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La sismotectonique du nord-est de la France et ses régions voisines

Plusieurs domaines géologiques 
• Jura

• Vosges

• Fossé rhénan

• Eifel, massif des Ardennes, massed de Brabant, Artois, canal de la Manche

Non inclus: Rhin Inférieur et Roer Graben


[Ahorner, 1975, 1985, 1996, Camelbeeck & Meghraoui, 1998, Meghraoui et al., 2000, 
Reamer & Hinzen, 2004, Hinzen & Reamer, 2007, Camelbeeck et al., 2007, Alexandre 
et al., 2008, Lecocq, 2011, Hinzen et al., 202]  

 


Synthèse sur la sismo-tectonique de la région à partir des données 
• Catalogue sismicité historique 


FCAT-17, Mensuel et al. [2018] - SisFrance, Scotti et al. [2014]: [463-1962]

Données Observatoire Belgique


• Catalogue sismicité instrumentale

SiHex [1962-2020] - Masson et al. (2021) 


Pas de relocalisations dans NE-France

Densification du réseau Resif-CLB, Ademe-Alsace, AlpArray [2016-2020]


• Mécanismes au foyer

FMHex20 - Mazzotti et al. (2021)

-> inversion tenseurs des contraintes

-> inversion tenseurs des taux de déformation sismique


• Champ de vitesses GNSS

Henrion et al. (2020)

Vitesses horizontales et verticales

Tenseurs des taux de déformation géodésique
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782-1962

Sismicité intraplaque 

Sismicité historique


Sismicité modérée

Séisme de Bâles 1356 (Imax= IX, Mw= 5.5 - 7.1)


+ 1531 (Imax= VIII)

Séisme de Luxueil les Bains 1682 (Imax=VIII )


Séquences N-URG (Imax=VII)


Canal de Douvre 1382 (Imax = VII–VIII), 1580 (Imax = VII– VIII) 


(+ séismes Jura Souabe) 

Sismicité historique
dans le

Graben du Rhin Supérieur
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Sismicité intraplaque 

Sismicité instrumentale


Sismicité modérée

Rambervilliers (2003, Vosges, Mw=5.3)


et séquences associées


Remiremont (1984, Vosges, Mw=4.1)


Waldkirch (2004, Black Forest, Mw=4.4 )


Sierentz (1980, Fossé rhénan sud, Mw= 4.8, Imax=VII )

et séquence associées


Roulans (2004, Jura, Mw=4.4, Imax=VI )


Hainaut (1995 Mw=4.1, 1966-67 Mw=4.0-4.1)
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Evolution du réseau 

-> Mc~1.5 (toute la région)


• RéSIF-CLB (RLBP)

• Projet ESG-Alsace (Ademe)

• AlpArray (temporaire)


Cécile Doubre et al. 5

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 Mw. 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-

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 Für Geologie, RohstoVe 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 diYcult 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

C. R. Géoscience — Online first, 8th September 2021
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Sismicité intraplaque 

Sismicité instrumentale


Sismicité modérée

Rambervilliers (2003, Vosges, Mw=5.3)


et séquences associées


Remiremont (1984, Vosges, Mw=4.1)


Waldkirch (2004, Black Forest, Mw=4.4 )


Sierentz (1980, Fossé rhénan sud, Mw= 4.8, Imax=VII )

et séquence associées


Roulans (2004, Jura, Mw=4.4, Imax=VI )
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606 Henrion et al.

Figure 5 . (a) Horizontal velocity field, area A represented by a dotted red ellipse. (b) Vertical velocity field, the vertical velocities are symbolized as coloured
rectangles with the uncertainty as a black line at the extremity, the location of the site is at the bottom of the rectangle (if the black line is pointing down, there is
subsidence). Area B is represented by a dotted red rectangle. In both figures, major faults represented by brown lines. MB: Molassic Basin. DEM: GTOPO30.
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Déformation de surface 

GURN (Henrion et al., 2020)

GNSS (séries temporelles > 5 ans)


Pas de signaux clairs

Hormis:

- front alpin (mouvement vers le Nord


soulèvement)

- Eifel (Sud: mouvement vers le Sud 


  soulèvement)


Mouvements d’origine anthropique


Vitesses horizontales (/Eurasie stable) 
Vitesses ~ 0.1 mm/yr - ~incertitudes

Vitesses verticales 
Vitesses ~ 1 mm/yr - ~incertitudes


606 Henrion et al.

Figure 5 . (a) Horizontal velocity field, area A represented by a dotted red ellipse. (b) Vertical velocity field, the vertical velocities are symbolized as coloured
rectangles with the uncertainty as a black line at the extremity, the location of the site is at the bottom of the rectangle (if the black line is pointing down, there is
subsidence). Area B is represented by a dotted red rectangle. In both figures, major faults represented by brown lines. MB: Molassic Basin. DEM: GTOPO30.
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Henrion et al. (2020)
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Vitesses horizontales (/Eurasie stable) 
Vitesses ~ 0.1 mm/yr - ~incertitudes

Tenseur taux de déformation 
~ 1 mm/100 km/ an


Henrion et al. (2020)

Updated deformation in the Upper Rhine Graben 609

Figure 6. Strain rate tensor of deformation, area A represented by a dotted red ellipse. DEM: GTOPO30.

seismicity of the region therefore suggests the possible role of the
buildup and release of tectonic stresses on the fault reactivation
associated with the Rhine Graben, the Jura front and the Alpine
Arc. However, the other arguments related to local and/or transient
stress changes and proposed for the occurrence of seismicity in the
case of NMSZ can also be made for all of the URG, both north and
south. Following Wu & Johnston (2000), the effect of the melt of

the ice cap from the last glaciation period is too negligible in the
area of the URG to produce horizontal displacement gradients and
strain. However, other processes are susceptible to inducing local
stress changes in the upper crust, such as the response to erosional
unloading of the Vosges and Black Forest (Meyer et al. 2010; Ack-
erer et al. 2016), together with its lateral gradient from the elevated
regions to the Alsace plain. This plain also sustains seasonal change
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Figure 5 . (a) Horizontal velocity field, area A represented by a dotted red ellipse. (b) Vertical velocity field, the vertical velocities are symbolized as coloured
rectangles with the uncertainty as a black line at the extremity, the location of the site is at the bottom of the rectangle (if the black line is pointing down, there is
subsidence). Area B is represented by a dotted red rectangle. In both figures, major faults represented by brown lines. MB: Molassic Basin. DEM: GTOPO30.
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Déformation de surface 

Tenseur du taux de déformation

(baseline method, Masson et al., 2014)


- Compression alpine

- Zone de compression


latitude d’Obernais
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Jura 
Sismicité distribuée sur toute la zone, peu d’essaims


Grandes structures peu soulignées


Synthèse Rabin et al. (2018)


Sismicité historique et instrumentale cohérentes

Forte concentration dans la région de Mulhouse


Origine des séismes profonds (croute inférieure)?

- Fluides

- Implication du socle dans le raccourcissement


Concentration le long des zones frontales, voire avant-
pays

Chevauchements et faisceaux de failles


- région de Besançon 

- Bresse


Karsts
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Les Vosges 
Sismicité régulière 


• bordure ouest du Fossé Rhénan (ex: vallée Munster)

• grande majorité: ouest des Vosges; bordure du massif 

cristallin 

• 2 zones de cisaillements: faille de Lalaye / faille de 

Sainte-Marie-aux-mines


Plusieurs chocs modérés:

• 1682 Luxeuil les Bains (VIII) et  849 

• 1984 Remiremont (séquence, Mw= 4.1)

• 2003 Rambervilliers (séquence, Mw=5.3)


Sismicité alignée dans une bande de ~80 km, orientée NNE, 
obliques par rapport aux structures
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Les Vosges 

Sismicité en séquences limitées dans le temps et l’espace

Haessler and Hoang-Trong, 1988, Plenefisch and Bonjer, 1997, Audin et al., 2004; Got et al., 2011] 

• Séquence d’Epinal (1973): ~20 chocs sur 1 an Mw [1.7, 3.8] 

• Séquence 1981: 15 chocs [1.9, 2.8] 

• Séquence de Remiremont (1984-1985)

• Séquence de Rambervilliers (2003) 


Séismes peu profonds

Migration latérale depuis couverture sédimentaire jusqu’au socle fracturé

Existence de barrières (cristallisation dans réseaux de fractures)

Migration de fluides par diffusion

Zone de forte résistivité (Bourlange et al., 2012)

estimate for the Epinal-Rambervillers region is very similar
to the 1% porosity measured at 9 km depth in the KTB hole.

Fluid diffusion in a faults network

We proposed in the section 6 that the broad conductive
anomaly could be the indication of a network of connected
fractures. Any increase of the fluid pressure in such a net-
work should induce fluid migration along the pressure gra-
dient through diffusion processes. Similar explanations
have been proposed for the seismic crisis monitored in the
Aigion region of the gulf of Corinth in western-central
Greece in the period 2000-2007 [Bourouis and Cornet,
2009]. Seismic tomography methods applied to the 2001
seismic crisis revealed a low-angle seismogenic zone dip-
ping 20o toward the north hypothesized as a possible highly
fractured zone with possible deep fluids circulation
[Gautier et al., 2006]. The 2003-2004 and 2006-2007 seis-
mic crisis involve deformation processes with short (few
days) and long (several months) time characteristics that
could correspond respectively to mostly slip along pre-ex-
isting structures for short-lived crisis, and fluid diffusion
for long term behaviour [Bourouis and Cornet, 2009]. Flu-
ids originated from the seismogenic zone have migrated up-
ward, in combination with regional downgoing flux of
meteoric water. These authors proposed that the upward mi-
gration of fluid results from transient pressurization gener-
ated by the deformation process. Even if the seismic
activity evolution is not as well constrained in the
Remiremont area, similar fluid diffusion processes proba-
bly occur.

Coupling of fluid diffusion with fault slip

Diffusion of fluids in a fracture network would change the
local effective stress and then possibly promote slips on
preexisting fractures that were initially in a state of stress
close to failure. Such a diffusion of fluids necessitates the

presence of a fluid overpressure and a sufficient amount of
connectivity of the fracture network. The main seismic
shock could potentially have broken some sort of hydraulic
barriers, whether at the pore or fracture scale, thus creating
some hydraulic pathways. This transient fluid overpressure
would then be able to diffuse in the fracture network, and
potentially generate new fault slips. This proposed mecha-
nism is expected to be transient and to attenuate with time.
Some works have also explored the possibility of self-prop-
agating solitary wave of fluid pressure in systems coupling
elastic deformation with fracture permeability modification
such as the increase of the fracture permeability with any
increase of the fluid pressure in the fracture, due to its
dilatancy, in the décollement zone of accretionary wedges
for example [Bourlange and Henry, 2007]. The Remiremont
seismic swarm could reflect the occurrence of such mecha-
nisms though mechanical and hydraulic property data for
the surrounding and fault materials would be required to
discuss further.

Fluid migration rate hypothesis

The present magnetotelluric profile can be considered as an
instantaneous snapshot of the undergound apparent resistiv-
ity. Thus it is not possible to estimate any migration rate of
the conductivity anomaly from the data of this study only.
An estimate of the seismicity migration rate was previously
obtained from the study of relocated seismic events for the
Remiremont region [Audin et al., 2002]. They proposed a
migration rate in the order of 5-10 km/yr over 30 km-long
distance between 1980 and 1987 along some kind of fault
zone. The seismicity pattern was proposed to reflect a zone
of low permeability that would allow the propagation of
transient pore pressure changes. After the main 1984 shock,
a bilateral northward and southward earthquake pattern
was also observed over a distance of 1-2 km in two months.
From these migration rate, an estimate of the fault permeability

Bull. Soc. géol. Fr., 2012, no 5

468 BOURLANGE S. et al.

FIG. 6. – Resistivity model obtained from the simultaneous inversion of TE and TM data collected between September 2005 and April 2006. Earthquakes
having occurred in the region in the 1980-2005 time period have been projected on the electrical resistivity profile. The two largest earthquakes have been
plotted in red (South: 1984 Remiremont earthquake; North: 2003 Rambervillers earthquake).
FIG. 6. – Modèle de résistivité obtenu par inversion simultanée des données TE et TM recueillies entre Septembre 2005 et Avril 2006. Les tremblements de
terre ayant affecté la région entre 1980 et 2005 ont été projetés sur ce profil. En rouge sont représentés les deux séismes principaux (Remiremont en 1984,
au sud du profil et Rambervillers en 2003, au nord).
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Le Fossé Rhénan 

Structure profonde connue

- doming Moho

- Asymétrie du bassin sédimentaire

- Activité des failles bordières - mais activité quaternaire?


Développement des réseaux: Mc -> 1.3


• Concentration dans le graben, marges calmes (sauf SE)

• Différence Nord et Sud (instrumentale)
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Le Fossé Rhénan (Sud) 
Région de Bales:


• évènement de 1356

• Sismicité induite: séquence de 2006-2007 (ML=3.4)


Graben de Sierentz

• Séquence de 1980 : décrochements  ~NS


Nord de Mulhouse:

• Différence sismicité instrumentale vs. historique 

• Activité récente à l’ouest


(profils sismiques; Rotstein & Schaming, 2008)

• Mines De Potasse d’Alsace


• déformation de surface importante (métrique)

• Post-mine [Modeste et al., 2021]

• Réseau de failles


« Fessenheim »

• Faile de Rhine River (Nivière et al., 2008, Thomas et al., 

2017 

• Failles avec déplacements verticals

• Activités minières

International Journal of Applied Earth Observations and Geoinformation 102 (2021) 102392
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allows us to quantify the time evolution of the ground displacements. 

4.2. Time evolution of the displacements 

4.2.1. Evolution during the mining activity (1995–2000, ERS period) 
In order to validate our results during the mining phase, we first 

compare the LOS displacement time series from the three ERS tracks. 
Then, we compare them to the time series of the five available levelling 
sites measured from February 1992 to June 2001. 

As expected from the high values of the standard deviation of the 
mean LOS velocity, the time evolution of the LOS displacements is not 

linear during the whole ERS period (Fig. 5). All the time series presented 
in Fig. 5 show a clear decrease of the LOS velocity during the 6-year 
period under study (1995–2000), although the ascending time series is 
not well constrained during this period due to fewer images. The three 
InSAR datasets are in good agreement and the fit between the two 
descending ERS tracks validate our processing. The fit between the LOS 
displacement deduced from the descending tracks and the ascending 
track suggests that the surface motion is mainly dominated by vertical 
displacements. From 1999, small differences can be observed at Pul-
versheim (Fig. 5d) and Raedersheim (Fig. 5e). From 1995 to mid-1996, 
except for Pulversheim, the two descending tracks are consistent, and 

Fig. 4. Mean LOS velocity map and their associated standard deviation for a track of each satellite (a-d. ERS (track 294), b-e. ENVISAT (track 294), c-f. Sentinel-1 
(track 66)). Negative LOS velocities are associated with ground displacements away from the satellite. The dotted line in the color bar indicates the value 0. Brown 
arrows give the azimuth and the range direction of the satellite path. Brown dots, red rectangles and purple polygons indicate the available levelling point, the 
location of two heaps and the extracted panels since 1990, respectively. Note that the colour scale range is different for the ERS archive. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

G. Modeste et al.                                                                                                                                                                                                                                
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Le Fossé Rhénan (Nord) 
Région de Strasbourg :


• Séquence sismicité induite 2019-2020 [Schmittbuhl et al., 2021]

• Réseaux de failles


• Décalages verticaux dans profils sismiques (<1mm/an)

[Bertrand et al., 2006]


• Séismes historiques


Région des sites géothermiques (Soultz, Landau)

• Discrimination

• Failles bordières à proximité


• Séquence de 1952 (Imax=VII) - glissements Holocène et 
récents


[Schipton et al., 2016]
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Artois - Brabant - Hainaut - Ardennes - Eifel 

≠ bassin Parisien


Activité Liège / Maatstricht (LRG, Roer Graben)

nombreuses études sismiques


paléo-sismiques, géodésiques


 Eifel:

Peu d’activité

Réseaux locaux:


lien sismicité avec gradient de vitesses verticales

Évenements profonds, BF


Hainaut:

Sismicité naturelle

Sismicité liée aux mines

Barrages


Brabant:

Séisme de 1938 et séquences: ruptures dans le socle


Artois: 

Séismes dans le canal de Douvre (1382, 1580)

Indices d’activité quaternaire
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Conclusions 
Sismicité intraplaque modérée 


Sismicité « Background » surimposée par des séquences

Séquences sur structures connus, avec des taux de chargement très faible


Domaines très différents - champ de contraintes homogène sur l’ensemble de la région


Origine de la sismicité: Tectonique / Fluides / Géothermie / Mines / Karsts…


Rôle des structures : paléosismologie, géomorphologie, géophysique de surface)


Discrimination encore à développer


Base pour reprendre les catalogue

Nouveau réseau 

8 Cécile Doubre et al.

Figure 5. Stress tensor inversion from focal mechanisms for each sub-region. Stress tensors obtained
from stress tensor inversion of 182 focal mechanisms of NE France (Jura, Mulhouse/Basel region, Vosges,
URG and Ardennes–Hainaut) using the WinTensor program of Delvaux and Sperner [2003]. On a Schmidt
projection (lower hemisphere) are represented: the fault planes (black line), the measured and calculated
slip vector on each fault (black and purple arrows, respectively), the axes of the principal stresses æ1, æ2

and æ3 (blue dots with red circle, triangle and square, respectively), and the maximum and the minimum
horizontal stress (blue arrow and the red arrow, respectively). On the left side are indicated: the number
of compatible fault planes used for the inversions (n) over the total fault planes considered for the stress
tensor calculation (nt ), the R factor as defined in the text, the dip and strike of the principal stress
axes, and a histogram representing the number of iterations (Sum of Weights) with respect to the angle
diVerence 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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