture-
segment to document the earthquake characteristics
(fault dimensions, slip/event, slip rate, stress drop,
elapsed time and return period of seismic events,
seismic moment and moment magnitude) during the
Holocene and late Pleistocene. The identification of
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past surface ruptures in the region is an issue due
to the low slip rates (<0.5 mm/yr), the dense veg-
etation cover on mountains and hills, and the high
impact of human activity (urban areas and agricul-
tural ploughing) on the geomorphology in valleys. In
addition, the rare indications of recent slip on fault
planes are more easily interpreted in terms of nor-
mal slip and the identification of strike-slip motion is
more complex. This is a crucial point for the faults in
our region of interest, since the current stress regime
remains debated.

Among the results, the current EU project GeORG
consists of a comprehensive geological database
dedicated to the Rhine Graben and shows large-scale
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3D models that determine the tectonic structures
and related georesources. They document late Qua-
ternary tectonic movements along several km long
active normal faults [Camelbeeck and Meghraoui,
1998, Meghraoui et al., 2001, Kervyn et al., 2002].
Active faults of the URG are inherited tectonic struc-
ture from the beginning of the Neogene some 20 Ma
ago [Illies and Greiner, 1979]. Quaternary tectonic
activity is documented mostly from previous studies
(mainly due to oil exploration) that include numer-
ous seismic reflection surveys and deep wells [Sittler,
1985, Brun and Gutscher, 1992]. Unfortunately, little
is known about the structural and tectonic evolution
and paleoseismicity of the URG during the late Qua-
ternary, although this is the more critical time period
for the study of the active tectonics, and related seis-
mic hazard assessment [Baize et al., 2013, Jomard
etal., 2017, Chartier et al., 2017].

2.2. Seismicity

2.2.1. Historical seismicity

Unlike many regions around the world, the seis-
mic activity in Western Europe has been well docu-
mented through several kinds of historical sources,
such as private or official testimonies, religious col-
lections, and newspapers. They report large and
small shakings that help to evaluate the intensity in
the area of the archive. For the French part, we used
the catalogue FCAT-17 from Manchuel et al. [2018]
which integrated the SISFRANCE catalogue for the
historical period [Scotti et al., 2004]. We complement
the data of historical seismicity with other regional
catalogues. Previous works have documented histor-
ical earthquakes of the URG from a thorough exami-
nation of archives and documents from cross-border
investigations, i.e., between the German, Swiss and
French regions [e.g., Perrey, 1844, Sieberg, 1940,
Rothé and Schneider, 1968, Vogt, 1979, Lambertet al.,
2005]. Macroseismic maps that document the in-
tensity distribution and depth estimates were ob-
tained from the study of historical documents [Lev-
ret et al., 1994]. More recently, the historical seismic-
ity of the URG was the focus of detailed investiga-
tions from XVIII-XX century press reports (libraries
and archives), Fonds Montessus de Ballore, Rothé-
BCSF and Vogt archives, German seismological sur-
vey at IPG Strasbourg (1892 to 1918), and German
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regional seismological surveys (Karlsruhe, Stuttgart,
Freiburg, etc.).

Regarding the Belgium part, we used the cata-
logue of the Royal Observatory of Belgium (http://
seismologie.oma.be). For the German part, we com-
plement our data set with seismic events from the
catalogue compiled by Leydecker [2009].

The period of data is from 782 to 1962. Before
1962, which is the beginning of the instrumental Si-
HEX catalogue (see Section 2.2.2), we chose to men-
tion the events in terms of MKS intensity.

2.2.2. Instrumental seismicity

The French monitoring network in northeast-
ern France developed over decades (Figure 2).
From the 60’s, the LDG (Laboratoire de Détection
et de Géophysique of the Commissariat a 'Energie
Atomique—CEA) deployed three stations using one-
component short-period sensors, with a telemet-
ric and then a satellite transmission. These sta-
tions were complemented over the 70’s and 80’s by
about five short-period and telemetered stations
operated by Institut de Physique du Globe de Stras-
bourg (IPGS). The network, well-adapted to mea-
sure the small-magnitude events, remained more
or less the same during the following decade, ex-
cept for the broadband station ECH [operated by
Geoscope, Institut de Physique du Globe de Paris
(IPGP) and Ecole et Observatoire des Sciences de la
Terre de Strasbourg (EOST), 1982], and the specific
short-period and telemetered network dedicated
to the monitoring of the experimental geothermal
project in Soultz-sous-Foréts [Kappelmeyer et al.,
1991, Charléty et al., 2007, Dorbath et al., 2009]. In
the framework of an Interreg Project, the seismic
network grew with the addition of 13 strong-motion
sensors, in order to measure the large acceleration
of the ground due to the occurrence of large seis-
mic events (Figure 2a). A major densification of the
French regional network occurred in the second half
of the 2010s with the construction of the Réseau
Large Band Permanent (RLBP) of the Grande Infras-
tructure de Recherche Résif [Réseau Sismologique
et Géodésique Francais, RESIF, 1995a,b] expected to
be complete in 2021 (Figure 2b). The stations have
been built in sites of high quality in terms of noise
and included broadband sensors in deep holes or in
old mines. In addition, eight new stations have been
built in the framework of the project EGS (Ecole et
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Figure 2. Regional seismic monitoring network used for the hypocentral locations of the Si-Hex cata-
logue in 2012 (a) and 2018 (b) as examples. For the period before 2009, refer to Cara et al. [2015].

Observatoire des Sciences de la Terre (EOST), Elec-
tricité de Strasbourg (ES)), equipped with either mid-
dle or broadband sensors in mines or deep holes,
with the objective to reduce the detection threshold
over the whole Alsace region, where several geother-
mal plants are developing, and potentially related to
induced (micro-)seismicity.

Temporary networks have been installed in the
region, but few of the data were integrated to the
monitoring system of the Rénass (now called BCSF-
Rénass). The data acquired by the recent temporary
AlpArray network [AlpArray Seismic Network, 2015]
were also used for the location procedure of the Ré-
nass over the period 2015-2020 (Figure 2b).

We use the instrumental seismic catalogue cover-
ing the period 1962-2020 [Masson et al., 2021, Fig-
ure 3]. This catalogue corresponds to the catalogue
initially covering the 1962-2009 period presented by
Cara et al. [2005] resulting from the Si-Hex project,
which was dedicated to homogenizing the French
catalogue in terms of hypocentral location uncer-
tainties and magnitude, expressed as moment mag-
nitude My,. It has been extended up to 2020. The
completeness magnitude improved over time with
the densification of the seismic monitoring network
in France, but also behind the German, Swiss, Lux-
embourg and Belgium borders for our area of inter-
est (Figure 3b).

Beyond the borders, the number of stations used
for the detection and location process of the Rénass
increased over the years, thanks to the collabora-
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tion with institutes from Switzerland [CH network,
Swiss Seismological Service (SED) at ETH Zurich,
1983], Germany [GR network, Federal Institute for
Geosciences and Natural Resources, 1976; LE net-
work, Landesamt Fiir Geologie, Rohstoffe und Berg-
bau, 2009], Luxembourg and Belgium [BE network,
Royal Observatory Of Belgium, 1985].

The instrumental catalogue counts 8512 events in
our area of interest (Figure 3c). The main limitations
in building such a catalogue lie in the process of
discrimination between natural seismic events and
those of anthropogenic origin. Most of the latter cor-
respond to quarry blasts and events induced by in-
dustrial activity such as mining or geothermal plant
operations. The step of discrimination has not been
made during the whole period of the catalogue and
remains difficult in post-processing [Renouard et al.,
2021].

2.2.3. Focal Mechanisms and tensors of stress and
strain rate

A total of 216 focal mechanisms (Figure 4) have
been used in this study from the new focal mecha-
nism database FMHex20 of RESIF by Mazzotti et al.
[2021]. For the region under study, the nodal plane
parameters have been either determined by De-
louis et al. [1993], Delacou et al. [2004], Vannucci
and Gasperini [2004] and Rabin et al. [2018], or es-
timated by the Seismic Observatory of Northeast
France at EOST for earthquakes with low magnitude
(2.5 to 4.0). The magnitude of these events ranges
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Figure 3. (a) Seismicity from 1962 to 2020 in the northeastern region from the extended Si-Hex catalogue
[Masson et al., 2021]. Earthquakes located outside the area of study are plotted in gray. (b) Magnitude
of events (dark dots) and completeness magnitude (red line) as a function of time are calculated using
the maximum curvature method in a sliding window of two years [Wiemer and Wyss, 2000]. (c) Number
of events per year and time evolution of the cumulative number of events located in the region under
study. (d) Gutenberg-Richter relation of the cumulative frequency of earthquakes log N = a+ bM,, for the
magnitude range 2.0 < My, < 5.0 in the whole catalogue (the b-value is given in the top right corner) and

histogram of magnitude frequency.

from 1.1 to 5.4. We complement the dataset with ten
mechanisms from the Hainaut [Camelbeeck et al.,
2007] and ten mechanisms from the Brabant Massif
[Van Noten et al., 2015] on the French-Belgium bor-
der. Most of the mechanisms have been determined
using the polarities of first ground motion, and only
a few of them using full waveform inversion. We note
that data from stations not included for the Si-Hex
catalogue might have been used for the focal mecha-
nism determination.

In order to resolve the principal stress directions
and the kinematics of faulting for each tectonic do-
main of northeast France presented below (Figure 5),
we conduct the stress inversion from the focal mech-
anisms compiled in this study. The inversion method
consists in the iterative rotational optimization (i.e.,
the best solution of stress distribution with regards to
the fault plane direction and slip vector) as applied in
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the WinTensor program [Delvaux and Sperner, 2003].
The inversion approach was initially developed from
the dihedron method (minimum angle between fault
directions and slip vectors that verifies the princi-
pal stress direction) as a preliminary solution, sub-
sequently implemented in the rotational optimiza-
tion used to minimize the misfit between data and
model for earthquake fault parameters [Delvaux and
Sperner, 2003]. The best fitting stress tensor is de-
rived from fault slip of data set [Gephart and Forsyth,
1984] and is expressed as the direction of the three
main stresses 01,02 and o3, and the R factor R =
(02 —01)/ (03 — 01). The direction of shortening (o)
is provided, with the number of fault planes compat-
ible with the best stress tensor.

We also estimate the strain rate tensor, follow-
ing the Kostrov method [Kostrov, 1974], dividing
the region into cells of 1° by 1°, using the focal
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zotti et al., 2020] and other sources (see text). The focal mechanisms located outside our studied area are
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mechanisms and the My, of events in each cell (Fig-
ure 5). To do so, we consider a seismogenic depth of
~30 km, homogeneous for the whole region, a shear
modulus of 3 x 10!° Pa, and a duration of the cat-
alogue of 60 years. However, because the database
is incomplete, we choose to not discuss these re-
sults in terms of amplitudes of the strain rates, but
only on their style (i.e., compressive vs extensive) and
orientation.

2.3. Surface velocity field and strain rate field

From the first analysis of the horizontal velocity field
at the scale of the European and Mediterranean re-
gion, Nocquet [2012] pointed out the lack of relative
movements greater than 1 mm/yr across the geologi-
cal structures in northeast France, such as the Vosges,
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the URG, and in Belgium. Using both GNSS and lev-
eling data, Fuhrmann et al. [2013] confirmed that the
region appears stable, except for a few places where
the local surface deformation can result either from
tectonic or non-tectonic processes. Since then, sev-
eral studies conducted at large or regional scale and
using longer data time series (more than 20 years
for most of them) have confirmed this first order re-
sult [Rabin et al., 2018, Masson et al., 2019, Kreemer
et al.,, 2020, Henrion et al., 2020]. Despite a spe-
cific processing (filtering, clustering) of GNSS data
from the whole of Metropolitan France, Masson et al.
[2019] did not detect any clear signal for our study re-
gion in both the velocity and strain fields. Henrion
et al. [2020] focussed their analysis in the URG and
the surrounding regions using the GURN network of
GNSS stations in both France [including the RENAG
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tensor calculation (n,), the R factor as defined in the text, the dip and strike of the principal stress
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difference between the measured slip and the slip compatible with the best stress tensor on each of the
considered fault plane. In each cell of the region, the main horizontal directions of seismic strain rate
tensor are deduced from the focal mechanisms. As indicated in the text, the amplitudes have to be taken
with caution. For the Ardennes-Hainaut region, we only selected the events that occurred after 1970
in order to exclude the events likely to be mine-induced. Similarly, we did not include the events that
occurred during the 2006-2007 period in the geothermal Basel area.
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network, RESIF, 2017] and Germany. Rabin et al.
[2018] focussed on the Jura using a dataset from
permanent stations in the Northern Alps and Jura.
Kreemer et al. [2020] focussed on the Eifel volcanic
massif, in west-central Germany. In addition, we note
the study of Fuhrmann et al. [2015] which presents
the first vertical and horizontal velocity fields from
a PS-InSAR (Persistent Scatterer Interferometric Syn-
thetic Aperture Radar) analysis combined with level-
ing and GNSS data for the area of the whole URG and
surrounding areas.

In this region, it is important to point out the dis-
tinct sources of surface deformation in addition to
the possible tectonic loading, and their relative roles
on the current seismicity. In particular, the isostatic
post-glacial rebound is expected to have an influence
on the horizontal and vertical velocity field, as it is
observed in northern Europe and northern America
[Bogusz et al., 2019], but the related velocities remain
below 1 mm/yr over our area of study [Nocquet, 2012,
Peltier et al., 2015, Wu and Johnston, 2000].

Henrion et al. [2020] showed the absence of
geodetically quantifiable deformation in most of
the URG (Figure 4). From the Lorraine plateau west
of the Vosges to Wiirttemberg east of the Black For-
est, no shortening, extension or vertical relative dis-
placements are sufficiently significant. A few regions
exhibit a clear although low deformation. Among
them, we note N-S to NW-SE shortening south of the
URG, in the area between the Alpine and Jura fronts
in Switzerland. This result is confirmed by the study
by Masson et al. [2019] and the regional analysis in
Jura conducted by Rabin et al. [2018]. Thanks to the
decrease of the uncertainties of the vertical GNSS
velocities over time, recent geodetic studies show the
uplift in the Alps [Nocquet et al., 2016, Masson et al.,
2019], and Rabin et al. [2018] underline the progres-
sive increase of uplift from the external range of Jura
toward the Alps (Figure 1). The most significant active
structure is in Germany, slightly outside our study
area, where the vertical motion related to the Eifel
volcanic massif (Figure 4), proposed by Henrion et al.
[2020] is clearly evidenced by Kreemer et al. [2020].
Once corrected for glacial isostatic adjustment, a
~1 mm/yr uplift associated with local extension sur-
rounded by radial shortening suggest the dynamic
role of the mantle uplifting below the volcanic region.

At the scale of the whole region under study,
the amplitude of surface velocities remains generally
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lower than 0.2-0.3 mm/yr. Therefore, even if the un-
certainties of the linear velocities deduced from ge-
odetic measurements are decreasing with time, it re-
mains difficult to clearly identify distinct tectonic re-
gions from the velocity or strain rate field.

3. Overall distribution of seismicity in NE
France

Northeastern France and its surrounding areas en-
compass distinct tectonic and geological domains.
The earthquakes over the 1962-2020 period (Fig-
ure 2) are not distributed homogeneously over the
whole region but are concentrated in the four sub-
regions: the Jura, the URG, the Vosges and region
at north including Artois, Brabant, Ardennes and
Eifel (Figure 1). Although they affect all of these sub-
regions, only a few large earthquakes (i.e., magnitude
above 4.0) occurred during the instrumental period.
The large majority of the events are crustal (depth
<10 km). We note that during the period of the in-
strumental catalogue the station network is not ho-
mogeneous in the considered region, especially in
northern France (above the latitude N49°), which ex-
plains the small number of low-magnitude events
(Figure 2). The Gutenberg-Richter relation shows
that the b-value of the whole catalogue is 1.22 (Fig-
ure 3d). The space-time analysis of the seismicity and
its characteristics are discussed below.

We add to this analysis the results of both the in-
version of stress tensor carried out for each of the
sub-regions and the determination of the axis direc-
tions of the main strain rates (Figure 5). One of the
main results of the stress tensor inversion is the ho-
mogeneity of a strike-slip stress regime for the whole
region, except in Ardennes where the stress regime is
compressional.

4. Northern Jura

We focus here on the External Range and the High
Range of the Jura chain (Figure 1). Located at the
northern border of the Alps chain (Figure 6), the
Jura chain is considered as the youngest orogen of
the Alps, with the northwestward propagation of
the thrust front toward the foreland [Becker, 2000,
Sue and Schmid, 2017]. The region has been af-
fected by several stages of deformation, including the
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Figure 6. Seismic activity in the region of Jura (see location on Figure 1). The tectonic structures are from

Rabin et al. [2018]. {.P: fault of Pontarlier.

Oligocene extension with the formation of the Ceno-
zoic ~N-S-trending Rhine and Bresse grabens fol-
lowed by the N-S to NE-SW-trending shortening Late
Miocene [Becker, 2000, Dezes et al., 2004]. The Jura
belt forms an arc, with a series of thrusts and folds
with a bending orientation, from N-S in its southern
part (South Jura) where it merges with the subalpine
belt, to WSW-ENE in the northern part, in the region
of Basel (Figure 6). The Neogene Jura chain is sepa-
rated from the Alps by the Molasse Basin, and cor-
responds at north to a cover of Mesozoic and Ceno-
zoic deformed sediments detached from a Palaeozoic
basement by a basal décollement of Triassic evapor-
ites. The Quaternary phase of deformation is associ-
ated with the northern propagation of the Jura front,
with neotectonic evidences of deformation on the
northernmost thrusts [Madritsch et al., 2010, Niviére
et al.,, 2006, Niviere and Winter, 2000]. However,
the style of deformation remains more ambiguous.
The low strain rates over the Plio-Pleistocene and at
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present [Giamboni et al., 2004, Madritsch et al., 2010],
together with the low level of seismicity in the ex-
ternal part of the chain, have not yet helped to bet-
ter characterize the recent tectonic deformation style
controlling the evolution of the orogenic wedge [Ra-
bin et al.,, 2018]. The debate concerns the transmis-
sion of the collision-related compressional stresses
into the foreland and the control of the décollement
on the basis of this orogenic wedge. Two views are
proposed, the thin- versus thick-skinned tectonics,
differentiating by the origin of the décollement; the
former being consistent with an intra-crustal gently
dipping detachment (above the ductile—fragile tran-
sition) folding the shallow nappes, the latter invok-
ing a shortening into both the crystalline basement
and the cover due to a low-friction deep crustal de-
tachment that could be pre-existing structures in the
basement [Piffner, 1990].

In addition to a better assessment of seismic
hazard in this region regularly affected by earth-
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quakes, the various studies address questions regard-
ing the recent evolution and the tectonics processes
involved in the Jura chain front, as a typical exam-
ple of young orogen forelands [e.g., Lacombe and
Mouthereau, 2002, Rabin et al., 2018]. The numer-
ous existing reviews on the seismotectonics of the re-
gion are mainly focussed on the Swiss part of the Jura,
which is more seismically active than the French,
northern one [Houlié et al., 2018, Kastrup et al.,
2004]. We note the recent study of Rabin et al. [2018],
who combine seismic, tectonic and geodetic data to
draw the distribution of the present-day deforma-
tion for the High and External ranges of Jura (Fig-
ure 1). With the improvement of the geodetic survey
and the longer time series of GNSS measurements,
it becomes more feasible to estimate the strain field
and point out the main zones of active deformation,
in order to eventually deduce the structures accom-
modating it. Specific attention is placed on the exis-
tence of seismogenic structures within the underly-
ing basement to better understand the active tecton-
ics of the Jura frontal zones, and assess the relative
importance of the orogen-related convergence, the
deformation transfer between the Rhine and Bresse
grabens and the role of normal and strike-slip fault-
ing in the southern URG (see Section 5).

The region has been regularly affected by a seis-
micity in both historical and instrumental times.
Over the instrumental time, we determine a b-value
of 1.24 (Supplementary Figure 7a), larger than the
one (0.93) from the previous study of Rabin et al.
[2018]. The difference of 0.3 between both values
can be due to the use of ML and M,, as underlined
by Hinzen et al. [2021] for the North Rhine Region.
The seismicity is spatially distributed over the whole
region with small areas of more concentrated seis-
mic events, without a clear identification of the ac-
tive faults (Figure 6). A striking feature of the earth-
quake distribution is the consistency between the
historical and the instrumental data sets, since the
same active zones are affected by moderate and small
events over both time periods (Figure 6). Whereas
the area south of the Molasse Basin concentrates a
higher number of events with many moderate events
in the last decades [e.g., Thouvenot et al., 1998, Kas-
trup et al., 2004], most of the seismic activity in the
northern part is mainly located within the External
Range. A denser concentration of events occurs in the
region of Mulhouse, where the tectonic structures of
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the URG interact with the Jura front [Giamboni et al.,
2004, Ustaszewski and Schmid, 2007]. In other parts
of the region, the epicenters tend to concentrate at
the vicinity of the Jura fronts, without clearly under-
lying the geometry of the thrusts or the major strike-
slip faults known to be active in recent times, such as
the Pontarlier fault (Figure 6). In the region, among
54 earthquakes with magnitudes ranging between 1.1
and 5.3 of 47 fault planes indicate a stable stress ten-
sor with aN141° E-trending o, and a N051° E-striking
o3 and an R factor of 0.58 0.1 (Figure 5), consistent
with the results of Rabin et al. [2018], though most fo-
cal solutions show strike-slip faulting, with very few
thrust mechanisms.

Even if the event depth is poorly constrained, the
seismicity located south of the Molasse Basin is char-
acterized by the occurrence of deep events (>20 km
in depth), that are rare in the High Range and al-
most absent in the External Range of Jura. This deep-
ening of the seismicity toward the Internal Range
is consistent with the observations of Lacombe and
Mouthereau [2002], who suggested that the seismic-
ity occurring throughout the entire crust is an indica-
tion of the involvement of the basement in the short-
ening. High fluid pressures are invoked to explain the
occurrence of events below the ductile—fragile tran-
sition [Deichmann, 1992]. The spatial distribution of
stations, particularly in the southwest of the area un-
der study, prevents the reliable determination of nu-
merous focal mechanisms from the distribution of
the first polarities, which partly explains their lower
number in the region of Lons Le Saunier in addi-
tion to a lower earthquake density (Figure 6). The
compilation of the focal mechanisms [Mazzotti et al.,
2021] for the High and the External Ranges (Figure 1)
confirms the dominance of strike-slip events along
the Jura chain, which has already been reported by
Kastrup et al. [2004] who underline the majority of
WNW-trending faults in the High Range and in the
southern part. Except for the region in the south of
the URG, the low number of events do not allow
the estimate of the stress field within the external
and high ranges separately. Some attempts have been
made by Rabin et al. [2018] revealing a quite homoge-
neous stress field for the whole region of Jura, with a
NW-SE-trending maximum horizontal compressive
stress, and a strike-slip regime.

The western part of the Jura chain has been af-
fected by the oldest event which is unclearly reported
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in the region of Lons Le Saunier (South Jura) in 1155
with an intensity VII. Two other notable events are
dated in 1848 northeast of Lons Le Saunier (V-VI).
This part of the front is associated with a network of
faults, the Faisceaux Jura, exhibiting Oligocene mi-
nor normal faulting related to the Bresse graben for-
mation and reactivated later in the upper Miocene
to early lower Pliocene [Chauve et al., 1988, Fig-
ure 6]. The distinct rupture types, including one re-
verse mechanism rarely observed over the whole re-
gion suggest the complexity of the tectonics in this
area where the transfer zone from the Bresse to Rhine
graben and the Jura interact.

The earthquake distribution shows a concentra-
tion of events along the frontal zones of the Jura chain
and the associated nearby tectonic structures (Fig-
ure 6). In the region of Besangon, the two succes-
sive NE-SW-trending thrusts concentrate as many
seismic events such as within the diffuse network of
N-S- to NNE-SSW-trending faults identified nearby.
North of Besangcon we identify a group of small-
magnitude events concentrated in this network of
faults over the whole instrumental period at the epi-
central location of the three shocks reported in 1955,
~35 km north of Besancon (intensities: VI, VI and
IV=V). Further investigations on the mechanisms of
these events should be done to verify whether this
activity can be seen as the reactivation of Paleao-
gene normal faults associated with the Rhine-Bresse
Transform Zone into transpressional active motion,
as suggested by Madritsch et al. [2009] and by the ge-
odetic analysis of Rabin et al. [2018]. Conversely, the
epicentral zone of two main events of intensity VI and
VII felt by the population near the city of Besancon
(Doubs, city of Thise) at the end of October 1828 sug-
gests the activity of the thrusts. This is also the case
for the largest earthquake of the region, known as
the Roulans event of 23 February 2004 with a My,
estimated to 4.4 (maximum intensity VI, also called
the Baumes-Les-Dames or Rigney event). Located at
the frontal zone of Jura, this event was characterized
by the absence of aftershocks and a focal mecha-
nism consistent with a strike-slip motion (left-lateral
component on the SW-NE-trending fault plane) with
a slight reverse component. The region east of the
Roulans event (E006.6-E007°) is characterized by nu-
merous earthquakes occurring at shallow and inter-
mediate depth and at the location of the historical
event reported in 1883 (intensity V). This seismicity
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is low but regular over time with some picks of activ-
ity lasting for one or for a couple of days, such as the
sequence of 19 earthquakes on 11 March 2019 with a
magnitude ranging from 1.7 to 2.3.

The geodetic measurements have been motivated
to detect the ongoing active collision on the Jura
[Jouanne et al., 1995, Walpersdorf et al., 2006, Dela-
cou et al., 2008, Nocquet et al., 2016, Rabin et al.,
2018, Houlié et al., 2018]. Due to the low strain rate
of the region, the quantification of the surface move-
ments remains complex since they are of the same or-
der as the uncertainties over the short term, but also
over the long term. Evidence of Quaternary deforma-
tion has been identified by neotectonic studies across
the northernmost thrusts of the Jura in the Exter-
nal Range [e.g., Niviere and Winter, 2000, Giamboni
et al.,, 2004, Niviere et al., 2006, Ustaszewski and
Schmid, 2006, 2007, Madritsch et al., 2010], which
seems to be underlined by the current seismicity
(Figure 6).

5. Upper-Rhine Graben

The Upper-Rhine Graben is a ~N-S trending
sedimentary basin that was initiated during the
Oligocene. Subsidence and synrift sedimentation
started in Eocene. The reflection profiles ECORS
DEKORP [Brun and Gutscher, 1992] gave an image
of the crust and the upper mantle in the region. Two
lines have been acquired across the URG and have
revealed the doming of the Moho below the URG,
the asymmetry of its structure, consistent with a
normal shear zone cross-cutting the lower crust and
the Moho at depth, and the variations of thickness
of the Tertiary synrift sedimentary deposits within
the basin. The asymmetric rifting is controlled by
larger fault displacements, leading in particular to
deeper Neogene and Quaternary formations in the
eastern flank [Brun and Gutscher, 1992, Illies, 1981].
Fault zones form north-south trending steep and
composite scarps bounding the eastern and western
flank of the northern URG (Figure 7). Faults appear
as a geomorphic lineament structure that separates
a higher plateau of basement Hercynian rocks (Black
Forest and Vosges Mountains) from lower levels of
alluvial fans and fluvial Rhine units in the graben.
Early mapping of faults in the basin has been done
from seismic reflection and hydrocarbon exploration
profiles [e.g., Illies, 1981, Behrmann et al., 2003].
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A few studies have focussed explicitly on Neogene
and Quaternary fault movement [Haimberger et al.,
2005, Meghraoui et al., 2001, Lemeille et al., 1999].
Later, the likelihood of late Pleistocene and Holocene
earthquake activity in the region has increasingly
being investigated [Kervyn et al., 2002, Ferry et al.,
2005, Peters et al., 2005, Niviere et al., 2008, Baize
etal, 2013].

Due to the high density of stations of the French
monitoring in Alsace plain and surroundings, par-
ticularly in recent years (see Section 2.2.2), the in-
strumental seismicity accounts for more than 5000
events over the whole region, with a magnitude rang-
ing from 1.1 to 4.1, and a completeness magnitude
from ~2.5 at the beginning of the catalogue (60’s)
down to 1.3 in recent years. We calculated a b-value
of 1.38 for the whole URG (Supplementary Figure 7b),
which is higher than the range calculated from ML
magnitudes for the central, southern of northern
URG (0.92, 1.42 and 1.06, respectively) by Barth et al.
[2015], who also take the historic seismicity, i.e. large
events, in their analysis. We note that the large in-
tensity of the felt events in the historical catalogues
may be due to the effects of the unconsolidated sedi-
mentary cover within the Alsace plain, as instrumen-
tal measurements at depth and surface showed in the
S-URG [resonance and surface amplification; Tram-
pertetal., 1993].

The instrumental and historical seismicity in the
URG region, and the spatial distribution of the earth-
quakes reveal two striking features (Figure 7). First,
the large majority of the epicenters from both cata-
logues are primarily concentrated within the graben,
where most of the hypocenters are in the first 10 km
below the surface. In comparison, and for the time-
window under analysis, the margins of the graben
appear more quiet, except for the southeastern mar-
gin of the URG, the southeastern Black Forest (BF),
where a constant seismicity is recorded, with events
ofhigher magnitude and/or intensity (i.e., larger than
M,y 4). Second, we observe a difference of earthquake
concentration between the southern URG (S-URG)
with a higher density of recent micro-seismicity and
the northern URG (N-URG) with areas almost devoid
of events over the last 60 years (Figure 7). Figure 8
illustrates this difference in terms of both density of
events and cumulative seismic moment. The lack of
large earthquakes in the N-URG with respect to the
S-URG is underlined by the distinct b values of 1.33
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and 1.52 for the S-URG and the N-URG, respectively
(Supplementary Figure 7c, d).

5.1. Southern Upper-Rhine Graben (S-URG)

The regional seismic activity necessarily includes the
largest event of the region which occurred in Basel
in 18 October 1356, with Iy« of IX-X (Figure 7b).
This event has been preceded by other shocks of
large intensity (>VIII MKS), such as in 1021 (12 May;
Imax = IX; Basel-Mulhouse), 1346 (24 November,
Imax = IX; Basel), and a subsequent event in 1531 (26
January; Imax = VIII; Basel-Mulhouse), which have
been documented by Perrey [1844], Sieberg [1940]
and Rothé and Schneider [1968]. With effects felt up
to a distance of 120 km distance, the serious dam-
age due to the 1356 event was reported in many cas-
tles and churches up to 50 km in the epicentral area
[Meghraoui et al., 2001, Fih et al., 2009], although re-
vised analyses tend to refocus the damaged area in
the vicinity of the town of Basel [Lambert et al., 2005].
Various methodologies (archeology, history, paleo-
seismology and modeling of seismic intensities, re-
fer to Fah et al., 2009) have been applied to study this
large and damaging event, mainly to determine its lo-
cation and the dimensions of the seismogenic fault,
and eventually estimate the seismic hazard within
the intraplate domain of western Europe. In case of
the 1356 earthquake, several sources can be invoked:
normal or strike-slip slip on a normal fault asso-
ciated with the URG, slip along the detachment of
the northern Jura Front or the reactivation of an an-
cient fault in the basement [Ustaszewski and Schmid,
2007]. Whereas Meyer et al. [1994] proposed the re-
activation of a basement fault using analyses of topo-
graphic data, satellite and aerial images, Meghraoui
et al. [2001] identified the surface expression of
an active NNE-trending normal fault (Basel-Reinach
fault) south of the town from geomorphic features,
drainage pattern and paleoseismic trenching. In ad-
dition, Ferry et al. [2005] evidenced ruptures affect-
ing late Pleistocene and Holocene deposits from pa-
leoseismic investigations in trenches and dating, sug-
gesting episodic intraplate earthquake activity with
a relatively long return period (>2500 years). Sev-
eral magnitude values have been proposed, from M,,
6.5 to 7.1 [Mayer-Rosa and Cadiot, 1979, Meghraoui
et al,, 2001, F&h et al., 2009]. Several events of maxi-
mum intensity of VI to VII supposed to be located in
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Figure 7. Seismic activity in the region of the URG (see location on Figure 1). LI-V. ff.: Lalaye-Vittel fault.
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the same area are reported in the historical catalogue
(1428, 1559, 1610, 1650).

The Figures 7(b) and 8(a) show that the region of
Basel concentrates the largest number of recent in-
strumental events. This is mainly due to the seismic
sequence that started in December 2006 and which
was induced by the fluid injection 5 km below the
town of Basel [Deichmann et al., 2014]. In local cat-
alogues, more than 13,000 events have been detected
with the local network during the phase of stimula-
tion for the geothermal reservoir enhancement but
also over the next six years [Kraft and Deichmann,
2014]. Except for the main shock which reached a M,
of 3.0 and a couple of aftershocks within this specific
sequence, only one event located here has a magni-
tude My, above 3.0 (21 June 2004; M,, = 3.1).

However, two neighboring regions have been af-
fected by M,, > 3.0 earthquakes: the region of Mul-
house with the occurrence of the sequence of Sier-
entz [Rouland et al., 1983] and the southwestern cor-
ner of the Black Forest, northeast of Basel. The Sier-
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entz sequence has been studied through a local tem-
porary network deployed a couple of hours after the
main shock occurred (Myy = 4.8, Imax = VII, Figure 7b)
on 15 July 1980 at a depth of ~13.5 km [Rouland et al.,
1983]. Except for an event of magnitude My, = 2.5
which occurred six months earlier, the area was not
particularly seismically active before the sequence in
comparison to the region bordering the Black Forest.
The large measured intensity has been interpreted as
the effect of the thickness of the sedimentary layer in
this region of the basin [Rouland et al., 1983].

A catalogue of focal mechanisms has been built
from this experiment, and later completed by a
new set presented in Maury et al. [2013]. The main
event showed a strike-slip mechanism with subverti-
cal planes, as most of the aftershocks do [Figure 7a;
Rouland et al., 1983, Bonjer, 1997]. Many tectonic
structures have been identified in the region called
Sundgau (Figure 7b), South of Mulhouse, where the
horst of Mulhouse “splits” the southern end of the
URG into two Quaternary grabens of Dannemarie
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(Db) and Sierentz (Sb, also called Allschwil Basin),
to the west and east, respectively [Niviere and Win-
ter, 2000]. Figure 8 shows that this latter graben con-
centrates the higher density of earthquakes and the
locus of the largest cumulative seismic moment of
the whole URG region. The shallow and intermedi-
ate seismicity located in the area during the 1980 se-
quence of Sierentz or over the whole period of the
Si-Hex catalogue could reflect the activity, or reacti-
vation, of these faults, in particular the NNW-SSE-
trending Sierentz fault (Sf) bounding at East the Mul-
house horst (Figure 7b). We note in contrast the cur-
rent quiescence of the area corresponding to the
hanging wall block of the Illfurth fault (If) bounding
at East the Mulhouse horst [Mh, Ford et al., 2007].
However, a deeper analysis of the seismicity is re-
quired to attribute this seismicity to specific active
faults, since contrasts of seismic velocities from lo-
cal tomography together with analysis of seismic pro-
files and gravimetry evidenced as well NNE-SSW-
trending faults in the upper basement and the sed-
imentary cover [Lopes Cardozo et al., 2005]. Using
62 focal mechanisms of earthquakes with magnitude
ranging between 1.7 and 4.8, the stress analysis indi-
cates a strike-slip regime, with o; trending N147° E
and o3 striking N057° E with an R factor of 0.45+ 0.1,
consistent with other stress inversions obtained for
the region [Figure 5, Plenefisch and Bonjer, 1997,
Kastrup et al., 2004].

The current stress regime and its variations on
space and at depth in this area are still debated [De-
louis et al., 1993, Plenefisch and Bonjer, 1997, Maury
et al., 2013, Kastrup et al., 2004, Rabin et al., 2018,
see Discussion]. In the region of Mulhouse, several
historical events have been recorded, including the
event of Imax = VII in 1372, and micro-seismicity
is regularly located (Figure 7b, c). An anthropogenic
origin of the instrumental earthquakes might be sup-
posed, due to the underground activity of the Mines
de Potasse d’Alsace (depth ~500 m). Recent mea-
surements of SAR interferometry detected localized
zones of subsidence over the mining concessions,
with high amplitude (>8 cm/yr) during the period of
exploitation up to 2002, and over the post-mining pe-
riod as well with decreasing velocity rates, currently
lower than 5 mm/yr [Modeste et al., 2021]. Specific
localized signals could be associated with the reacti-
vation of small faults within the Potassic Basin, such
as in Staffelfelden (Figure 7b).
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In the south of the Black Forest, hypocenters occur
deeper (~20 km) than in the S-URG, suggesting seis-
mogenic structures within the basement, even in the
lower crust, as proposed by Bonjer [1997] using struc-
tural data from seismic reflection profiles. The histor-
ical seismicity also shows a concentration of known
shocks in this region with intensity remaining below
VL. Further north, the central part of the Black Forest
(latitude ~N48°) is regularly affected by earthquakes.
Over the historical period only one event exceeded
the Inmax = VI in 1523, whereas the Waldkirch earth-
quake (5 December 2004; M,, = 4.4) is the largest re-
cent event of the whole URG region. At the same lo-
cation as the 1979 event (7 January, My, = 3.1), this
moderate event has been also followed by a sequence
of aftershocks reported by Hige and Joswig [2009],
who showed from the hypocenter’s alignment at a
depth of ~11 km, a WNW-ESE direction, consistent
with the direction of the nodal plane of the focal
mechanisms (Figure 7a) and of the Late-Cretaceous
faults and dykes present in the Massif of the Black
Forest.

West of the Black Forest, the earthquake distribu-
tion within the S-URG is characterized by a differ-
ence of concentration along the western and east-
ern margins of the S-URG. The events included in the
instrumental catalogue concentrate along its east-
ern border faults (Figure 7a). Conversely, at this lati-
tude of the graben (N47.6 to N48°), the historical cat-
alogue reports more events along the western bor-
der of the S-URG, at the border with the Vosges, with
events of low intensity except for the event of inten-
sity VII in 1363 (Figure 7c). The western margin is
structured by a system of two large faults (Figure 7a),
the Rhine and Vosges faults (Rf, V) associated with
the formation of the S-URG, and affected by vari-
ous stress regimes since then, with a still debated
transpressional period during the uplift of the Vos-
ges Massif [e.g., Rotstein et al., 2005, Lopes Cardozo
and Behrmann, 2006, Rotstein and Schaming, 2008].
Their current activity remains unclear, even if a re-
cent activity can be observed along a few seismic re-
flection profiles [Rotstein and Schaming, 2008], in-
cluding in the southwestern region, where the west-
ern border of the S-URG reorients along the NE-SW
direction.

The recent geodetic strain rate field and vertical
velocity field do not allow us to localize a zone of
active deformation, for either the western or eastern
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border of the S-URG [Henrion et al., 2020; Figure 4],
and no active subsidence is clearly evidenced today,
unlike over the Quaternary with the large thickness of
sediments in the URG [Illies, 1981]. Quaternary tec-
tonic activity appears clearer for the eastern border
of the S-URG, although several faults are potentially
responsible for the intense seismic activity, charac-
terized by the lack of large events in the instrumental
time (M, < 2.8 in the region in the URG from Mul-
house up north for ~50 km). The largest structure
corresponds to the BF fault forming a topographic
slope along which the basement of the BF Massif is
outcropping. However, geomorphological and geo-
physical investigations suggest that the current tec-
tonic activity is concentrated further west, along the
Rhine River fault within the plain of the S-URG [Fig-
ure 7b, Niviere et al., 2008, Thomas et al., 2017]. Both
of these faults are associated with (vertical) offsets
in the leveling lines measured from 1922, although
a part of the deformation could correspond to lo-
cal effect due to the mining subsidence [Fuhrmann
et al., 2013]. The Rhine River fault draws particular
attention due to the proximity of the recently shut
down Fessenheim nuclear power plant, and the es-
timate of its seismogenic behavior is of great impor-
tance with regard to the seismic hazard of the re-
gion [Jomard et al., 2017, Chartier et al., 2017]. Sev-
eral historical earthquakes which have been related
to the Miocene volcanic Kaiserstuhl complex, west of
Freiburg, could be attributed to the Rhine River fault.
Among them, Fracassi et al. [2005] reported the se-
quence of 1926 (June, Ijax = VII) including pre- and
aftershocks, and a collection of events with intensity
VI-VII (1523, 1823, 1899).

Between Colmar and Strasbourg, the earthquake
density increases from the western to the eastern
margin of the graben, in both historical and instru-
mental catalogues. The largest event of this cen-
tral part of the URG occurred in 1728 (3 August,
Imax = VII, Lahr/Mahlberg event) along the eastern
border of the graben, among a sequence of eight
events with intensity between V and VI. The recent
seismicity shows deeper earthquakes in the eastern
side of the graben. Various types of focal mechanisms
can be observed, from normal faulting along NW-
trending planes, reverse faulting along NE-trending
fault and left-lateral strike-slip events along ~N-
S-trending planes (or right-lateral strike-slip events
along ~E-W-trending planes; Figure 7a), such as the
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largest events of the area at Rhinau in 1979 and in
2005 (My = 3.7 and 3.2, respectively; Figure 7a).

5.2. Northern Upper-Rhine Graben (N-URG)

The region of Strasbourg is particularly interesting
in light of the recent seismic sequence in 2019-2021
in the north of the city of Strasbourg. Though the
micro-seismic activity started in 2018, the first felt
event occurred on 12 November 2019 (M, = 3.0). The
subsequent sequence encompasses more than 1200
events, including the earthquakes of magnitude My,
3.6 and 3.3 felt on 4 December 2020 and 22 January
2021, respectively. Several historical events were re-
ported for the area of Strasbourg, in 1289 (I ax = VI)
and in 1897 (Imax = VI). Given that the recent se-
quence has doubtless been induced by the geother-
mal industrial activity (epicenters in close vicinity to
the wells, hypocentral depth similar to the depth of
the wells), the potential natural and human-induced
reactivation of faults with long loading periods is
of primary importance in this densely urban area.
A detailed analysis of this sequence presents the
space-time evolution of the hypocentral distribution
[Schmittbuhl et al., 2021]. Two main clusters charac-
terized this sequence: the relatively large distance be-
tween the first one and the well location, and a de-
lay between the injection tests and the onset of the
sequence. Both suggest a hydraulic diffusion along
the fault. The two main clusters are aligned along
a N-S-trending fault, consistent with the direction
of the focal planes of the mechanisms of the se-
quence [Schmittbuhl et al., 2021]. The fault activated
during this sequence was known from seismic pro-
files (http://www.geopotenziale.org), and belongs to
the network of faults vertically offsetting the reflec-
tors in the Quaternary sediments at the center of
the N-URG, leading to an estimate of low slip rates
[<1 mm/yr; e.g., Bertrand et al., 2006]. We note as
well that two 1935 earthquakes (Imax = VI and VII) lo-
cated on the eastern margin of the URG, in the Black
Forest, have been relocated by Fracassi et al. [2005]
to the region of Offenburg, at the center of the N-
URG, where other indicators of Quaternary fault ac-
tivity have been identified (Figure 7b).

Further north, seismic clusters at the center of
the URG can also be attributed to the geothermal
industries, around Soultz-sous-Foréts in France and
Landau in Germany (Figure 7b). However, we note
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that most of the events have been discriminated, and
most of the earthquakes located in this area of the N-
URG, are attributed to either the eastern or western
border faults.

In 1933 the Rastatt/Seltz event (Imax = VII) oc-
curred south of Karlsruhe, along the eastern border
fault of the N-URG, where several historical events
have been located and follow this latter fault (the se-
quence of 13 events in 1737 Ipnax = V to VII; 1871
Imax = Vi 1763 Imax = VI; 1903 Imax = VI-VIL; two
events in 1948 Inax = V and VII; Figure 7b).

On the western border of the N-URG, near the
area affected by the 1763 event (I;max = VI), the earth-
quake sequence of 1952 shows a southern migra-
tion of the macroseismic area, with an initiation
on 2 February (Ima = VII, MKS, ML = 5.2) in the
northern area near Mannheim in Germany, a sec-
ond shock on 29 September (I = VII) with maxi-
mum damage between Landau and Wissembourg in
France, and a third shock on 08 October (Ijaw = VIII)
with maximum damage between Wissembourg and
Haguenau in France (Figure 7b). The detailed dam-
age investigations, isoseismal shape and inferred
epicentral location lead to a shallow hypocentral
depth (<8 km). Located along the graben’s west-
ern shoulder, this seismic sequence also follows the
~110-km-long Riedseltz-Worms fault zone belong-
ing to the late Pleistocene structures visible in seis-
mic profiles and tectonic features mapped by II-
lies [1981]. Exposed outcrops of faulted late Qua-
ternary units (loess, <30 ka), prominent and linear
scarps on alluvial fans and geomorphic markers of
drainage control along the fault zone imply the oc-
currence of late Pleistocene and Holocene faulting.
The most recent tectonic geomorphology is docu-
mented through faulted and tilted (high angle) late
Quaternary units with triangular facets bounding the
Vosges Mountain front [Shipton et al., 2016]. Imme-
diately south of the French-German border the fault
is exposed in quarries and affects Pleistocene sands
overlain by 0 to 10 m of undifferentiated loess of
late Wurm age [<30 ka, Doebl, 1970, Bano et al.,
2002]. The fault extends further north and follows
the mountain front within the basement rocks of the
Vosges Mountains to form a prominent escarpment
in the Quaternary units of the northern URG un-
til Mainz region [Peters et al., 2005, Peters and van
Balen, 2007, Shipton et al., 2016]. Although made of
moderate earthquakes, the 1952 seismic sequence
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shows the potential for My, 6.5-7 earthquake in the
northern URG [Shipton et al., 2016]. To the north-
east of the URG, the thickness of the Quaternary ter-
restrial clastic sediment sequences is variable with a
maximum of 200 m [Doebl, 1970]. This limited thick-
ness of Quaternary formation along the URG testifies
to a tectonic history with an estimated low level of
uplift rate (~0.1-0.3 mm/yr) in the last Ma.

Within the N-URG, two clusters of shallow (<5 km)
earthquakes located near both geothermal plants in
Soutz-sous-Foréts and Landau underline the com-
plexity of the seismic activity in this region (Fig-
ure 7b). First, even if the discrimination between
natural and induced earthquake has been done for
the instrumental catalogue, numerous events still re-
main and further analysis should be done with more
criteria to properly flag those recognized as induced
events. Second, both regions have a background seis-
micity with deeper locations (>5 km) located at the
vicinity of known late Quaternary faults [Weidenfeller
and Zoller, 1995], where geological and geomorpho-
logical markers (triangular facets attest to recent slip,
likely related to tectonic deformation).

The historical and instrumental earthquake distri-
bution in the northern URG indicates a clear lack of
moderate to large seismic events and therefore a seis-
mic gap that may depend on the episodic behavior
of active faults in intraplate tectonic domain. Pale-
oseismic results show that return periods for earth-
quakes similar to the 1356 Basel event are of the order
of 2500 years [Ferry et al., 2005]. Considering that re-
liable historical seismic records may not date back to
more than 1000 years, it implies that other large un-
documented earthquakes in the region may be miss-
ing in the seismicity catalogue.

6. Vosges

The region of the Vosges encompasses the sand-
stone mountains in the north and the Hercynian Vos-
ges Massif located between the Parisian sedimen-
tary basin and the Cenozoic Upper-Rhine Graben
(Figure 1). To the west, in the Lorraine Plateau,
the Triassic layers lie unconformably on the Vosges
basement, when large NNE-trending normal faults
shaping the URG form the eastern boundary of the
Vosges. The Hercynian Vosges Massif is usually di-
vided into two main domains: the northern domain
(Saxothuringian zone) consisting of metamorphics
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Figure 9. (a) Historical and instrumental seismicity in the Vosges region, together with the focal mech-
anisms (see location on Figure 1). LL-V fault: Lalaye—Vittel fault. (b) Space-time evolution of the instru-

mental seismicity in the western Vosges.

and granitoids, and the southern domain (Moldanu-
bian zone) consisting of Palaeozoic sediments and
volcanic rocks affected by the Variscan orogen. The
limit between those two domains corresponds to the
Vittel fault or the Lalaye-Line (LL) right-lateral shear
zone, which is also present east of the URG shifted by
30 km to the north, in the northern Black Forest (Fig-
ure 6). The crystalline massif of Black Forest forms
the eastern shoulder of the URG. In the Hercynian
Vosges, the two main tectonic structures are then the
LL shear zone and the ~NNE-trending fault of Saint
Marie aux Mines crossing the whole crystalline mas-
sif as an exhumed and inactive ductile left-lateral
shear zone (Figure 9).

The seismic activity is mainly concentrated at the
western edge of the crystalline massif (Figure 9). Sev-
eral sequences have affected this area, with events of
intensity and/or magnitude significant with respect
to the Metropolitan seismicity (i.e., intensity above
VII and M,y above 4.0). Despite the lack of clear ev-
idence of active deformation on the surface, both the
historical and the instrumental seismic catalogues
show that this area remains over time a seismogenic
zone associated with a moderate seismic hazard. All
the epicenters are concentrated within a 100 km long
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and NNE-trending band more or less parallel to the
NE-trending LL shear zone (Figure 9b). Two specific
main zones are identified: one located near the town
of Remiremont in the south, and one near Rambervil-
liers in the north (Figure 9a). These sequences do not
share similar characteristics in the evolution of the
seismicity, such as the duration of the sequence and
the space-time distribution of the events. Regarding
the southern zone, the largest event of the historical
catalogue occurred in 1682 near Luxeuil-les-Bains,
with an intensity of VIII. This earthquake, felt up to
400 km away, including Paris, has marked the popu-
lation by the damage and the state of panic that it in-
duced. Although little information is available, a sim-
ilar event of the same intensity has been reported in
the same area in 849, and a smaller one in 1735 (in-
tensity V).

The instrumental time encompasses a significant
number of moderate earthquakes, as shown by an in-
termediate b-value of 1.22 for the whole catalogue
(Supplementary Figure 7e). A seismic sequence was
located near Remiremont in 1984-1985 and lasted
at least three months. After the occurrence of sev-
eral aftershocks at the beginning of December 1984,
the major event reached a magnitude of M,, = 4.1
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(ML = 4.8) on December 29, 1984. The second part
of the sequence has been monitored with the deploy-
ment of a temporary dense network [Haessler and
Hoang-Trong, 1988]. This allowed the estimate of the
focal depths between 6 and 8 km with a small uncer-
tainty (500 m), and the precise mapping of the spatial
distribution of the earthquakes along a 3 km long and
~N-S-trending band, in agreement with the vertical
plane of the focal mechanisms showing a left-lateral
slip (Figure 9a). Further investigations revealed lat-
eral migration of the seismicity along this plane dur-
ing the sequence [Plantet and Cansi, 1988].

Regarding the northern zone, the “sequence of
Epinal” in 1973 corresponds to a series of ~20 shocks
occurring over the whole year, with magnitudes rang-
ing from 1.7 to 3.8 (22 February 1973), a few shocks
in the two following years (My 3.3 in 12 November
1974) and a small sequence of ~15 events in March
1981, with magnitude ranging from 1.9 to 2.8. A sim-
ilar sequence occurred only 5 km south of the area
activated in 2003 in Rambervilliers with the occur-
rence of the major shock (22 February 2003) with a
M,, = 4.9, being the largest earthquake recorded in
the region during the whole instrumental time. The
effects of this event have been felt up to 300 km, and
damage has been reported in the region [Cara et al.,
2005]. This large event was located at a depth of ~12
km, and was followed by a sequence of aftershocks
migrating toward the surface with focal mechanisms
more or less consistent with the main shock, corre-
sponding to normal faulting on a N315° E-trending
and 45° N-dipping plane and a subsequent swarm
[Got et al., 2011]. Many focal mechanisms have been
computed from the immediate sequence of after-
shocks using a temporary seismic network deployed
after the main shock. Since then, seismic activity has
been recorded in the same area till 2011, with a large
number of events in the Si-HEX catalogue (up to 240
events for the year 2009).

The seismicity located at the western edge of the
Vosges occurs through sequences limited in time and
remains spatially concentrated at the location of the
outcropping contact of the sedimentary cover and
the Hercynian Massif. The 22 focal mechanism so-
lutions are consistent with a strike-slip stress tensor
with 0 trending N156° E and a o3 striking N066° E,
with an R factor of 0.81 (Figure 5). The focal mech-
anisms for the main shock of each sequence are
consistent with the regional stress tensor [Haessler
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and Hoang-Trong, 1988, Plenefisch and Bonjer, 1997,
Got et al., 2011]. The migration of earthquakes dur-
ing both the Remiremont and Rambervilliers se-
quences, but also over the whole 1964-1999 period
[Audin et al., 2002], has been interpreted as the in-
volvement of fluids, probably coming from the sedi-
mentary cover, into the pre-fractured basement. The
sporadic seismic activity has also been interpreted
as due to the existence of barriers, due to mineral
crystallization into the dense network of fractures
dilated by fluids, as confirmed by the presence of a
high conductivity anomaly evidenced by electrical
resistivity measurements [Bourlange et al., 2012].
The main shocks induce the breaking of these bar-
riers, which allows fluid migration along the pres-
sure gradient through diffusion processes. Using the
measured rate of the seismicity migration, an esti-
mate of the permeability value of the fault zone has
been proposed for the region (10713, 10716 m2; Audin
et al., 2002] consistent with other observations of
earthquake migration induced by fluids, such as at
geothermal sites [Shapiro, 2000, Shapiro et al., 1999,
Audigane et al., 2002].

7. Artois—-Brabant-Hainaut-Ardennes

In this section we consider the broad area including
the northern Paris Basin, the Artois, the Brabant Mas-
sif, the Ardennes Massif and the region of Maastricht.
This zone can be divided into two major geological
zones, the northern and eastern parts of the Paris
Basin with extremely low seismicity and its northern
peripheral regions (Ardennes, Brabant Massif, Artois)
where seismicity is moderate but not negligible (Fig-
ure 10). The study of the seismicity of this region re-
quires an interest in Belgian seismicity, part of which
takes place close to the French border. As mentioned
in the Data section, we complemented our data set
with the historical and instrumental catalogues of
the Royal Observatory of Belgium (www.seismologie.
be). We note that most of the catalogue has been
built from the French seismic monitoring network
explaining the low number of low-magnitude seis-
micity revealed by the low b-value (1.06) for the
whole area (Supplementary Figure 7f). Despite be-
ing the locus of one of the major earthquakes which
occurred in western Europe (June 20, 1995 M,, = 4.1
epicenter at Roeulx and April 13, 1992 My, = 5.3 epi-
center at Roermond in the Netherlands, also called
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Figure 10. Seismic activity in the region of Northern France and Belgium (see location on Figure 1).
The tectonic structures are from de Béthune and Bouckaert [1968], Camelbeeck et al. [2007] and Garcia-

Moreno et al. [2015].

Maastricht event), we do not focus on the eastern
part of the Ardennes Massif, the Roer Graben and
the Lower-Rhine Embayement, which are relatively
far from Northeastern France, and for which specific
seismologic, tectonic and geodetic studies have been
made [e.g., Ahorner, 1975, 1985, 1996, Camelbeeck
and Meghraoui, 1998, Meghraoui et al., 2000, Reamer
and Hinzen, 2004, Hinzen and Reamer, 2007, Camel-
beeck et al.,, 2007, Alexandre et al., 2008, Lecocq,
2011, Hinzen et al., 2021].

The seismicity in the Eifel province remains low,
diffuse, and characterized by low-magnitude events
[Ahorner, 1983]. This point should be mentioned in
light of the recent results of surface deformation in
this area, which is consistent with a dynamic uprise
of the deep mantle below the volcanic field [Kreemer
et al., 2020, Ritter et al., 2001, Dahm et al., 2020].
Using the local seismic network of the University of
Cologne and relocation process, Hinzen et al. [2021]
show that whereas seismicity is lacking where the
surface uplift is the largest (~1 mm/yr), clusters of
seismicity concentrate where gradients of vertical
movements are measured. Peculiar events such as
deep low frequency earthquakes have been identi-
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fied and located from 10 to 40 km of depth revealing
vertical paths of ascending magma [Hensch et al,,
2019].

North of the Western Ardennes, the seismic ac-
tivity in the province of Hainaut is mainly concen-
trated within the east-west-trending, 12 km wide
Mons Basin, delimited to the south by the Midi fault.
It consists of an accumulation of 300 m of thick Meso-
Cenozoic sediments. Since 1900, several earthquakes
have caused damage in this region, such as the ones
that occurred on June 3, 1911 (I = V), and on April 3,
1949 in Havré (I = VII). A series of three events oc-
curred in the three consecutive years 1965 (M,, 4.34),
1966 [M,y 4.6; Delouis et al., 1993], and 1967 [M,, 4.6;
intensity VII; Camelbeeck et al., 2014]. Overall, the
seismicity from 1965 to 1971 forms a sequence along
the axis of the Mons Basin, dominated by strike-
slip mechanisms. These events that take place in the
coal mining areas are characterized by shallow fo-
cal depths (<2 km), suggesting their anthropogenic
origin due to the mine exploitation at depth. The seis-
mic activity in this region is attested since 1887, after
the beginning of large-scale mining operations. Min-
ing activity stopped around 1970. The last sequence



174 Cécile Doubre et al.

is concomitant with the end of mining, and only a
few events were recorded afterward, such as the 1976
event (24 October, M,y = 3.5 Ihax VI) whose shal-
low focal depth (2 km) also suggests a mining origin
(Figure 10). However the Roeulx 1995 earthquake (20
June 20, M,y 3.4; M14.5) islocated slightly north of the
Mons Basin and differs from the previous sequence
since its hypocentral depth is of ~25 km and its fo-
cal mechanism corresponds to a reverse fault. Among
20 focal mechanisms the stress inversion includes 19
fault planes and obtains a o; trending N115° E and a
0, striking N025° E, with an R factor of 0.25 (Figure 5).
The stress tensor illustrates the WNW-ESE compres-
sion crustal deformation in agreement with the tec-
tonic background of the Ardennes Massif. The only
recent activity to be noted are the few earthquakes
in the region situated south of the Midi fault be-
tween 1992 and 2010 (Figure 10). With a magnitude
M,, ranging from 1.5 to 3.2, they are located in a re-
gion that has seen the impoundment of water by sev-
eral dams over this period, but they are not located
exactly under the lakes. The link between seismicity
and dams, though it can be considered, has not been
demonstrated.

The Brabant Massif located at the north of the
Hainaut province (Figure 10), is affected by low seis-
micity. However, the earthquake of 1828 (23 Febru-
ary) is one of the largest events in this intraplate re-
gion (Ipmax = VI to VII). The damage was significant
and the effects were felt up to 100 km away, with spa-
tial variations related to the role of the sedimentary
cover on the shaking taken into account when esti-
mating the parameters of the focal source from his-
torical documents [Camelbeeck et al., 2021]. More
recently, the earthquake of 11 June 1938 in Belgium
(My 5.4 Imax VII) is the most important localized
event of the twentieth century in this area. Its depth
of 20-30 km suggests that it could be linked to faults
in the basement, but not to an active structure on the
surface. Located south of Ghent on the border be-
tween Flanders and Wallonia, it is often called the Au-
denarde earthquake. This earthquake was followed
by six aftershocks coming from the same locus as the
main shock (the differences in time between the P
and S waves were the same for all the events). Two of
these aftershocks reached the magnitude M,, 4.0 and
were strongly felt in the epicentral zone.

Another sequence occurred in the Brabant Massif
between 2008 and 2010, southeast of Brussels (Fig-
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ure 10). The earthquakes were of magnitude M,, be-
tween —0.9 and 3.2 and concentrated within an area
of small dimension (<10 x 10 km?). The hypocentral
distribution (depth ranging from 5.5 to 7 km) draws
a fault surface that coincides with an ancient NW-SE
structure in the basement determined by gravimetry
[Van Noten et al., 2015]. It is likely that on this same
structure a sequence of earthquakes with magnitude
(ML) up to 4 took place in the 1950s, a sequence that
is unfortunately poorly documented due to a lack of
instrumental data.

The last notable area of study includes the Artois
region and the Channel Sea region. It is characterized
by low micro-seismic activity probably due to the rel-
atively high detection threshold of the seismic net-
work in this region, but also due to the occurrence
of large events. In the Artois region, the most sig-
nificant known event occurred in 1896 [2 June, with
an intensity VI; Manchuel et al., 2018]. It is likely
that this earthquake occurred on tectonic structures;
however, the question of the link between mining ac-
tivity in the Pas-de-Calais and this earthquake arises
in a region known to have had little seismic activ-
ity before the development of the mines. On the in-
dustrial side, Belgian and French geologists denied,
at the time, any responsibility for the occurrence of
this earthquake.

At the extreme west of the region under study,
several historical earthquakes were observed in the
Dover Strait in 1382 (I = VII-VIII), 1580 (I = VII-
VIII) and 1776 (I = VI), [Melville et al., 1996]. The
most important one, that of 6 April 1580, has a max-
imum intensity of VIII and an estimated magnitude
of My, ~ 5.8-6.0. All these earthquakes likely took
place closer to the English than the French coastlines,
probably on Variscan tectonic accidents of the North
Artois shear zone, suggesting the seismogenic poten-
tial of these faults [Melville et al., 1996, Camelbeeck
etal., 2007]. From recent analysis of bathymetric and
seismic data, Garcia-Moreno et al. [2015] identified
a broad structural zone comprising several subpar-
allel WNW-ESE trending faults and folds, an indica-
tion of possible Quaternary fault activity. They nev-
ertheless have a strong destructive potential on the
French territory, as illustrated dramatically by the de-
struction of fortifications and buildings in Calais and
Lille in 1580. This may suggest a link between these
earthquakes and sea level variations in the Channel
and the North Sea; however the effects of the end of
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the glaciation and the related strong variations in sea
level probably no longer exist at the present time.

8. Discussion

In order to investigate the seismic activity of north-
eastern France and surrounding areas and its impli-
cations for the seismic hazard assessment for the re-
gion, three main issues still need to be addressed:
(1) What are the origins of the current intraplate
earthquakes and what is the significance of the low-
magnitude seismicity? (2) Is the occurrence of a large
earthquake (with magnitude >7 on the identified ac-
tive faults) with a long recurrence interval a possible
scenario? (3) Can we consider the notion of seismic
cycle for the faults located in this low strain rate do-
main? We have shown in previous sections that the
earthquake activity in the study region is not of high
level, but that it is likely to be associated with some
seismic hazard and risk. This is to be taken into ac-
count, particularly in view of the presence of large
urban areas, industrial (chemical factories, nuclear
power plants) and other environmentally sensitive
facilities in the densely populated western Europe.

8.1. Various origins and significance of the in-
traplate seismicity

This review of the seismic activity in northeastern
France and adjacent areas points out that the seis-
micity recorded within each region mainly occurs
on or around pre-existing tectonic structures. How-
ever, the space-time evolution of the seismic activ-
ity seems to be specific to each region. The URG is
affected by a seismic activity mainly related to the
faults associated with the rift formation, either bor-
dering or located within the central graben. More
paleoseismic and tectonic constraints are necessary
both to identify the potentially active faults and to
describe their behavior and their Quaternary and
present-day history. A closer look at the seismicity
reveals that the activity in the N- and S-URG can
be characterized by a regular “background seismic-
ity” superimposed by sequences limited in space and
time. The seismicity in Jura forelands and the exter-
nal range is mainly diffuse in this wide region, with-
out the occurrence of many sequences, challenging a
clear attribution of these ruptures to individual struc-
tures such as the thrusts of the chain propagating
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northwards or the normal or strike-slip faults of the
Rhone-Rhine transfer zone. Conversely, the numer-
ous sequences occurring in the western Vosges re-
veal epicenter alignments consistent with known an-
cient structures in the crystalline massif. However
they have been primarily interpreted as the pres-
ence of fluids diffusing into a pre-fractured medium.
Therefore, with or without the involvement of fluids,
most of the background seismicity or the specific se-
quences are of tectonic origin in an intraplate con-
text, i.e. where the strain rates remain low.

However, the low level of seismic rate, the low
magnitudes, and in particular the sparsity of mod-
erate events with their related aftershock sequence
also reveal the relative importance of non-tectonic
events. Anthropogenic seismicity has been observed
in almost all the considered sub-regions of our study.
In the URG, we mentioned the seismicity induced
by the geothermal industry, in particular in the re-
gion of Basel, Strasbourg, in northern Alsace and
in southern Rhineland-Palatinate (Germany, Fig-
ure 1). Because the trigger is primarily the injection
tests at depth, this seismicity occurs mainly through
sequences of micro-events sometimes accompa-
nied with larger events. Finally, the region has also
been largely affected by mine-induced seismicity,
in the Lorraine Plateau, in Saar and Ardennes. Low-
magnitude events probably occurred as in S-URG as
well, at the location of the Mines de Potasse d’Alsace,
whereas large events and significant events have
been observed in Hainaut region. Other sources can
be mentioned, such as the filling/infilling of dams
(south of Hainaut).

This human-induced seismic activity has two im-
plications. First, the analysis of the natural seismo-
tectonics of this intraplate domain requires consid-
ering the non-negligible number of anthropogenic
seismic sources in order to better understand the ori-
gin and behavior of the tectonic-related seismicity of
the region. This implies that a solid step of discrimi-
nation has to be implemented in the building of seis-
mic catalogues. Traditionally made by hand by ana-
lysts, in the seismic monitoring observatory, this step
now benefits from the recent methodological devel-
opments that have been made using artificial intelli-
gence/machine learning, etc. Second, as shown ear-
lier, the region under study is regularly affected by
natural seismic sequences or even moderate earth-
quakes which occur on pre-existing structures, in-
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dicating that these have been loaded at a very-low
strain rate. Therefore, as suggested by the ongoing
2019-2021 crisis north of Strasbourg, the region has
a seismogenic potential and the seismic hazard in-
creases with anthropogenic activities which influ-
ences the state of aloaded seismogenic fault plane by
either changing its properties or perturbing the stress
state.

Even though the current seismic catalogues in an
intraplate domain represent rare and valuable data
sets to investigate the seismic hazard of a given re-
gion, the spatial pattern of low-magnitude earth-
quakes does not necessarily reflect past and future
activity, as underlined by Camelbeeck et al. [2007].
However, in northeastern France, the historical and
instrumental catalogues are quite consistent for most
of the sub-regions, except in the N-URG where many
historical earthquakes have been reported and very
few remarkable events are present in the instrumen-
tal catalogue (see below). All of the sub-regions are
characterized by large networks of pre-existing faults
but the knowledge of their recent activity suffers from
the lack of quantitative constraints. The current net-
work and the accuracy of the hypocentral locations
do not allow us to reduce our scale of observation and
identify fault planes from the hypocentral space dis-
tribution. However, the set of focal mechanisms indi-
cates a strike-slip dominated stress regime, quite ho-
mogeneous over the whole region, in agreement with
other stress databases [Heidbach et al., 2010, Zoback,
1992] or local inversions of focal mechanisms. The
set of associated mechanisms and tensor results data
show a predominance of o; horizontal direction
NNW-SSE to NW-SE, and strike-slip fault kinematics.
Considering the significant observed normal faulting
that limit the graben [Shipton et al., 2016], we sug-
gest that a permutation of the principal stress axes
of 1 and o, can occur. With o3 horizontal, a verti-
cal 0 (instead of 02) would favor extensional tecton-
ics in line with the Quaternary crustal deformation
observed along the URG. However, the stress tensor
for each region is obtained from focal mechanisms
of earthquakes with magnitudes between 1 < M,, < 4
that favor strike-slip fault kinematics. These results
may significantly change when earthquake magni-
tudes exceed M,, 5 where focal mechanisms and size
of earthquake ruptures provide a better representa-
tion of the crustal deformation [Jackson and White,
1989, Stein et al., 2015]. The 22 February 2003 main
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shock earthquake in Rambervilliers (M, 5.3; Vosges)
presents normal faulting mechanisms (Figure 4) in
contrast to strike-slip focal mechanisms for most of
their aftershocks. This has been also observed for the
13 April 1992 main shock earthquake in Roermond
(M,y 5.3; Lower-Rhine Graben).

As in other intraplate domains, the lack of de-
tectable surface deformation associated with the
loading of most of the pre-existing structures and
the occurrence of transient events prevent the ap-
prehending of the current seismic activity as the re-
lease of elastic strain accumulation. Our review sheds
light on a “unique” stress regime for most of the sub-
regions, although they are all characterized by dis-
tinct seismic behavior. Therefore, future investiga-
tions are necessary to better understand the signif-
icance of this background low-magnitude seismic-
ity, and more specifically the mechanisms involved in
the ruptures.

8.2. Constraints on the long-term earthquake ac-
tivity

Three recurrence models of large earthquakes may
be taken into consideration for seismogenic faults
in regions of low strain rates: (1) quasi-periodic, as
seen along fast active faults [e.g., Ambraseys, 1970,
Sieh and Williams, 1990]; (2) episodic activity with 2—
3 events separated by approximately 103 years or rel-
atively long periods of quiescence over 3 x 10° to 10*
years, as proposed for the stable continental regions
like the central United States and Australia [Copper-
smith, 1988, Crone and Luza, 1990, Crone, 1992]; (3)
Chaotic, in case the whole brittle layer is mechani-
cally strong without significant weaknesses, such that
any pre-existing fault that is well-oriented with re-
spect to the maximum horizontal stress would be
potentially seismogenic. This last model is typically
Poissonian in spatial and temporal occurrence; nev-
ertheless, considering earthquake catalogues and pa-
leoseismic results, it is highly unlikely that it applies
to the western European seismotectonics.

Recent works have shown evidence of neotec-
tonics and active faults capable of producing large
earthquakes in intraplate Europe and have addressed
the problem of coseismic surface ruptures and
their return period [Camelbeeck and Meghraoui,
1998, Lemeille et al., 1999, Meghraoui et al., 2001,
Van Noten et al., 2015, Shipton et al., 2016]. This
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problem is fundamental in two different aspects:
(1) if large earthquakes are preserved in the geologic
record, they might be retrieved by detailed paleoseis-
mic investigations, and (2) the study of active faults
with visible surface ruptures in stable continental
Europe is a significant step in the understanding of
seismotectonic processes and earthquake generation
[Stein et al., 2012]. A reappraisal of the seismic hazard
should take into account the characteristics of earth-
quake faults in these regions of continental Europe.

Instrumental and historical earthquakes in the
whole region have apparently not been large enough
to cause surface rupturing. However, in the URG, the
seismogenic layer reaches 20 km depth and observed
fault segment lengths sometimes exceed 20 km, im-
plying a moment magnitude M,, > 6.5 [Leonard,
2010]. Similarly, in the Roer Graben where the seis-
mogenic layer is ~17 km thick, dimensions (~10 km
long) and geometry of the faults derived from pale-
oseismic results would imply that moment magni-
tudes of earthquake could reach My, = 6.3 [Jackson
and White, 1989, Camelbeeck and Van Eck, 1994].
However, other fault segments along the graben may
exceed 20 km in length, and may represent a poten-
tial for a M,, 6.6 or larger earthquake [Camelbeeck
and Meghraoui, 1998].

It is mostly agreed that any late Quaternary tec-
tonic activity in the URG is controlled by pre-existing
faults in the area. Thus the study of cumulative sub-
surface deformation and related active faulting over
a longer period is critical for a better understand-
ing of the earthquake faulting and hazards. Paleo-
seismic results show that return periods for earth-
quakes similar to the 1356 Basel event (M, 6.5) are
of the order of 2500 years in the southern URG [Ferry
etal., 2005], or of the order of 10,000 years in the LRG
[Camelbeeck and Meghraoui, 1998]. Considering that
reliable historical seismic records may not date back
to more than 1000 years (if at all), this implies that
other undocumented large earthquakes in the re-
gion may be missing in the seismicity catalogue;
such large seismic events pose the problem of the
identification of earthquake faulting and their long-
term/short-term behavior.

9. Conclusion

The seismicity and seismotectonics of NE France and
neighboring regions are investigated using the seis-
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mic catalogues of France (FCAT, Si-Hex, SisFrance),
the mapped Quaternary and recently identified ac-
tive faults. Our study addresses the seismotectonic
characteristics of this intraplate domain that in-
cludes different tectonic zones such as the NW Jura,
the southern and northern URG, the Vosges Moun-
tains, and the Hainaut-Brabant-Artois regions. Mo-
ment magnitudes are considered for instrumental
earthquakes (post-1962) and intensity scale MKS for
historical earthquakes (pre-1962), providing a com-
prehensive picture of the most seismically active
zones, obtained through a detailed analysis of seis-
micity rate. The seismicity distribution indicates the
S-URG as the site of the most frequent earthquakes in
the study region.

A synthesis of previous works in neotectonics
and active tectonics and fault mapping mainly in
the URG and Ardennes Massif is undertaken, and a
stress tensor inversion of focal mechanisms is pre-
sented for each region. The stress field distribution
and fault kinematics are in agreement with the pre-
viously studied stress distribution in Europe. How-
ever, the regional analysis of focal mechanisms re-
veals an interesting distribution of focal mechanisms
and long-term crustal deformation associated with
active strike-slip and normal faults in the URG, and
thrust faults in the Ardennes Massifs. The existence
of compressive geological structures (Ardennes) near
a strike-slip/extension deformation system (URG) in
the intraplate domain illustrates the complex in-
traplate tectonic movement in western Europe. The
low seismic and geodetic strain rate obtained from
seismicity and GNSS measurements strongly indi-
cates that a proper understanding of the crustal de-
formation in these regions requires longer periods
of observations and data collection. Further inves-
tigations in the identification of active faults, pale-
oseismology along with earthquake monitoring are
needed in order to better understand the earthquake
generation in NE France.
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