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This is anOpe
Abstract – Most of metropolitan France and conterminous Western Europe is currently located within the
Eurasia intraplate domain, far from major plate boundaries (the Atlantic ridge and Nubia –Eurasia
convergence zone). As in other intraplate regions, present-day deformation and seismicity rates are very
slow, resulting in limited data and strong uncertainties on the ongoing seismotectonics and seismic hazards.
In the last two decades, new geological, seismological and geodetic data and research have brought to light
unexpected deformation patterns in metropolitan France, such as orogen-normal extension ca. 0.5mmyr�1

in the Pyrenees andWestern Alps that cannot be associated with their mountain-building history. Elsewhere,
present-day deformation and seismicity data provide a partial picture that points to mostly extensive to
strike-slip deformation regimes (except in theWestern Alps foreland). A review of the numerous studies and
observations shows that plate tectonics (plate motion, mantle convection) are not the sole, nor likely the
primary driver of present-day deformation and seismicity and that additional processes must be considered,
such as topography potential energy, erosion or glacial isostatic adjustment since the last glaciation. The
exact role of each process probably varies from one region to another and remains to be characterized. In
addition, structural inheritance (crust or mantle weakening from past tectonic events) can play a strong role
in deformation localization and amplification up to factors of 5–20, which could explain some of the spatial
variability in seismicity. On the basis of this review, we identify three research directions that should be
developed to better characterize the seismicity, deformation rates and related processes inmetropolitan France:
macroseismic and historical seismicity, especially regarding moment magnitude estimations; geodetic
deformation, including in regionsof lowseismicitywhere the ratioof seismic toaseismicdeformation remainsa
key unknown; an integrated and consistent seismotectonic framework comprising numerical models,
geological, seismological and geodetic data. The latter has the potential for significant improvements in the
characterization of seismicity and seismic hazard in metropolitan France but also Western Europe.

Keywords: seismicity / present-day deformation / seismotectonics / France / intraplate processes / seismic hazard

Résumé – Processus et taux de déformation générant la sismicité en France métropolitaine et en
Europe occidentale proche. La majeure partie de la France métropolitaine et de l’Europe occidentale
voisine est actuellement située dans le domaine intraplaque Eurasie, loin des principales limites de plaques
(la dorsale atlantique et la zone de convergence Nubie –Eurasie). Comme dans les autres régions
intraplaques, les taux de déformation et de sismicité actuels sont très lents, résultant dans de fortes limites et
incertitudes sur la sismotectonique actuelle et les aléas sismiques. Au cours des deux dernières décennies, de
nouvelles données et recherches géologiques, sismologiques et géodésiques ont mis en évidence des modes
de déformation inattendus en France métropolitaine, comme l’extension ca. 0,5mm a�1 perpendiculaire à la
chaîne dans les Pyrénées et les Alpes occidentales qui ne peut pas être associée à l’histoire de formation des
montagnes. Ailleurs, les données actuelles sur la déformation et la sismicité fournissent une image partielle
qui indique des régimes de déformation généralement en extension ou décrochement (sauf dans l’avant-pays
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des Alpes occidentales). Une revue des nombreuses études et observations montre que la tectonique des
plaques (mouvement des plaques, convection du manteau) n’est pas le seul, ni probablement le principal
moteur de la déformation actuelle et de la sismicité, et que des processus supplémentaires doivent être
envisagés, tels que l’énergie potentielle de la topographie, l’érosion ou le réajustement isostatique glaciaire
depuis la dernière glaciation. Le rôle exact de chaque processus varie probablement d’une région à l’autre et
reste à caractériser. De plus, l’héritage structural (affaiblissement de la croûte / du manteau à la suite
d’événements tectoniques passés) peut jouer un rôle important dans la localisation et l’amplification de la
déformation jusqu’à des facteurs de 5–20, ce qui pourrait expliquer une partie de la variabilité spatiale de la
sismicité. Sur la base de cette revue, nous identifions trois axes de recherche qui devraient être développés
pour mieux caractériser la sismicité, les taux de déformation et les processus associés en France
métropolitaine : la sismicité macrosismique et historique, notamment en ce qui concerne les estimations des
magnitudes de moment ; la déformation géodésique, y compris dans les régions de faible sismicité où le
rapport de la déformation sismique à asismique reste un paramètre majeur inconnu ; un cadre
sismotectonique intégré et cohérent comprenant modèles numériques et données géologiques,
sismologiques et géodésiques. Ce dernier a le potentiel pour des améliorations significatives dans la
caractérisation de la sismicité et des aléas sismiques en France métropolitaine mais aussi en Europe
occidentale.

Mots clés : sismicité / déformation actuelle / sismotectonique / France / processus intraplaque / aléa sismique
1 Introduction

From a plate tectonics perspective, most of metropolitan
France and conterminous Western Europe presently belongs to
the Eurasia plate (Fig. 1). Geological, seismological and
geodetic data indicate that the 4–6mmyr�1 Nubia –Eurasia
convergence is primarily accommodated along the Maghreb
northern margin, with local complexities associated to micro-
plates in southernmost Spain and around the Adriatic region
(D’Agostino et al., 2008; DeMets et al., 2010; Nocquet, 2012).
Thus, aside from the Western Alps, metropolitan France
corresponds to first order to an intraplate domain, far from
major plate boundaries (Fig. 1).

The question of the processes and forces responsible for
intraplate seismicity is a major scientific conundrum. Avariety
of hypotheses are proposed, covering a large range of spatial
and temporal scales, from fault intersections or crustal density
contrasts acting as local stress concentrators, to plate-scale
stress transfer from far-field boundaries, or stress reservoirs
from past tectonic events (Sykes, 1978; Mazzotti, 2007; Calais
et al., 2016; Talwani, 2016). Whereas the steady-state loading
of plate tectonics generally dominates in plate boundary
regions, its minor role in intraplate regions results in complex
relationships between strain accumulation and earthquake
strain release that depend on the driving mechanisms. This
complexity leads to a spectrum of models for present-day
intraplate deformation and seismicity that lie between two end
members: on the one hand, dynamics of intraplate regions are
considered similar to, but much slower than those of plate
boundary zones, with slow loading rates and earthquakes
recurring over long return periods; on the other hand, intraplate
dynamics are considered different from those in plate
boundary regions, with negligible loading rates and earth-
quakes that may not repeat over geological time scales (Calais
et al., 2016). This lack of a consensual framework to explain
intraplate deformation leads to significant uncertainties in the
characterization of seismicity and associated seismic hazard
(Stein and Mazzotti, 2007).

In the last two decades, a wealth of new geological,
seismological and geodetic data has brought to light
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unexpected modes of deformation in metropolitan France,
leading to the development of new models trying to identify
the processes and mechanisms at the origin of the present-day
deformation and seismicity. Most of these studies deal with a
specific process applied to a specific region (Western Alps,
Upper Rhine Graben, etc.). In this review article, we propose
an overview and synthesis of these studies in order to put
together and discuss the variety of information on deformation
rates and processes at the origin of seismicity in France and
conterminous Western Europe. Because of its scope and the
sheer volume of related publications, this review does not
provide an exhaustive overview of all studies associated with
seismicity, present-day deformation or geodynamic processes.
As such, most of the references used in this article are meant to
be taken as “exempli gratia” (e.g.) and do not indicate that they
are the sole or primary contributors to the related topic.
Readers should refer to the original studies for additional
references and information.

This review article is organized in four main sections. First,
we present the current knowledge on seismicity in metropoli-
tan France (Sect. 2) from the perspective of instrumental,
historical and geological data. In the following section, we
present the recent advances in the characterization of the
kinematics and deformation rates using land and space
geodesy (Sect. 3). Models of processes and mechanisms
driving this deformation and seismicity are presented in
Section 4. Finally, we discuss some of the implications for
better characterizing the seismicity and seismic hazard
estimations in France (Sect. 5).
2 Seismicity

Seismic networks record daily seismic activity in
metropolitan France. Although most earthquakes are too weak
to be felt by the population, some are felt every few weeks,
produce minor damages every few years, or cause building
collapses and deaths every few decades. Historical and
geological studies show that similar or possibly larger, more
damaging events have occurred in the past, indicating that,
f 20



Fig. 1. Present-day tectonic setting ofWestern Europe. The solidwhite
line shows theNubia–Eurasia plate boundary. Dashedwhite lines show
the boundaries of the Adria and Alboran micro-plates. Small (resp.
large) yellow circles show earthquakes of magnitude Mw≥ 4.5 (resp.
Mw≥ 6.0) from AD 1000 to 2006 (SHARE catalogue, Giardini et al.,
2013). Red vectors with white bases show GNSS velocities relative to
Western Europe (Masson et al., 2019b) for a few selected sites
illustrating the relative plate and micro-plate motions.
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although rare on the scale of a lifetime, destructive earthquakes
cannot be ruled out.

Hereafter, earthquake magnitudes are given as a moment
magnitudes (Mw) when available or as a generic magnitudes
(M) otherwise, without discriminating between the various
types of local magnitude estimations (cf. Cara et al., 2015 for
details on magnitude conversions).

2.1 Pre-instrumental and instrumental seismicity

The first seismological recording system in France is
installed in 1892 in Strasbourg (then part of the Prussian
Empire), followed in the next decades by additional
observatories in Paris-St. Maur, Marseille, Puy de Dôme ...
Because of their scarcity and limited sensitivity, their records
do not provide the same level of information as modern
networks and this period is thus often qualified as “pre-
instrumental”. These observatories have recorded significant
events, such as the deadly 1909 Lambesc earthquake (Baroux
et al., 2003), and contributed to the release of the first
instrumental catalogues on a relatively regular monthly to
yearly basis during the first half of the 20th century. Along with
similar records from other countries, these pre-instrumental
records are now digitized and reanalyzed in order to infer the
characteristics of early 1900s earthquakes (Lee et al., 1988;
Cara et al., 2008; Amorèse et al., 2020).
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Starting in the early 1960s, instrumental coverage in
metropolitan France becomes generally sufficient to observe
all earthquakes felt by the population (i.e., M≥∼ 2.5). From
1962, a national network is deployed by the “Commissariat à
l’Energie Atomique” (CEA), which contributes to the
characterization of metropolitan seismicity by releasing yearly
bulletins and catalogues, according to the CEA responsibility
for seismic alerts to the French authorities. From the 1980s,
several national and regional networks are developed for
academic research and public communication purposes (e.g.,
RéNaSS, Sismalp). They are now integrated within the RESIF
network (https://www.resif.fr), which will comprise ca.
300 stations covering the whole territory in 2020.

SI-Hex (Cara et al., 2015) is the most recent and
complete catalogue of instrumental earthquakes for metro-
politan France and cross-border areas, covering 1962–2009.
Figure 2 presents the SI-Hex catalogue and its most recent
complement up to 2018. During this period, over
50 000 earthquakes have been recorded with a completeness
magnitude Mw≈ 2.5. Owing to the network developments in
the last five years, the annual number of recorded earth-
quakes has increased, reaching over 5000 in 2017 (Fig. 2b),
albeit with a relative low ca. 2012–2015 due to network
redeployments during the installation of the new broadband
network (RLBP). The seismicity follows a classical
Gutenberg-Richter distribution (i.e., earthquake frequencies
inversely proportional to their magnitudes) with ca. 10–
15 earthquakes of magnitude Mw≥ 3.0 every year, and
slightly less than one Mw≥ 4.0 per year (Fig. 2c). The
extrapolation of this distribution to large magnitudes would
indicate a magnitude Mw≥ 6.0 roughly every 300 years.
This extrapolation is problematic in light of the historical
data and long-term catalogue stability (cf. Sect. 2.4).

Apart from the Paris and Aquitaine Basins, the whole
country is affected by moderate, diffuse seismicity (Fig. 2a).
The most active areas are the Pyrenees and Alps mountains.
In the former, seismicity covers the whole mountain range,
with higher activity in the central and western regions,
whereas earthquakes in the French Alps tend to concentrate
along the internal (eastern) part of the range. A lower seismic
activity extends to northeastern France (Jura, Alsace,
Vosges), where earthquakes mainly concentrate in the
Sundgau, north of the Jura front, the Rhine Graben and the
Vosges Mountains. Sparser seismicity is recorded in central
and western France, in the Armorican Massif and the Massif
Central. By 2020, the densification of the seismological
network should improve small earthquake (M< 2) detections
and could modify the details of this seismicity distribution,
especially in low-density areas such as the Aquitaine and
Paris Basins.

Medium to large (Mw> 4.5–5) instrumental earthquakes
have been recorded in all regions with background seismicity
(Fig. 2a). The most notable include:
f

–

20
In the Pyrenees: Arette, August 13, 1967, Mw= 5.2 (most
recent deadly earthquake);
–
 In the Alps: Corrençon-en-Vercors, April 25, 1962, Mw=
5.5; Annecy, July 15, 1996, Mw=4.9; Barcelonnette,
April 7, 2014, Mw=4.8;
–
 Along the Ligurian margin: July 19, 1963, Mw=6.0;

https://www.resif.fr


Fig. 2. Instrumental seismicity in metropolitan France. (a) Map of the extended SI-Hex catalogue (1962–2018). Colored circles indicate
earthquake magnitudes Mw. (b) Number of recorded earthquakes per year. (c) Cumulative magnitude-frequency distribution of seismicity. Solid
circles: Instrumental SI-Hex catalogue (1962–2018), Mw≥ 2.5. Solid triangles: historical & instrumental FCAT17 catalogue (Manchuel et al.,
2018), Mw≥ 4.0. Dotted and dashed grey lines show best-fit Gutenberg-Richter models for each catalogue, with the double-head arrow
indicating an apparent offset of 0.5 magnitude point.
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–
 In Alsace and the Vosges: Rambervillers, February 22,
2003, Mw=4.9;
–
 In western France: Oléron, September 7, 1972, Mw=5.0.
Most recently, the November 11, 2019 Le Teil earthquake
(near Montélimar), Mw=4.9, serves as a reminder that
significant seismicitymayalsooccuralong theRhoneValley.
Fig. 3. Earthquake focal mechanisms in metropolitan France. Lower
hemisphere projections of focal mechanisms for earthquakes of
magnitude Mw≥ 4.0 (compilation from Mazzotti et al., subm.).
Swarm seismicity is also recorded, characterized by series
of earthquakes restricted to few kilometers and several weeks
to months, with no clear mainshock/aftershock sequence. In
recent years, one of the main swarm-prone areas is the upper
Ubaye Valley (Alps), with more than 16 000 earthquakes in
2003 and 2004, including several with magnitude M> 2. Two
earthquakesM> 4 with clear aftershock sequences occurred in
February 2012 and April 2014 during the currently ongoing
swarm (De Barros et al., 2019).

Focal mechanisms are also derived from instrumental
seismicity, providing important information on faults and
deformation.These data strongly dependon the network coverage
and the velocity model used for the earthquake locations,
especially for the small events (M< 3–4) that constitute the
majority of data. Focal mechanism are estimated since the
1990s in numerous local- and national-scale studies, albeit with a
strong emphasis on the Alps (Nicolas et al., 1990; Baroux et al.,
2001; Mazabraud et al., 2005). A catalog of homogeneous and
consistentmechanisms (computedwith the same procedure) does
not exist, but anational compilation,withfirst-orderverificationof
the solutions and regional analyses, is producedwithin the RESIF
framework (Mazzotti et al., subm.). This compilation, shown in
Figure3 for earthquakesofmagnitudeMw≥ 4.0, isdevelopedasa
guideline for seismotectonic studies of themetropolitan area,with
limitations due to the heterogeneity of the original studies.
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2.2 Macroseismic data and historical earthquakes

Prior to the development of seismometers, earthquakes are
mainly known from written records relating human testimo-
nies and building damages from various sources (e.g.,
personal correspondences, parish or notarial acts, newspapers).
f 20



Fig. 4. Historical seismicity in metropolitan France. (a) Map of the 2017 SISFRANCE catalogue (AD 463–2008). Color squares indicate
earthquake epicentral intensities I0. (b) Number of macroseismic data points (MPD) per event per year AD. “poor”, “scarce”, “increasing” and
“high” indicate level of knowledge on historical earthquakes based on document types and availability.
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Research on this subject starts at the end of the 18th centurywith
the first national-scale catalog of historical seismicity (Perrey,
1845). Enrichment of this founding work leads to the
SISFRANCE database (Scotti et al., 2004), in which testimony
and damage records are interpreted relative to the MSK-64
intensity scale. Macroseismic surveys collecting testimony and
damage information from municipalities are conducted in
France since the 1909 Lambesc earthquake. They provide more
exhaustiveandrigorous information than thosededucedfromthe
analyses of archives, which depend strongly on historical
document availability and interpretation. These surveys have
become systematic after each felt earthquake post ca. 1920 with
the creation of the “Bureau Central Sismologique Français”
(BCSF, http://www.franceseisme.fr). This collection is not
continuous through the 20th century but is complete since 1983,
with macroseismic data defined nowadays on the EMS98
intensity scale.

The most recent release of the SISFRANCE historical
earthquake catalog (2017), compiling macroseismic data
from 217 BC to AD 2008, is presented in Figure 4.
Earthquakes are associated with an epicentral intensity I0 (i.
e., intensity felt as close as possible to the estimated
epicenter), providing a convenient way to separate felt
earthquakes (I0<VI) from those that resulted in significant
building damages (I0≥VI). The latter represent about 5% of
the historical earthquakes in metropolitan France (329 events
over ca. 1500 years). Epicentral intensities are estimated for
3114 events (post AD 463) over the 6390 in the database, in
other words ca. 50% of the earthquakes that are documented
cannot be associated with an epicenter location and intensity.
The temporal evolution of the number of available macro-
seismic data points per event provides a general overview of
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the knowledge completeness we may expect from this
database (Fig. 4b).

The general pattern of historical seismicity is consistent
with the instrumental one (Figs. 4a vs. 2a), with some local
complexities such as the Pas-de-Calais region where three
large historical earthquakes have affected an area of very low
instrumental activity (1382, I0 =VII–VIII; 1449, I0 =VII;
1580, I0 =VII–VIII). A similar situation exists in Provence,
where the instrumental seismicity near the Middle Durance–
Trevaresse fault system is low in comparison with the
historical events that occurred in the area (1708, I0 =VIII;
1909, I0 =VIII–IX). These observations illustrate that while
large earthquakes tend to occur in areas where background
seismicity is important, it is not possible to exclude their
occurrence in areas showing a low instrumental seismicity.

In addition to standard macroseismic studies, archeoseismol-
ogy deals with the analysis of traces left by earthquakes on
historical buildings and structures. It is not restricted to ancient
times and can be applied to recent earthquakes, such as the
1708Manosque earthquake (Quenet et al., 2004; Poursoulis and
Levret-Albaret, 2014). For older events, very few data exist in
France. For example, a study on the Nîmes Roman aqueduct
concludes on the possible occurrence of one or two earthquakes
causing disorders between AD 250 and 350 (Volant et al., 2008);
archeologicalobservationsonRomanbuildings inVienneconfirm
the occurrence of a 5th century event reported in theSISFRANCE
database, with possibly older ones (Adjadj et al., 2014).

2.3 Paleoseismicity and seismogenic faults

Paleoseismology deals with direct and indirect effects left
by earthquakes in the geological environment. Geological and
f 20
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Fig. 5. Neotectonic data and potential seismogenic faults in
metropolitan France. Light blue lines show tectonic faults from
Grellet et al. (1993). Yellow and red circles show indications of post
Miocene deformation from the NEOPAL database and from Baize
et al. (2013). Black, red, orange and yellow lines show faults from the
BDFA database of undetermined, Quaternary, syn/post Pliocene and
syn/post Miocene age (Jomard et al., 2017).
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geophysical observations can provide information on past
earthquakes and seismogenic faults (i.e., faults that have
generated or can generate earthquakes). The latter are
particularly challenging to evaluate in intraplate domains,
where field evidence is often tenuous and complex. In
metropolitan France, few geological evidence exist of
earthquake occurrence on identified faults, whereas numerous
evidence of post-Miocene deformation point to significant
uncertainties regarding possible unknown seismogenic faults.

The NEOPAL database provides a review of these data by a
national expert committee (Fig. 5). Several compilations also
exist on regional and national scales for potential neotectonic
indices (Baize et al., 2013) and seismogenic faults (Grellet
et al., 1993; Lacan and Ortuño, 2012). (Jomard et al., 2017)
compile the most recent database of potential seismogenic
faults within 50 km of nuclear facilities (BDFA, Fig. 5). Due to
the lack or scarcity of constraints from Plio-Quaternary
deformation, faults showing evidence of Miocene or younger
deformation are considered as potentially seismogenic,
assuming that the regional stress field has not experienced
dramatic changes since then (cf. Sect. 4.1 for discussion of this
hypothesis). This approach is similar to the methodological
framework proposed in recent reports to identify potential
seismogenic faults in slow deforming regions (Bertil and
Terrier, 2017; Terrier et al., 2018).

A major limitation of neotectonic and paleoseismic studies
is their tendency to focus in regions of strong seismic activity,
near major historical earthquakes or close to critical facilities
(Sébrier et al., 1997; Ferry et al., 2005; de La Taille et al.,
2015). As a result, most faults in regions of moderate
seismicity have not been studied in terms of seismogenic
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potential (especially in the Massif Central, Brittany or most of
the Rhône Valley) and the majority of identified potential
seismogenic faults are located in Provence, the northern Alps,
the Upper Rhine Graben and, to a lesser extent, the Pyrenees
and southeastern Alps (Fig. 5).

Geological estimations of the magnitude and frequency of
past and potential future earthquakes are also subject to debate.
Scaling relationships relating fault offsets or dimensions are
used to provide estimations of the associated magnitudes
(Wells and Coppersmith, 1994), leading to geological-based
magnitudes between M≈ 6 and M≈ 7 (Chardon et al., 2005;
Ferry et al., 2005; Cushing et al., 2008). Very few faults are
associated with direct observations of recurring earthquakes
and their return periods: the Trevaresse Fault (Chardon et al.,
2005) and the Bâle Reinach Fault (Ferry et al., 2005), plus
potentially the Courthézon Fault (Combes et al., 1993). Fault
slip rates can also be used to provide indirect estimations of
earthquake return periods, but they are extremely difficult to
constrain due to slow deformation rates, erosion and anthropic
activities that limit the observations. In this context, few fault
slip rates are determined in France and most correspond to
Pleistocene to Miocene markers (Jomard et al., 2017).

New methods in archeoseismology and paleoseismology
can provide important information to improve our understand-
ing of seismicity. Archeoseismology has been developed
mainly through qualitative observations (Quenet et al., 2004;
Poursoulis and Levret-Albaret, 2014), with few quantitative
studies (e.g., Nîmes aqueduct, (Volant et al., 2008)). Recent
developments in seismic monitoring and numerical modeling
of building response to shaking allow refined analyses of
historical buildings and the level of shaking they experienced
(c.f. study of medieval churches in Savoie (Limoge-Schraen
et al., 2014)). Such quantitative approaches should provide
new data on known or unknown historical earthquakes using
the large stock of historical buildings in France. Similarly,
substantial advances can be expected in paleoseismology. New
surface and subsurface imaging and dating methods have been
applied widely in numerous active tectonic regions, but as yet
rarely in metropolitan France. LIDAR (Light Detection And
Ranging) provides dramatic increases in the identification of
geomorphic structures and active faults, including in intraplate
regions (Mikko et al., 2015), but its accessibility remains
limited for tectonic studies in France. Similarly, fault gouge
dating of basement fault (Vrolijk et al., 2018) or studies of
lacustrine deposits (Strasser et al., 2006; Beck, 2009) may
dramatically improve the earthquake catalogs and address
issues such as irregular seismic cycles or non-repeating
earthquakes (Clark et al., 2012; Calais et al., 2016).

2.4 Temporal variations of seismicity

Temporal variations of seismicity can be studied by
combining historical and instrumental data in a homogeneous
seismicity catalogue, with a major difficulty due to the impact
of regional seismic attenuation on magnitude estimations
(Mayor et al., 2018). For the SI-Hex instrumental catalogue,
this effect is accounted for by dividing the French territory into
four attenuation regions (Cara et al., 2017). For historical
earthquakes, the complex process of magnitude estimations
from macroseismic data requires calibration events with
instrumental Mw magnitudes, robust macroseismic fields and
f 20



Fig. 6. Variations of annual seismic moment rates. Decimal logarithm
of the cumulative (a) and incremental (b) annual rate of seismic
moment from the FCAT-17 catalogue AD 400–2010. The red symbols
in (b) show 50-year average. (c) Decimal logarithm of the incremental
rate of seismic moment AD 1450–2010. The red symbols show 10-
year average. The right-end side labels show the equivalent Mw
magnitude.
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regional intensity attenuation laws (Bakun and Scotti, 2006;
Baumont et al., 2018; Provost and Scotti, 2020). In France, the
FCAT-17 catalogue (Manchuel et al., 2018) provides the most
recent Mw estimations combining the instrumental SI-Hex and
historical SISFRANCE datasets, taking into account available
regional attenuation models.

The temporal evolution of annual seismic moment rate for
AD 400–2010 based on FCAT-17 (excluding events labeled as
“POOR” and with the addition of the July 19, 1963, Mw= 6.0
Liguria earthquake) is shown in Figure 6. To a first order, two
main periods are observed:
–
 Prior to the 15th century, the annual moment rate shows
strong variations due to the incompleteness of the catalog.
Most events are associated with one intensity data point
(Fig. 4b) with no mention of damage and magnitudes that
are likely underestimated;
–
 Since to the 15th century, the 50-yr smoothed moment rate
is stable ca. 1017Nmyr�1, despite the constant increase in
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the numbers of macroseismic data (Fig. 4b), suggesting
that most large earthquakes are known during this period
and that a 50-yr window allows smoothing out the few
potential missing events.
The post-1450 period is shown in more details in Figure 6c.
Smoothed over a 10-year window, the annual seismic moment
rate varies by 2–3 orders of magnitude until ca. AD 1700, after
which it stabilizes to ca. 1.1�1017Nmyr�1, suggesting that
large earthquakes (Mw≥ 5) are likely complete for the whole
post-1450 period, whereas some smaller (Mw< 5) events
should be missing pre-1700. During the 50 years of the post-
1960 instrumental period, the 10-yr-averaged annual rate
shows a systematic low (ca. 0.1�1017Nmyr�1) compared to
the pre-1960 average. Three hypotheses may explain this
apparent low activity of the post-1963 period:

–
 a systematic overestimation of the historical earthquakes
(equivalent to 0.5magnitude point) either from over-
estimations of intensities or from biases in the Mw
magnitude estimations;
–
 a systematic underestimation (also equivalent to 0.5mag-
nitude point) of Mw magnitudes in SI-Hex;
–
 a ca. 50-year period of seismic quiescence since about
1960, which has not been observed in the last 500 years.
A similar observation is made when comparing the
magnitude-frequency distributions of the historical and
instrumental catalogues (Fig. 2c). A systematic offset of ca.
0.5magnitude point is evidenced between the two catalogues
in the Mw= 4.5–5.0 range and for extrapolations of Guten-
berg-Richter distributions. At present, no evidence allows
rejecting any of the possible explanations, precluding a clear
conclusion concerning temporal variations of seismicity and
the associated seismic hazard in metropolitan France.
Although new networks will provide important data for better
characterization of the background seismicity, improvements
to the historical earthquake catalogue and conversions to Mw
magnitudes clearly stand out as a major requirement for future
studies.

3 Kinematics and deformation rates

By definition, the primary characteristic of an intraplate
region is its very low rate of deformation that cannot be
quantified using classical geological data. Thus, geodetic data
have been used to try and provide quantitative estimations of
local and regional kinematics and strain rates in metropolitan
France, initially using traditional land geodesy (triangulation,
leveling) rapidly followed by space geodesy. The first
publications using land geodetic surveys to study deformation
in France followed closely the development of these
techniques in plate-boundary regions such as California.

3.1 Leveling and triangulation

Due to its relatively low precision over long distances, land
geodesy (leveling, triangulation, trilateration) requires surveys
separated by several decades in order to estimate velocities
with a precision level of a few mm yr�1 (i.e., a few cm over



Fig. 7. GNSS networks in metropolitan France. Red circles show
permanent RENAG and IGN stations. Green (resp. yellow) circles
show permanent stations from other public and private operators in
France (resp. in other countries). Blue triangles show campaign
stations in the Pyrenees –Alps corridor.
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10 yr). Early studies of vertical deformation combine the two
major national leveling surveys (1887–1907 and 1965–1979)
with additional regional surveys to derive relative rates of
uplift and subsidence in various regions of France (Fourniguet,
1980). They typically estimate differential vertical velocities
(uplift and subsidence) up to 1–3mm yr�1 over distances of
10–100 km. These vertical motion are tentatively associated
with active geological structures and faults, e.g., in Brittany
(Lenôtre et al., 1999) or the Jura Mountains (Jouanne et al.,
1995), although the results are at the limit of resolution of the
leveling method, especially in regions of strong relief (Rigo
and Cushing, 1999).

In contrast with leveling, only a few studies have
considered triangulation and trilateration data for horizontal
deformation analyses in France and neighboring regions
(Reilly and Gubler, 1990; Jouanne et al., 1994). For example,
the comparison of triangulation surveys in 1930–1936 and
1979–1984 suggests a shortening at rates up to 5mmyr�1 in
the northern French Alps (Jouanne et al., 1994). Although
compatible to first order with the limited deformation
indicators (focal mechanisms) in this region, such a fast
relative motion is likely an expression of the limited resolution
of land geodesy data.

3.2 Space geodesy, GPS, GNSS

The advent of space geodesy, and in particular of GPS
(Global Positioning System), strongly improved the precision
of measurements of relative positions and displacements over
distances of 10–1000 km. Early GPS projects focus on
resurveys of existing land geodesy networks in regions of
expected fast deformation such as the Western Alps (Martinod
et al., 1996; Ferhat et al., 1998; Calais et al., 2000b). These
studies combine early triangulation data (typically from 1940–
1950) with new GPS data (early 1990s) to estimate horizontal
strain rates and relative velocities. The derived patterns of
deformation indicate roughly 1–5mmyr�1 of NW-SE to N-S
shortening from the northern to southern French Alps. The
relatively low precision of the land geodesy data combined
with the complexity of adjusting land geodesy and GPS
measurements result in limited resolution and commonly
overestimated deformation rates.

Specific GPS networks dedicated to geodynamics appli-
cations were installed in the mid to late 1990s, both in
campaign (episodic) and permanent (continuous) acquisition
modes, first in the Western Alps and slowly in other regions
(Calais et al., 2000a; Vigny et al., 2002; Masson et al., 2010;
The RENAG Team, 2010; Rigo et al., 2015). These geodetic
networks are now complemented by large privately-operated
networks installed during the 2000s for geomatics and cadaster
applications, providing over 700GNSS (Global Navigation
Satellite System) stations in the metropolitan territory (Fig. 7).
In parallel with network developments, the precision of
geodetic velocity estimation has significantly improved in the
last decade owing to the natural increase in time series duration
and to improvements of GNSS characteristics, such as
reference frame definition, satellite ephemerids or antenna
calibrations (Dow et al., 2009). Analyses of noise and
variability in GNSS data indicate that stations with ca. 10 years
or more of measurements can currently provide estimations of
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horizontal (resp. vertical) velocities with a precision ca.
0.2mmyr�1 (resp. 0.5mmyr�1) at the 95% confidence level
(Williams, 2003; Santamaría-Gómez et al., 2011; Masson
et al., 2019a).

Owing to these concurrent network and technical develop-
ments, recent studies of regional GNSS velocities and strain
rates have identified coherent and significant signals in the
Western and Central Alps, the Pyrenees, and the Upper Rhine
Graben. They are reviewed in the following sections. Outside
of these regions, the majority of studies only provide
approximate bounds on the maximum possible deformation
equivalent to differential horizontal velocities of 0.2–0.5mm
yr�1 (Nocquet, 2012; Nguyen et al., 2016). However, very
recent studies using network-based filtering technics indicate
that coherent horizontal velocities can be resolved with a
precision of 0.1–0.2mmyr�1 on spatial scales of 100–200 km
(Masson et al., 2019b), resulting in the identification of
complex deformation patterns in the whole metropolitan
France that will require further analyses before they can be
used in seismotectonic models.

3.3 Western and Central Alps

The most significant deformation observed in the Western
and Central Alps is a present-day uplift rate up to 2–3mmyr�1

(Brockmann et al., 2012; Serpelloni et al., 2013; Nocquet
et al., 2016). The density of geodetic stations, combined with
the joint reevaluation of leveling data, allows a good
determination of the spatial distribution of vertical motions
(Fig. 8): uplift rates of 1.0–2.5mmyr�1 are limited to the
Central Alps and the northern Western Alps, whereas the
surrounding regions, including the southern Western Alps, do
f 20



Fig. 8. GNSS vertical velocities and horizontal strain rates in the Alps
and Pyrenees. Colored circles show vertical velocities at GNSS sites
(for standard errors smaller 0.25mmyr�1; Masson et al., 2019b).
Yellow and black crosses show horizontal strain rates in the Alps and
Pyrenees (cf. text for references).
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not show coherent significant vertical motion (0.0 ± 0.5mm
yr�1). At present, a more precise determination of the pattern
of vertical motions is limited both by individual data quality
and by data integration across the national borders.

Estimations of horizontal deformation also benefit from the
recent GNSS data improvements, providing the first significant
quantifications of present-day deformation in the Alps. In the
WesternAlps, the overall relativemotion across the entire range,
from the Po Plain to the Rhone Valley, is likely smaller than ca.
0.2mmyr�1 (Nocquet, 2012;Sánchezetal., 2018;Massonetal.,
2019b). However, significant orogen-normal extension is
observed in the inner alpine domains (Fig. 8) with strain rates
ca. (5–15)� 10�9 yr�1, equivalent to 0.5–1.5mmyr�1 over
distances of 100 km. This inner extension is combined with
slower orogen-normal shortening rates ca. (1–5)� 10�9 yr�1 in
the French foreland (Sánchez et al., 2018; Walpersdorf et al.,
2018; Masson et al., 2019b). These new geodetic-based
deformation patterns are consistent with the seismicity and
seismo-tectonic deformation indicators (Sue et al., 1999;
Walpersdorf et al., 2015). The increase in the volume and
precision of geodetic and seismicity data begs for a reassessment
of the geodetic/seismicity comparison to address questions such
as potential aseismic deformation (Sue et al., 2007).

These horizontal deformation patterns in the Western Alps
are likely unrelated to the regional kinematics of the Adria
micro-plate (Fig. 1). Rigid-block analyses define a counter-
clockwise rotation of Adria relative to Eurasia with a pole
located in northwestern Italy, resulting in roughly N-S
shortening the Eastern Alps and very small (< 0.5mmyr�1)
transtensive relative motions in the Western Alps (D’Agostino
et al., 2008). In contrast, GPS data suggest a rapid transition
from E-W extension in the French Western Alps to N-S
extension near the French– Italy– Swiss border (Fig. 8),
incompatible with the Adria micro-plate rotation and requiring
additional driving mechanisms such as isostatic rebound from
erosion, deglaciation from the Last Glacial Maximum, or
European slab tear (cf. Sect. 4).

3.4 Pyrenees

Recent campaign and permanent GPS data indicate a
significant N-S extension rate across the Pyrenees Mountains
ca. (1–4)� 10�9 yr�1, equivalent to ca. 0.1–0.4mmyr�1 over
the whole 50–100 km width of the orogen (Asensio et al.,
2012; Rigo et al., 2015; Masson et al., 2019b). The station
density and data quality does not allow a more precise
determination of the deformation localization, aside from
suggestions of a smaller extension rates in the eastern Pyrenees
compared to the western side (Fig. 8). As in the Western Alps,
the orogen-normal extension is consistent in style with
seismicity and neotectonic indicators (Fig. 3); in addition
geodetic and seismic strain rates are in agreement within their
uncertainties (Rigo et al., 2015). However, in contrast with the
Western Alps, associated shortening of the Pyrenees foreland
is presently not observed in geodetic data.

The low density of permanent GPS stations in the central
part of the Pyrenees, as well as the low resolution of campaign
data, put strong limits on the detection of significant vertical
motion. Current data suggest no significant uplift or subsidence
within ca. ± 0.5mmyr�1 in the inner domains and the
forelands (Masson et al., 2019b).
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As in the Alps, the relationship between these deformation
patterns and the kinematics of a potentially independent Iberia
micro-plate remains unclear. GPS data in Spain and Portugal
suggest a clockwise rotation the Iberia micro-plate, relative to
Eurasia, with a pole located in northern Spain southwest of the
Pyrenees (Palano et al., 2015). The compatibility of this rigid
rotation of an Iberia micro-plate with the strain rate estimations
in the Pyrenees remains to be studied in detail.

3.5 Upper Rhine Graben

Tectonic deformation in the Upper Rhine Graben has so far
been elusive. Studies using GNSS in combination with
leveling or InSAR (Interferometry of Synthetic Aperture
Radar) detect no significant horizontal deformation within
ca. ± 0.3–0.5mmyr�1 of precision (Fuhrmann et al., 2015;
Henrion et al., 2015). Alternatively, the most recent studies
based on GNSS data alone suggest a general N-S shortening in
the Vosges-Black Forest-Swiss Jura region ca. 1�10�9 yr�1

(eq. 0.1–0.2mmyr�1), which requires further analyses to
compare with other neotectonic indicators (Sánchez et al.,
2018; Masson et al., 2019b). Subsidence rates up to
0.5mmyr�1 are observed in the northern part of the Upper
Rhine Graben over areas of 10–20 km dimension (Fuhrmann
et al., 2015). Whether such subsidence signals can be of
anthropic origin, especially in association with geothermal
production, is the subject of ongoing research using various
geodetic techniques, including gravimetry (Heimlich et al.,
2015; Ferhat et al., 2017).

4 Processes and models

A variety of mechanisms and processes have been
proposed to explain the deformation and seismicity in France,
in general with application to a specific region. They can be
f 20
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classified in two main categories depending on whether they
generate steady state or transient loading on a geological time
scale (ca. 1Myr). The formers are associated with classical
tectonic drivers such as plate kinematics, mantle convection or
topography. The latter correspond to processes that have been
proposed more recently and whose impact remains debated,
such as erosion or glacial isostatic adjustment.
Fig. 9. Orientation of the maximum horizontal compressive stress in
metropolitan France and Western Europe. Small solid bars show
orientations of in-situ maximum horizontal compressive stress (sH)
from the World Stress Map (Heidbach et al., 2018). Thick dashed
white lines show smoothed sH orientation. Green, blue and red bars
show sH orientation from focal mechanism inversions in strike-slip,
extensional and shortening stress regimes. (b) Schema of state of
stress with permutations between s1 and s2 allowing for oscillations
between strike-slip and extensional regimes while maintaining sH

orientation.
4.1 Regional stress field and plate tectonics

Since the 1980s, the World Stress Map project has resulted
in a dramatic increase in the understanding of the state of stress
in the crust and lithosphere (Zoback et al., 1989; Heidbach
et al., 2018). In particular, numerous studies have shown that
the orientations of the maximum horizontal compressive stress
(sH) demonstrate a first-order spatial coherence at the
continental scale that can be attributed to the effect of plate-
boundary forces (Zoback, 1992). In most of France and
conterminous Western Europe, sH shows a general NW-SE to
NNW-SSE orientation (azimuth ca. N 135–160°, Fig. 9).
Mechanical models show that this stress pattern is mainly due
to the ridge-push force of the Mid-Atlantic Ridge combined
with the subduction/collision resistance along the Nubia-
Eurasia and Adria-Eurasia boundaries (Müller et al., 1992;
Gölke and Coblentz, 1996).

This continental-scale NW-SE to NNW-SSE orientation of
the maximum horizontal compressive stress is consistent with
the local stress tensors derived from focal mechanism
inversions in most of France and neighboring regions
(Fig. 9). Strike-slip and extensional stress regimes associated
with a NW-SE orientation of sH are observed in most of
Brittany, Vendée and northern Massif Central (Delouis et al.,
1993; Mazabraud et al., 2005), in the Lower Rhine
Embayment and Rhenish Massif (Hinzen, 2003), and further
south in the Upper Rhine Graben and Swiss Alpine foreland
(Delouis et al., 1993). The Pyrenees show a similar
combination of strike-slip and extensional regimes, but with
stronger variations in the orientations of sH within the NW-SE
quadrant (Rigo et al., 2015).

In contrast, the Western Alps are the only region where
extensional, strike-slip and shortening stress regimes coexist
over small spatial scales (10 s km), with stress orientations that
can vary by several 10 s of degrees (Sue et al., 1999; Baroux
et al., 2001). To first-order, the Alpine stress pattern is
consistent with the geodetic deformation, both indicating
roughly E-W extension in the center of the orogen with
shortening in the foreland (Figs. 3, 8 and 9).

Overall, these observations suggest that far-field plate-
boundary forces are a major control on the continental-scale
stress field in metropolitan France and conterminous Western
Europe, imprinting a maximum horizontal compression
oriented NW-SE to NNW-SSE. The associated deformation
regimes oscillate between strike-slip and extension, suggesting
a state of stress allowing for easy permutations of the two
largest principal stresses (s1 and s2) between vertical and
horizontal NW-SE compression (Fig. 9b). Local deviations
from this general state, in particular in the Western Alps, point
out the important role of additional mechanisms and processes
in local deformation.
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4.2 Mantle dynamics, subduction and slab tear

The potential effects of sub-lithospheric mantle dynamics
on present-day deformation in France and Western Europe can
be divided in two categories. On a very large spatial scale
(hundreds to thousands of km), upper mantle convection can
contribute to spatial variations of the lithospheric stress
orientations and magnitudes. The convection dynamics and
complex interactions with slab subduction has likely played a
major role in the overall tectonics of the Mediterranean region
over the last 30–40Ma (Faccenna et al., 2014). More
specifically, numerical models of mantle convection suggest
that asthenosphere-lithosphere coupling may result in NW-SE
horizontal compression in most of France, as well as dynamic
uplift in the Massif Central (Faccenna and Becker, 2010;
Faccenna et al., 2014). However, the efficiency of stress
transfer from the asthenosphere to the crust and of dynamic
topography related to mantle convection are still largely
debated (Coltice et al., 2017).

A second, more local process related to sub-lithospheric
dynamics has been proposed to explain the uplift and E-W
extension observed in the Western Alps. Seismic tomography
images suggest a tear in the subducted European lithosphere,
which may have recently detached from the surface in the
Western Alps whereas it remains attached in the Eastern Alps.
This recent (ca. 2–5Ma) tear and sinking of the European slab
could result in upward flexure, and thus uplift and horizontal
extension, of the Alpine crust due to elastic rebound (after
removal of the slab weight) and upward flow of hotter
asthenosphere (Baran et al., 2014; Fox et al., 2015; Nocquet
et al., 2016). Very few quantitative models of deformation
associated with a slab-tear rebound exist. They show that the
amplitude and spatial wavelength of the crustal deformation
of 20
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strongly depends on the assumed material properties and
model geometry (Gardi et al., 2010). In all cases, the predicted
uplift rates remain small (0.1–0.5mmyr�1) compared to those
observed by geodesy.

4.3 Gravitational potential energy

The third classical process acting on a geological time scale
is the gravitational potential energy (GPE), i.e. forces resulting
from density contrasts either at the surface (topography) or
within the lithosphere. Force-balance and dynamic models
show that GPE is a major mechanism in plate boundary regions
and potentially in intraplate regions, despite the lower
topography (Assameur and Mareschal, 1995; Ghosh et al.,
2006). Using geoid height variations as a proxy for GPE,
(Camelbeeck et al., 2013) calculate the associated stress
integrated over the lithosphere thickness in Western Europe. In
their model, GPE stresses vary on spatial scales of a few
10 s km resulting in short-wavelength variations of the tectonic
regimes, stress amplitudes (ca. 1–10MPa) and stress
orientations, with two main modes of the maximum horizontal
compressive stress (sH) roughly NE-SW and NW-SE. These
local stress orientations are consistent with most of the World
Stress Map data (in-situ and focal mechanisms), highlighting
the role of GPE in local stress variations in France and
conterminous Western Europe (Heidbach et al., 2007;
Camelbeeck et al., 2013).

Additional studies point out the potential role of GPE in the
Alps and Pyrenees (Jiménez-Munt et al., 2005; Neres et al.,
2018). The high topography of the inner orogen relative to its
foreland results in extensional tectonics with the main
extension direction (minimum horizontal stress) perpendicular
to the local strike of the orogen, consistent with the present-day
deformation observed in geological, seismological, and
geodetic data. On smaller scales, GPE may also be linked
with seismicity clusters in the central Pyrenees in association
with the subsidence of a block of dense lower crust trapped
within the upper crust (Souriau et al., 2014), and in southern
Western Alps where GPE may drive the southward flow of the
sedimentary cover over a Trias decollement level (Le Pichon
et al., 2010). Altogether, these studies are part of the ongoing
debate regarding the concept of gravitational collapse and its
applicability to the Alps and Pyrenees (Selverstone, 2005;
Vernant et al., 2013).

A major hypothesis of the GPE models is local isostatic
equilibrium, i.e., a negligible support of the topography and
density loads by the lithosphere strength. This assumption is
contradicted by studies of gravity – topography coherence or
admittance that indicate an effective elastic thickness of the
lithosphere of 10–40 km over most of Western Europe (Pérez-
Gussinyé and Watts, 2005; Tesauro et al., 2009). Thus, short
wavelength loads (< ca. 100 km) should be mostly supported
by the lithosphere flexural rigidity with limited GPE effect,
whereas long wavelength loads (> 100–200 km, such as the
Alps or Pyrenees) may result in much stronger GPE effects.
Mechanical models including lithosphere elasticity indicate
that the topography and crustal loads in the central Pyrenees
result in very little effect on the modeled deformation (Genti
et al., 2016).
Page 11
4.4 Erosion

Coupling between erosion, crustal deformation and climate
has been proposed on timescales ranging from geological (1–
10Myr) to human (1–10 yr) periods (Dadson et al., 2003;
Willett et al., 2006; Steer et al., 2014). In practice, erosion rates
(i.e., rates at which material is being removed and transported
away from the area of interest) are only estimated through
proxy analyses. Sediment budgets in deposition basins and
exhumation models based on low-temperature thermochro-
nology provide estimations of erosion rates over periods of a
few Myr. At intermediate timescales, denudation of river
catchment basins estimated using cosmogenic nuclide
exposition are used as a proxy for erosion rates over a few
kyr. Present-day sediment fluxes in river transport are used to
estimate erosion rates over a few 10 s yr. These techniques only
provide indirect estimations of erosion rates averaged over the
considered time period and that depend on models with
multiple unknowns.

In France and conterminous Western Europe, long-term
erosion has been proposed as a possible driver of present-day
uplift and extension in the Alps and Pyrenees (Champagnac
et al., 2007; Vernant et al., 2013). For the latter, slow erosion
rates (< 0.1mmyr�1) are estimated for the post-orogenic
period (Neogene). Exhumation models suggest very slow (ca.
0.02mmyr�1) erosion rates averaged over the last 30Ma
(Fillon and van der Beek, 2012). Slightly faster (ca. 0.05–
0.1mmyr�1) erosion rates are proposed for the last 1000–
10 ka in the easternmost Pyrenees on the basis of cosmogenic
dating and morphometric analyses (Molliex et al., 2016).
Mechanical models show that these very slow erosion rates,
combined with isostatic re-equilibrium of the over-compen-
sated crustal root, can result in slow uplift and extension rates
in the Pyrenees compatible with the geodetic and seismicity
observations (Genti et al., 2016).

A larger body of work exists in the Alps that provides a
more detailed picture of erosion rates, although spatial and
temporal variations remain debated, in particular regarding the
potential acceleration of erosion rates in the last 1–5Ma due to
the Late Neogene glaciations and wetter climate. Estimations
of exhumation rates from low-temperature thermochronology
vary between less than 0.4mmyr�1 and over 1.0mmyr�1 in
theWestern and Central Alps, with indications of either steady-
state rates since ca. 15Ma or acceleration over the last 2–5Ma
(Glotzbach et al., 2011; Glotzbach et al., 2013; Fox et al.,
2015; Molliex et al., 2016). On a shorter timescale, denudation
data indicate average erosion rates of the same magnitude (ca.
0.5–1.0mmyr�1) over the last 5–20 ka, with a possible
increase associated to the last deglaciation (Glotzbach et al.,
2013; Molliex et al., 2016). Mechanical models show that the
uplift response to erosion reaches 0.1–0.5mmyr�1 (50–80%
of the erosion rates), i.e. at most 30–50% of the observed uplift
velocities, depending on the mechanical parameterization on
the lithosphere (Champagnac et al., 2007; Mey et al., 2016).

Erosion estimations are sparse in other regions of
metropolitan France. Denudation measurements in the river
catchments flowing from the Massif Central indicate erosion
rates ca. 0.05–0.08mmyr�1, about an order of magnitude
slower than the Western Alps and slightly slower than the
of 20
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Pyrenees (Schaller et al., 2001; Olivetti et al., 2016). Slower
rates ca. 0.01–0.05mmyr�1 are estimated in the Ardennes
and Rhine Graben region (Schaller et al., 2001). A simple
linear scaling suggests that uplift and extension in response to
erosion in these regions should be about 10 times smaller than
in the Western Alps and about 2–5 times smaller than in the
Pyrenees.

4.5 Glacial isostatic adjustment

Glacial isostatic adjustment (GIA), also referred to as
postglacial rebound, is the response of the solid Earth to
surface loading and unloading associated with fluctuations of
icecaps, glaciers and sea level at periods controlled by orbital
forcing (ca. 23, 42 and 100 kyr; (Hays et al., 1976)). In Europe,
Quaternary ice systems comprise the Fennoscandian and
Celtic icecaps that covered Scandinavia and most of the British
Isles, as well as smaller icecaps and mountain glaciers in
regions of high altitude such the Alps and, to a much smaller
extent, the Pyrenees and Massif Central (Florineth and
Schlüchter, 2000; Patton et al., 2016). Since the Last Glacial
Maximum (LGM, ca. 18–20 ka), GIA induces large deforma-
tions in northern Europe in response to the melting of the
Fennoscandian icecap (e.g., present-day uplift rates up to 10–
15mmyr�1 in central Scandinavia). This GIA-related defor-
mation corresponds to first order to a viscoelastic process and
may be responsible for large Holocene earthquakes (M= 7–8)
in Scandinavia and as far south as central Germany (Steffen
et al., 2014; Brandes et al., 2015).

Although smaller than in northern Europe, the impact of
LGM glaciations in metropolitan France and neighboring
regions may be associated with deformation and seismicity on
two levels: at a very large spatial scale (ca. 1000 km) in
response to the Fennoscandian icecap, and at a more local scale
(10–100 km) in response to the Alpine icecap and glaciers. For
the former, geodetic data and numerical models indicate that
the effect of the northern icecaps is likely limited to small
subsidence rates (< 1mmyr�1) and NE-SW shortening rates
(< 1�10�9 yr�1) in Belgium and southwestern Germany
(Nocquet et al., 2005; van Camp et al., 2011; Peltier et al.,
2015). In metropolitan France, the Fennoscandian GIA signal
is likely at the limit of, or smaller than the resolution of
geodetic data.

In the Alps, the LGM icecap covered most of the
mountain range, with the exception of the southern Western
Alps, with an average ice thickness ca. 500m and
maximums up to 1.5 km in the main valleys (Mey et al.,
2016). Because of the relatively small dimensions of the
Alpine icecap, standard GIA models yield very small
present-day deformations, with at most 0.5 mm yr�1 of uplift
in the center of the Alps (Stocchi et al., 2005). In contrast,
recent more complex models include spatial variations of the
lithosphere rheology and in particular thinning of the elastic
layer beneath the Alps (Chéry et al., 2016; Mey et al., 2016).
These models result in faster present-day GIA deformation:
uplift rates ca. 1–2mm yr�1 and E-W extension in the inner
region of the Western Alps transitioning to near-zero vertical
motion and shortening in the foreland, consistent in
amplitude and style with the geological, seismicity and
geodetic data.
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4.6 Anthropic activities

Seismic events related to human activity represent about
one third of all earthquakes in metropolitan France between
1962 and 2009 (Cara et al., 2015). Most are quarry blasts with
small magnitude (ca. M< 3) and very limited spatial impact
(few 10–100 sm). Other anthropic activities such as oil and gas
extraction, geothermal production or hydro dams can result in
triggering of larger earthquakes over wider areas (Foulger
et al., 2018). In the last case, the effects of loading/unloading
of hydro dams (or other surface mass modifications) are
commonly associated with stress perturbations that affect
faults already at near-failure stress equilibrium (Grasso et al.,
1992). In metropolitan France, several areas present evidence
of anthropic deformation and seismicity on levels that warrant
geodetic and seismic monitoring. The Lacq gas field,
southwestern France, is a typical case of human-induced
deformation associated with the exploitation of hydrocarbons.
Between 1974 and 1992, gas production resulted in over 2000
earthquakes (up to M=4.2) and subsidence up to 5 cm in an
area ca. 10� 20 km (Bardainne et al., 2008). Alternatively,
examples of significant subsidence with little to no seismicity
are observed in both solution and tunnel mining systems
(Guéguen et al., 2009). Induced seismicity associated with
geothermal energy production, and in particular enhanced
geothermal systems, is also an important and ongoing subject
of research in France and Western Europe (Majer et al., 2007).
Because of its complex and specific characteristics, anthropic
generation of deformation and seismicity is beyond the scope
of this review.

5 Discussion

The preceding review highlights the intricacies of
seismicity and deformation processes in metropolitan France
and neighboring Western Europe, synthesized in Figure 10.
The consistency of in situ stress data and earthquake focal
mechanisms suggests that far-field tectonic forces are a major
factor defining the large-scale crustal stress pattern (maximum
horizontal compression, Fig. 9). Yet, non-tectonic processes
such as erosion and glacial isostatic adjustment must play an
important role in local and regional variations in seismicity and
deformation, in particular in relation with orogen-normal
extension in the Alps and Pyrenees. In addition, local
gravitational forces from topography or mantle dynamics
may also contribute in specific areas such as the Alps.

Mechanical numerical modeling is a critical approach to
address and decipher the complexities of present-day
deformation and the relative contributions of the various
driving processes. This is especially true when considering the
additional complexities of crustal and mantle rheologies
derived from variations in thickness, composition, geotherm or
tectonic history. As an example, the present-day response to
deglaciation in the Alps can vary by a factor of five depending
on the presence of weak crustal and mantle domains related to
the Alpine tectonics (Chéry et al., 2016). This potential role of
structural inheritance in present-day deformation and seismic-
ity is reviewed in the next section. We then discuss the
difficulties of integrating this wealth of information in future
seismic hazard calculations.
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Fig. 10. Schematic synthesis of present-day deformation and driving
processes in metropolitan France and Western Europe. Red (resp.
orange) crosses show the styles and relative amplitudes of well-
constrained (resp. probable) present-day horizontal deformation from
earthquake focal mechanisms and geodetic data. Black dashed lines
and arrows show the large-scale NW-SE horizontal compression from
far-field tectonic forces. Blue dashed line shows the area impacted by
Glacial Isostatic Adjustment (GIA) from the Alpine ice cap. Curved
green arrow shows the area affected by the European slab tear and
associated mantle dynamics. Orange shadings show areas affected by
long-term erosion (red–yellow = fast–slow).

Fig. 11. Relationship between structural inheritance and seismicity in
metropolitan France. Solid and dashed green lines show major crustal
faults and fault zones (MFZ: Midi Fault Zone; BF: Bray Fault; LRFS:
Lower Rhine Fault System; SASZ: South Armorican shear Zone; SH:
Sillon Houiller; NPF: North Pyrenees Fault; CF: Cévennes Fault; BF:
Belledonne Fault; PFT: Pennic Front Thrust). Solid dashed lines show
major sedimentary basins. Grey circles show historical and
instrumental earthquakes (Mw≥ 4.5, SHARE catalogue). Orange
shading shows relative density of instrumental earthquakes (Mw
≥ 2.0, SI-Hex catalogue).
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5.1 Role for structural inheritance

In continental intraplate regions, a first-order spatial
correlation between seismicity and structural inheritance is
observed and discussed since the 1970s (Sykes, 1978;
Johnston, 1989). In these studies, structural inheritance is
commonly defined as lithospheric-scale geological structures
associated with past major tectonic events (commonly
Paleozoic or older) and large strain affecting regions of 10–
100 s km. Depending on the metrics and definitions, 55–95%
of intraplate seismicity occurs in regions of strong structural
inheritance such as paleo-rifts and passive margins (Johnston,
1989; Schulte and Mooney, 2005). To a first-order, a spatial
correlation between seismicity and structural inheritance can
also be observed in metropolitan France (Fig. 11). Background
micro-seismicity and MW≥ 4.5 earthquakes occur preferen-
tially within ca. 50 km of fault systems affecting the Moho and
the Variscan basement: e.g., the South Armorican Fault Zone,
the North Pyrenean Fault, the Pennic Front Thrust and
Belledonne Fault, the Lower Rhine Fault System. Exceptions
to this correlation are of two types: (1) seismicity occurring in
regions where structural inheritance is limited to shallow, thin-
skin tectonics (Jura and Alpine foreland) and (2) regions of
major structural inheritance with little to no seismicity (e.g.,
Bray Fault, Cévennes Fault).
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This first-order correlation between intraplate seismicity
and structural inheritance is commonly related to mechanical
weakening and thus strain concentration within the lithosphere
in paleo-tectonic domains (Sykes, 1978; Mazzotti, 2007).
Geological studies of exposed shear zones indicate that in the
lithospheric mantle this mechanical weakening is related to
olivine crystal alignment or grain-size reduction during past
tectonic events (Précigout and Gueydan, 2009; Tommasi et al.,
2009). In the crust, the primary mechanism for mechanical
weakening is the nucleation of mineral layering (e.g., mica,
talc) in fault and shear zones (Gueydan et al., 2003;
Holdsworth, 2004). These various mechanisms can result in
permanent strength reduction up to factors of 10–100 or more.

Few studies provide quantitative analyses of the potential
relationship between structural inheritance weakening and
amplification of present-day deformation and seismicity. Ad
hoc weak zones have been tested in numerical models of
glacial isostatic adjustment by reducing the mantle viscosity or
elastic plate thickness in regions of structural inheritance
(Grollimund and Zoback, 2001;Wu andMazzotti, 2007; Chéry
et al., 2016). They show that strength reduction by an order of
magnitude can result in a concentration and increase of GIA
deformation by factors ca. 2–10 depending on the model
assumptions. More complex numerical models that integrate
specific rheological laws for the weakening mechanisms are
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also developed (Mazzotti and Gueydan, 2018; Tarayoun et al.,
2019). In these models, the impact of structural inheritance on
present-day deformation strongly depends on the amplitude
and location of the weak zones, but also on the characteristics
of the forcing mechanisms (e.g., long-term tectonics or
transient GIA). However, these initial studies suggest that
spatial variations in present-day deformation rates, and thus
seismicity rates, may be limited to factor of ca. 2–25 in
intraplate regions such as metropolitan France (Tarayoun et al.,
2019). The implications of such constraints on seismicity and
seismic hazard remain to be addressed.

Finally, an apparent anti-correlation is observed between
seismicity and the presence of large sedimentary basins. The
Paris and Aquitaine basins are associated with very low
background seismicity, although they host a few large
earthquakes (Mw≥ 4.0) and neotectonic deformation evidence
(Figs. 5 and 11). The effect of these large Meso-Cenozoic
basins as potential inhibitors of present-day deformation and
seismicity remains to be studied. It is worth noting that the
South-East Basin does not show a similar anti-correlation.

5.2 Seismic hazard implications

As shown in the previous sections, the characterization of
seismicity in metropolitan France and Western Europe faces
numerous complexities and unknowns, from the driving
processes and role of structural inheritance in strain localiza-
tion, to the amplitude and time variability of long- and short-
term deformation rates, or the identification of potential active
faults and large earthquake recurrence. Hence, as for all
continental intraplate regions, seismic hazard assessment
remains a major challenge both from scientific and societal
perspectives. This issue is perfectly illustrated by the plethora
of articles and reports published in the last 20 years on the
subject of seismic hazard in the New Madrid Seismic Zone,
eastern USA. Although it is probably the best studied intraplate
system, the validity of its current probabilistic seismic hazard
calculations and their applicability to official policies are the
subject of fierce debates (Frankel, 2004; Wang and Cobb,
2012).

In France, seismic hazard calculations have been
performed by public institutes and private companies using
deterministic or probabilistic methods, depending on the
regulations and applications (Dominique et al., 1998; Marin
et al., 2004). Most of these studies rely on classical definitions
of seismotectonic zones that represent “tectonically coherent
regions” (Grellet et al., 1993; Baize et al., 2013), with recent
developments focusing on the integration of individual
seismogenic faults (Cushing et al., 2008; Jomard et al.,
2017). In the case of probabilistic hazard assessment, the
calculations require the definition of local earthquake
frequencies of occurrence. Thus, a robust knowledge of
deformations rates (regional strain or individual fault slip) and
their uncertainties is critical to these models (Chartier et al.,
2017). In the case of deterministic calculations, the seismo-
tectonic framework also provides important constraints on the
local maximum magnitude, predominant earthquake mecha-
nism, etc., to compensate for the limited knowledge on large
historical earthquakes and paleo-earthquakes in France.
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The quantitative integration of deformation rates derived
from geodetic data or numerical models is becoming an
important aspect of seismic hazard assessment, especially in
regions of fast deformation such as plate boundary zones (Field
et al., 2014; Evans, 2017). However, the complexity and
probable role of non-tectonic processes result in additional
difficulties in metropolitan France and neighboring Western
Europe, as in most continental intraplate regions (Atkinson,
2007; Mazzotti, 2018). In particular, major issues remain to be
addressed before deformation rates due to loading/unloading
processes, such as erosion and glacial isostatic adjustment
(GIA), can be included in seismic hazard models. Such
processes are associated with smooth deformation patterns
controlled in part by the elastic response of the lithosphere, i.e.,
deformation on spatial scales of 10–100 s km and partly to fully
aseismic. On a global scales, comparisons of seismic and
geodetic strain rates indicate a very large variability of the
seismic/aseismic deformation ratio (Mazzotti, 2018). In
addition, recent advances in geodetic data analysis also
suggest that this ratio may be strongly affected by the presence
of major structural inheritance (Tarayoun et al., 2018).

Finally, the probable role of non-tectonic environmental
processes such as erosion and GIA also raises the issue of time-
dependent deformation and thus seismic hazard. Orbital
forcing on climate yields a strong variability of glaciation and
erosion rates on time scales of 1–10 kyr, but shorter
modulations also exist on time scales of 1–100 yr (e.g., Little
Ice Age or Mediterranean High Precipitation Events). The
impact of these time-varying forcing mechanisms on
deformation and earthquake triggering or earthquake cluster-
ing is starting to be addressed in active regions (Steer et al.,
2017). Their potential effects in metropolitan France remain to
be studied.

6 Conclusion

Research in the last decades has brought to light the
intricacies of seismicity, present-day deformation and the
related driving processes in metropolitan France and conter-
minous Western Europe (Fig. 10). In particular, new
geological, seismological and geodetic data show that the
Pyrenees and Western Alps currently experience orogen-
normal extension ca. 0.5mmyr�1 unrelated to their Cenozoic
tectonic history of convergence and mountain building.
Elsewhere, present-day deformation remains more elusive.
Deformation styles, derived from earthquake focal mecha-
nisms, vary mainly between extension and strike-slip, with
shortening limited to the Western Alps foreland. Geodetic data
have so far only provided upper bounds on the deformation
rates (less than 0.2–0.5mmyr�1 over 100–200 km), but the
drastic improvements in data density and analysis methods
suggest that significant deformation velocities can now be
resolved in most of metropolitan France and western Europe.

The numerous studies and observations reviewed here
point to the first, and possibly most important, conclusion that
plate tectonics and its classical mechanisms (relative plate
motions, mantle convection) are not the primary drivers of
present-day deformation and seismicity in metropolitan
France. Additional processes must play a major role in the
of 20
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regional and local complexities. A variety of potential
candidates exists in different regions, ranging from long-term
processes (e.g., potential energy from density contrasts and
topography, slab tear propagation) to non-tectonic transient
processes acting on time scales from the Myr to the kyr (e.g.,
erosion, glacial isostatic adjustment). Due to this variety of
potential driving processes, the relationship between ongoing
deformation and seismicity – and thus seismic hazard –
remains a key uncertainty. Whether long-term deformation
results in very slow fault loading rates and recurring
earthquakes with very long return periods, or whether
present-day loading is negligible and large earthquakes
may not be recurring remains an open question, potentially
with different answers in different regions of metropolitan
France and conterminous Western Europe. It is worth noting
that these various processes likely also play a role in plate
boundary zones. On a large scale, their contributions are
generally overshadowed by standard plate tectonics, but
detailed studies commonly point out the local importance of
additional processes such as GIA or slab tear in plate
boundary systems.

The relationships between driving processes, deformation
and seismicity need to be addressed through mechanical
numerical modeling in order to take advantage of the
geological, seismological and geodetic data that will continue
to improve in the near future. In particular, recent studies show
that structural inheritance (crust or mantle strength variability
due tectonic history) can play a major role in the localization
and amplification of deformation and thus seismicity. A full
integration of numerical models, geodetic, seismological and
geological data within a consistent seismotectonic framework
is a next step that should be supported at the scale of France and
Western Europe (cf. (Field et al., 2014) for the California
example). In particular, macroseismic data and archeo- and
historical earthquake catalogs are fundamental to better define
the spatial and temporal characteristics of seismicity in
metropolitan France; studies of historical data need to be
resumed and supported.
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