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Abstract. The analysis of the seismicity catalog (1996 to 2019) covering the region from the Jura
mountains to Corsica provides a first-order image of the distribution of earthquakes, highlighting
large structures such as the Briangonnais and Piedmontais seismic arcs, the eastward deepening
of the focal depths through the Western Alps, several large active faults (e.g. Belledonne, Middle
Durance, Ligure). Over this period the magnitudes are moderate and the focal mechanisms of the
main events display a diversity of seismic behaviors that can be explained by the complexity of the
different geological domains with a more or less strong structural inheritage, by variable rheological
characteristics at the scale of the crust and by the joint action of different mechanisms of deformation.
The distribution of the historical events is in fairly good agreement with the instrumental seismicity,
but several earthquakes of M > 6 are highlighted since the 14th century until the beginning of the 20th.
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1. Introduction

The southeast part of metropolitan France is one of
the most seismic areas within the westernmost Euro-
pean continent (Figure 1). The first seismicity cata-
log for this zone was published by Rothé [1942] and
since then the densification of monitoring networks,
the technological improvement of seismometers and
digital processing have led to spectacular progress
in the detection and distribution of earthquakes and
their focal mechanisms.

The seismic activity consists mainly of: (i) moder-
ate magnitude events (i.e. no earthquakes M,, > 6.0
were recorded during the instrumental period),
(i) abundant and uneven microseismicity (i.e.
M,, < 3) distributed throughout the SE region and
(iii) numerous swarms. However, several strong his-
torical earthquakes were reported (e.g. 1356, 1564,
1887, 1909). The rate of motions measured by spa-
tial geodesy for more than 20 years are very low
over the whole region: horizontal motions are less
than 0.5 mm/yr through the Alpine and foreland
domains and vertical motions are 3 mm/yr maxi-
mum, located in the northwestern Alps [e.g. Noc-
quet, 2012, Serpelloni et al., 2013, Nocquet et al.,
2016, Walpersdorf et al., 2018]. So far, only the High
Durance fault displays a present-day measurable
slip-rate by spatial geodesy [Mathey et al., 2020].
The horizontal strain rate is in the range of 1-2 x
10’9/yr [Masson et al., 2019], typical of intraplate
domains.

An analysis of seismicity in France is proposed in
the context of the 100th anniversary of the Bureau
Central Sismologique Francais (C.R. Geoscience, this
issue). The present paper focusses on the southeast-
ern quarter of the metropolitan territory. Southeast
France is part of an intraplate region made of con-
trasting topographical and geological domains such
as the Bresse graben, the Jura fold-and-thrust belt,
the Southeast basin, the western Alpine belt, the Lig-
urian Sea and Corsica island. The Meso-Cenozoic
geological evolution involved Paleozoic crystalline
basement and Meso-Cenozoic sedimentary cover of
variable thickness, together strongly structured by
numerous faults resulting from the Hercynian, Pyre-
nean and Alpine orgeneses as well as Tethyan and
western Mediterranean rifting phases [Chantraine
etal., 2003]. The thickness of the crust also varies sig-
nificantly: from 55 km at the maximum in the Alpine
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thickened area to less than 10 km in the Ligurian
basin.

The objective of this paper is a synthesis of the
knowledge on the seismicity of SE France. First, we
present the evolution of the regional seismological
networks that have provided data since the beginning
of the 1960s. We then discuss the distribution of in-
strumental and historical seismicity over the whole
SE region. This SE region being of particularly wide-
spread seismicity, in a third part we discuss more
precisely the relationship between seismicity and ge-
ology in the Jura-Bresse, the Southeast basin, the
Western Alps and the Ligurian Sea and Corsica. In
the last part we discuss some particular points of
interest about (i) the precise relationships between
earthquakes and faults, (ii) the seismogenic poten-
tial of faults according to their extension in depth,
(iii) the very shallow earthquakes (iv) the forces al-
lowing the stress loading of faults in the SE region.
The seismic swarms detected in the region are not
analyzed in detail (the reader can refer to the papers
of Baques et al. [2021] and Guéguen et al. [2021]) and
we do not adress the evaluation of the seismic hazard.
Names and acronyms in italics correspond to web
sites whose links are given in the references. Figures
and tables numbered with the index “-S”, as well as
the high resolution seismicity maps can be found in
the electronic supplement and also a kml file which
helps to locate the places, cities and geological loca-
tions mentioned in the text.

2. The seismological networks and catalogs in
southeast France

CEA-LDG (Laboratoire de Détection et de Géo-
physique du Commissariat a 1'énergie atomique et
aux énergies alternatives) deployed, in 1962, the first
seismological high sensitivity network covering the
whole metropolitan territory. In the 1970s, ten sta-
tions were deployed in SE France. In the same decade
isolated seismic stations, run by universities or other
institutions were dedicated to record large events
and arrival times collected by BCSF (Bureau Central
Sismologique Francais) to locate main events [BCSF,
1983] (Figure A-Sa).

It is only from 1978 that the scientific community
dedicated permanent seismic networks to follow re-
gional and local microseismicity. Thus the first lo-
cal network was installed by IPG Strasbourg (Insti-
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Figure 1. Seismicity map from the CEA_1996-2019 catalog supplemented by earthquakes of M; =
4.5 or M, = 4.0 from the CEA and the Si-Hex catalogs for the period 1963-1996. 1, 2: Brianconnais
and Piemontais seismicity arcs respectively; 3-5: Rhone, Belledonne and Durance seismic alignments
respectively; 6: Vallorcine cluster; 7: Maurienne cluster; 8: Ubaye cluster; 9: Epicenter of the Le Teil
earthquake (M,, 4.9, 2019/11/11). The geographic extend of the map is NW: 47.615° N-3.663° E, NE:

47.615° N-9.974° E, SW: 41.235° N-3.694E, SE: 41.092° N-9.610° E.
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tut de Physique du Globe) (under the responsibility
of P Hoang-Trong) covering the Nice area with seven
vertical short-period stations being radio transmit-
ted (Figure A-Sb). During the same period, radio-link
stations were installed around Grenoble. These sta-
tions, equipped with sensitive short-period sensors
(mostly providing the vertical component of shak-
ing), suffered from limited data transfer capabilities,
hence limiting the sampling rate. The digital content
has evolved only slowly from 12 bits to 16 bits, and
data of the largest events were mostly clipped allow-
ing only arrival time picking. Timing control was per-
formed using an encoded radio time (DCF77) pro-
vided by a German Institution PTB (Physikalisch-
Technische Bundesanstalt), with a precision of 1/50s.
Some years later, a similar network was installed
covering the Middle Durance fault, run by the Ré-
NaSS (Réseau National de Surveillance Sismique).
The Durance network was replaced after 1992 by a
denser network operated by IRSN (Institut de Ra-
dioprotection et de Sureté Nucléaire) for 10 years
[Dervin et al., 2007].

The main modern network covering southeast
France was the SISmalp network installed from the
end of the 1980s (Figure A-Sb). It was originally com-
posed by 35 sites equipped with L4AC 1 Hz vertical
velocimeters and 16 bits digitizers. The data, locally
triggered time windows of the continuous record,
were collected on public switched telephone network
lines for a centralized analysis. Only a part of the
Sismalp stations were contributing to BCSF seismo-
logical events location [BCSF, 2002]. It provided the
first robust imaging of microseismicity with the pos-
sibility of determining a lot of focal mechanisms.
During its 25 years of operation, the network was
regularly upgraded by installing some three compo-
nent sensors, 24-bit digitizers and GPS time con-
trol integration, partly integrating broad-band net-
work. It stopped running after 2015 and a large part
of the stations have been integrated into the RESIF-
EPOS (Réseau Sismologique et Géodésique Francais-
European Plate Observing System) network.

The last evolution of the network over SE France
began with the installation of the first broad-band
sensors connected to 24-bit digitizers and GPS time
control. The migration to continuous 100 Hz real-
time transmission of the data (2005) using seedlink
protocol allows a more efficient sharing of the
data and therefore a simplified use for microseis-
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micity analysis. The last stage is the implementa-
tion of RESIF-EPOS infrastructure in which CNRS,
University observatories and CEA-LDG gather most
of the data from their stations in France (Figure A-
Sc): these initiatives push forward the aim of uni-
form coverage of the national territory and open
diffusion of all the data and tends to enhance the
completeness of the catalogs.

Several catalogs have been published by differ-
ent institutions operating seismic networks. In re-
cent years a special effort has been made to harmo-
nize the catalogs in order to provide moment magni-
tudes [SI-Hex catalog, Cara et al., 2015] or to improve
earthquake location through 3D tomographic mod-
eling of the crust and top of the mantle [Potin, 2016].
For the analysis carried out in this paper, given the
size of the study area, bordering Switzerland and Italy
and including the Ligurian Sea and Corsica, we have
used the CEA catalog (Table A-S) which covers the
largest area beyond the borders, unless otherwise
stated in the text.

In SE France, the CEA catalog gathers the earth-
quake locations obtained using station records from
the various French networks: the CEA network since
the early 1960s, SISmalp, RéNaSS and OCA networks
since 1977, 1986 and 1992 respectively; and also in
order to complete outside the borders, the stations
from GEOFON (Germany), SED (Switzerland) and
RSNI (Italy) seismic networks are also used [Duverger
et al., 2021]. The magnitude versus time distribution
(Figure 2) clearly highlights the gain in detection ca-
pability over the years. For instance, the improve-
ment during the 1977-2000 period is mainly related
to the SISmalp network deployment.

3. Seismicity in the southeast of France
3.1. Instrumental seismicity

From 1963 to 2019, the CEA catalog displays the lo-
cation and local magnitude (M;) of 37,935 natural
earthquakes (quarry blasts and marine explosions
excluded). We have chosen to analyze only the last 23
years (1996-2019) during which the balance between
magnitude completeness and event detection is opti-
mal for a set 0of 30,493 events (Figure 1). The locations
were determined based on manual P- and S-wave
picks, using a 1D velocity model [Duverger et al.,
2021]. In order to complete this map of instrumental
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Figure 2. Magnitude versus time of earthquakes in SE France from the CEA_1963-2019 catalog.

seismicity for the period 1963-1995, we have added
25 earthquakes of My = 4.5 or M, = 4 from the CEA
and Si-Hex catalogs respectively which can be as-
sumed to have been located with a sufficient num-
ber of stations and therefore of a reasonable accuracy
(Figure 1 and Table B-S).

From 1996 to 2019, the maximum magnitude, My,
5.4 (My 4.9), corresponds to the Le Teil earthquake
(2019/11/11), but over the period up to 1963, the
strongest earthquake had occurred in the Ligurian
Sea (1963/07/19, M,, 6.0) and a total of 43 earth-
quakes exceeded My 4.5 or My, 4.0 (Table B-S). These
moderate earthquakes are distributed throughout
the SE domain of France.

The magnitude—frequency distribution of the en-
tire catalog of SE France shows a magnitude of com-
pleteness around 1.5 and a b-value of 1.12 (Fig-
ure 3). This high b-value deviates from the first-
order b-value ~1 [Gutenberg and Richter, 1944] and
indicates a relative excess of low magnitude earth-
quakes versus large magnitude ones. Such excess
could be explained by large swarms (Figure 1) in
Ubaye [2003-2004, 2012-2016; Jenatton et al., 2007;
Thouvenot et al., 2016; Baques et al., 2021], near Sam-
peyre [2010, Godano et al., 2013] and in Maurienne
[2017-2018, Guéguen et al., 2021] as can be seen on
the monthly distribution since 1996 (Figure 4). One
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can notice that the 2003-2004 Ubaye swarm [16,000
earthquakes in two years, Jenatton et al., 2007] does
not appear in this data set, certainly in relation to the
low detection capacity of the permanent network for
My < 1.7 at that time. The 30,493 earthquakes of the
1996-2019 CEA catalog are mainly located in the up-
per crust between 2 and 12 km depth with about 500
events lying between 30 and 50 km and about 15 be-
yond 50 km depth (Figure B-S).

As mentioned in previous works [e.g. Nicolas et al.,
1998, Eva et al.,, 2020], at the scale of SE France
and NW TItaly the distribution of epicenters is very
heterogeneous. A large part of the seismicity is dif-
fuse and has no particular distribution or relation-
ship with identified geological structures. Neverthe-
less, according to their geometry, several types of epi-
center concentrations are highlighted, mainly in the
Alpine domain and its foreland (Figure 1): (i) the ma-
jor ones are the so-called “Brianconnais and Piemont
arcs”, previously identified by Rothé [1942]: they ex-
tend over more than 150 km from Aosta in the north
to Cuneo in the south; (ii) obvious alignments of epi-
centers underline large geological structures such as
the Rhone fault (Valais, Switzerland), the Belledonne
Border fault (near Grenoble) and the Middle Durance
fault (Provence, France); and (iii) several clusters of
epicenters are found throughout the entire Alpine
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earthquakes in SE France from the CEA_DG
1996-2019 catalog.

chain, the major ones are the Vallorcine, Maurienne
and Ubaye clusters.

Other areas are characterized by an almost total
absence of seismicity over this period: the Bresse de-
pression, the Diois-Barronies—Ventoux chain and the
Vaucluse plateau, the Maures massif and the external
crystalline massifs of the Alpes. The lower Rhone val-
ley, between Montélimar and Avignon is also rather
poorly seismic; but it should be mentioned that
the strongest earthquake recorded in metropolitan
France since 50 years occurred 10 km to Montélimar
[M,, 4.9, 2019/11/11; Ritz et al., 2020; Cornou et al.
and Delouis et al., 2021].

3.2. Historical seismicity

Prior to 1963 and the onset of sufficiently dense seis-
mological networks, the most complete data set con-
cerning the regional seismicity comes from macro-
seismic catalogs. In this review, we present data
from the SISFRANCE database. SISFRANCE data-
base compiles intensity information from written
historical archives, as well as from macroseismic in-
quiries, in particular those collected by the BCSF
since 1921 [Fréchet, 2008] and by the Bureau de
Recheches Géologiques et Miniéres (BRGM) between
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1978 and 1987. Intensities are established in the
MSK-64 macroseismic scale [Medvedev et al., 1967,
Scotti et al., 2004].

Up to 1963, a total of 2055 events are reported
along with an epicentral location (Figure 5). This only
represents the best part of the available knowledge,
considering that historical archives are often not pre-
cise enough to attribute either a location or an epi-
central intensity to a single or a group of events.
The 2055 events are distributed as follows (Figure 6
and Jomard et al., 2021 for the precise definition
of each intensity class): (i) 1085 events without at-
tributed epicentral intensity (mainly poorly known
events and aftershocks), (ii) 176 locally felt events (II
< Io = III-IV: weak events for which the felt area is
small), (iii) 558 widely felt events (IV < Io < V-VI:
wider macroseismic fields and more significant im-
pact on the population in the epicentral area), (iv)
200 damaging events (VI < Io < VII: structural dam-
ages on buildings, without causing their collapse or
in rare cases, of high building vulnerability), (v) 36
strongly damaging events (Io = VII-VIII: collapse of
a significant number of buildings).

Besides the very first located earthquake in Vienne
in 463 A.D. (Figure 5), the seismicity catalog of the
region really starts with the 12th century events. In
particular, an exceptional archive was found in Vati-
can City [Castelli et al., 2012] documenting the event
that occurred near Uzes in 1186 (Io VII-VIII MSK).
Later, the first widely reported earthquake in the re-
gion is the Basel one in 1356 [Lambert et al., 2005, Fdh
et al., 2009], being the most important earthquake in
the region, together with the 1855 Valais earthquake
[Fritsche et al., 2006] and the 1887 Ligurian earth-
quake [Ferrari, 1991, Larroque et al., 2012], all with
an epicentral intensity of IX (i.e. collapse of standard
structures).

More generally, the seismicity, as seen from the
archives, more or less covers the entire region (Fig-
ure 5) with a general trend of decreasing number
and intensity of events, while moving away from
the Alpine arc and its foreland towards the north-
west (Massif Central and Bresse areas). Some spe-
cific areas almost lack any historical seismicity, like
the Bresse valley between the cities of Lyon and
Dijon, the Maures massif north of Toulon, a SW-
NE oriented band in the Alps from the Vercors to
the Aosta valley in Italy and offshore in the Lig-
urian Sea. While this low seismicity rate in Bresse,
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Figure 4. Monthly distribution of earthquakes in SE France from the CEA_1996-2019 catalog. Several
swarms could be identified: 1. Basel induced swarm [Deichmann and Giardini, 2009]; 2. Sampeyre swarm
[Godano et al., 2013]; 3. Ubaye swarms [Thouvenot et al., 2016, Baques et al., 2021]; 4. Maurienne swarm
[Guéguen et al., 2021], Var and canton de Vaud (in Switzerland) swarms [Godano et al., 2019, Diehl et al.,

2021].

Maures and Vercors areas is consistent with what is
observed during the instrumental period, the situa-
tion is different for the Ligurian Sea and the inter-
nal Alps near the Aosta valley, where the instrumen-
tal seismicity rate is high. These observations point to
the incompleteness of historical data in both moun-
tainous and maritime areas. For instance, in the
Ubaye Valley, the first reported earthquake occurred
in 1844 whereas the area has been highly active
throughout the 20th century, and especially since the
1959 event and the onset of instrumental networks
[Baques et al., 2021].

On the contrary, some areas characterized by poor
instrumental seismicity highlight a significant histor-
ical seismic activity. This is the case in Provence and
the lower Rhone valley where numerous damaging
earthquakes [e.g. 1909 Provence earthquake; Baroux
et al., 2003] and swarms occurred in previous cen-
turies. To a lesser extent, this is also the case in the
Jura mountains (e.g. 1822 Chautagne earthquake),
at the shoulders of the Bresse area (e.g. 1783 Bligny
earthquake) and in the area that was heavily shaken
by the 1755 and 1855 earthquakes (Eastern Valais,
Switzerland). Finally, the historical dataset attests to

C. R. Géoscience — 2021, 353, n° S1, 105-151

peculiar seismogenic behaviors: the occurrence of
swarms (such as in the lower Rhéne valley and Tri-
castin, see later), shallow events (such as in Tricastin
and Chasteuil, see later), or repeating events along an
individualized fault system (such as along the Middle
Durance fault, see later).

4. Seismicity in the different geological do-
mains

Southeast France is made up of a set of juxtaposed
and fairly homogeneous geological domains. In or-
der to specify the distribution of seismicity and
the potential relationships between earthquakes and
mapped faults, we describe the seismicity follow-
ing those homogeneous geological zones. We discuss
the focal mechanisms of the main earthquakes, for
more details the reader can refer to the mentioned
publications and to the recent synthesis by Mazzotti
et al. [2021]. The seismicity maps presented below
correspond to extractions from the CEA_1996-2019
catalog according to the geographical limits of each
zone which can be found in the supplementary data
(Shapefiles_zones).
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Figure 5. Historical seismicity map in SE France from SISFRANCE (Io MSK64).

4.1. The Jura massif and the Bresse graben
The Jura mountains are located northward of the

western Alpine domain (Figure 7). This arc-shaped
massif is a thin-skin fold-and-thrust belt composed
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of Mesozoic and Cenozoic carbonates and marls
which are displaced ~20 km towards the NW since
the middle Miocene due to a Triassic evaporite layer
of variable thickness [Sommaruga, 1999, Affolter and
Gratier, 2004]. The external limit of the arc bor-
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ders the Rhine Graben (RG on Figure 7) to the N,
the WSW-ENE Rhine-Bresse-Transfer Zone (RBTZ)
to the W and the Bresse Graben (BG) to the S and
SW. The Molasse Foreland Basin (MFB) marks the in-
ternal limit of the Jura arc and its transition with the
Alpine belt. The massif is affected by shallow thrust
faults oriented parallel to the arc direction and is per-
pendicularly cross-cut by strike-slip faults possibly
developed above pre-existing basement structures,
such as the Vuache fault (VB) to the south and the
Pontarlier fault (PF) in the middle [Phillippe, 1994,
Baize et al., 2011]. N-S normal faults are located,
mainly on the external border of the arc and within
the Rhine and Bresse grabens and the RBTZ. The
Jura massif and the Bresse graben are currently af-
fected by NNW-SSE shortening and strike-slip tec-
tonic regime with the maximum horizontal stress-
oriented NW-SE [Rabin et al., 2018]. Actually, several
studies have highlighted the complexity and variabil-
ity of the tectonic style in the area according to the
present-day coupling/uncoupling between the base-
ment and its sedimentary cover [e.g. Becker, 2000,
Lacombe and Mouthereau, 2002, Madritsch et al.,
2008, Rabin et al., 2018].
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About 1642 earthquakes have been reported be-
tween 1996 and 2019 in the Jura Massif and Bresse
graben (Figure 7). The seismicity is spatially unevenly
distributed, with fewer events in the Bresse graben,
and increasing activity toward NE. In addition, the
SW of the area (W of 6° E) exhibits mostly superfi-
cial seismic events (<15 km depth, Figure B-S) while
deeper earthquakes, down to ~25 km, are recorded
in the NE. The epicenter location is well constrained
in the area with a primary and secondary gap lower
than 180° for 84% and 72% of the locations, respec-
tively [for location criteria quality: e.g. Kissling, 1988,
Chatelain et al., 1980, Duverger et al.,, 2021]. The
interpretation of the earthquake depth distribution
should however be done cautiously, with a mini-
mum epicentral distance larger than 30 km for more
than 50% of the events. The station coverage in the
Jura and Bresse graben has been improved recently
through the development of RESIF-EPOS at the scale
of metropolitan France, and through the deployment
of local short and long-term seismic networks [e.g.
JURAQUAKE and AlpArray, Hetényi et al., 2018].

About 95% of the events have magnitude M} < 3.
The largest magnitude events (Mp > 4) recorded
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Figure 7. Seismicity overlaid on the geological map of the Bresse-Jura area, from the CEA_1996-2019
catalog (all magnitudes) and Chantraine et al. [2003] (pink-red—orange: Paleozoic, blue-green: Mesozoic;
yellow-beige-white: Cenozoic; the complete legend of the map is on https://www.geoportail.gouv.fr/
donnees/cartes-geologiques). Insert: triangles are seismometers of the JURAQUAKE and RESIF-EPOS
networks around Besancon. Focal mechanisms: 1, Besangon-Roulans earthquake (2004/02/23, M,, 4.5;
Delouis-Géoazur); 2, Rumisberg [2005/05/12, M}, 4.1; Deichmann et al., 2006]; 3, Jeurre [1971/06/21, M
4.4; Sambeth and Pavoni, 1988]; 4, Epagny [1996/07/15, M| 5.3; Thouvenot et al., 1998]; 5 [2018/11/21,
M,, 3.8; Delouis-Géoazur].
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in the area occurred in the Jura Massif (Figure 7
and Table B-S): the Jeurre earthquake [no. 3 on Fig-
ure 7; 1971/06/21, My 4.4; Sambeth and Pavoni,
1988], the Epagny earthquake [no. 4; 1996/07/15,
M; 5.3; Thouvenot et al., 1998; see later], the Be-
sancon/Roulans earthquake [no. 1; 2004/02/23,
M 4.8-M,, 4.5; Delouis-Géoazur; Baer et al., 2005]
and the Rumisberg earthquake [no. 2; 2005/05/12,
M; 4.1-M,, 3.7; Deichmann et al., 2006]. Only one
significant earthquake has occurred so far in the
Bresse graben, close to Bourg-en-Bresse (no. 5;
2018/11/21, My 4.1-M,, 3.8; Delouis-Géoazur).

Focal mechanisms of these events indicate mainly
strike-slip to oblique-thrust faulting (Figure 7). In
particular, the Besancon/Roulans earthquake is most
likely associated with left-lateral thrust movement on
a deeply rooted NE-SW structure [Cara et al., 2007,
Madritsch et al., 2008]. This event could be attrib-
uted to the activity of the Avant-Monts faults sys-
tem (AFS) where a recurrent seismicity is recorded.
A shallower and swarm-like distribution of the seis-
micity can be observed close to Besancon. The po-
tential role of fluid in triggering microseismicity into
this faulted and karstified region is currently investi-
gated based on local seismic recordings with the new
JURAQUAKE network.

While no significant historical event was recorded
in the Bresse area, several damaging earthquakes
struck the Jura mountains with Io VII MSK (Figure 8
and SISFRANCE): January 18, 1155 in a wide area near
Lons-le-Saunier; October 30, 1828 near Besancon;
August 11, 1839 near Annecy; April 17, 1936 near
Frangy. Two strongly damaging events occurred on
October 18, 1356 near Basel (Io IX) and February 19,
1822 in the Bugey area (Io VII-VIII). The Basel earth-
quake is one of the strongest ever felt in most west-
ern Europe, producing heavy damages in the north-
eastern Jura/South Rhine graben area [Lambert et al.,
2005, Féh et al., 2009] and felt over a wide territory in-
cluding Paris and Prague. With an estimated M,, 6.5
[Manchuel et al., 2017], its seismogenic source is still
being discussed: Meyer et al. [1994] and Ustaszewski
and Schmid [2007] favor an oblique-slip reactivation
of an ENE-striking basement fault of the RBTZ below
the thrusted Jura mountains while Meghraoui et al.
[2000] and Ferry et al. [2005] propose a normal fault-
ing along a NNE-striking Rhine graben fault [see also
Bellier et al., 2021; Doubre et al., 2021]. The Basel
area also suffered recurrent seismic activity over the
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centuries, especially in 1650 when a sequence of
earthquakes occurred with a maximum epicentral in-
tensity of VI-VII (SISFRANCE).

4.2. The South-east basin of France and the
Provence

The South-East Basin of France is made of 2 to more
than 10 km thick of Meso-Cenozoic sedimentary
rocks covering the Paleozoic basement (Figure 9). A
thick layer of Triassic evaporites (salts, gypsum and
anhydrite) at the base of the Meso-Cenozoic cover
plays an important role in the regional tectonic be-
havior, allowing fold and thrust décollement tecton-
ics over the basement [e.g. Rangin et al., 2010, Es-
purt et al., 2019]. On the edges, the SE Basin is over
thrusted by the Alpine belt to the East (namely the
Vercors (V on Figure 9) and Arc de Castellane frontal
thrusts (ACT on Figure 9) to the North and to the
South, respectively) and it is bounded by Paleozoic
basement to the South (Maures and Esterel massifs,
ME) and the West (Massif Central, MC).

From late Paleozoic up to Neogene times, the
long-term geological evolution of the SE Basin is
characterized by several phases of extensional tec-
tonics, such as the opening of the Tethys ocean
during the Jurassic and the opening of the western
Mediteranean during the Oligocene, as well as com-
pressional tectonics, such as the Pyrenean orogene-
sis during the Eocene. Within the basin, those phases
successively reactivated large crustal faults such as
the Cévennes (CFS), Nimes (NF), Salon-Cavaillon
(SCF) and Middel Durance (MDF) faults [Arthaud
and Séguret, 1981, Roure et al., 1992, Séranne, 1999,
Espurt et al., 2012, Bestani et al., 2016].

Subsequently, from the Miocene the collision be-
tween the Adria and Eurasia plates (Alpine orogeny)
causes deformation in the SE basin, which can basi-
cally be considered as the foreland basin of both the
Pyrenean and Alpine ranges. The Pyrenean north-
and south-verging thrusts were then reactivated
[Combes, 1984, Villeger and Andrieux, 1987, Cham-
pion et al., 2000, Chardon and Bellier, 2003, Rangin
et al.,, 2010, Bestani et al., 2016], whereas the NE-
trending crustal-scale strike-slip faults (Cévennes,
Nimes and Middel Durance faults) were activated as
transfer fault zones, accommodating a differential N—
S shortening [Arthaud and Laurent, 1995, Guyonnet-
Benaize et al., 2015]. West of the Durance fault, struc-
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Figure 8. Historical seismicity map of the Jura—Bresse area from SISFRANCE.

tural investigations attest that the sedimentary cover
is largely decoupled from the basement thanks to the
thick evaporitic Triassic layer. [Rangin et al., 2010]
propose that this sedimentary cover has been flowing
southward because of the uplift of the alpine chain.
The overall rate of seismicity is low in the SE basin
(Figure 9), compared to the alpine domain for in-
stance. About 903 events are reported in the CEA
catalog between 1996 and 2019. The epicenter lo-
cations are relatively well constrained with a pri-
mary and a secondary azimutal gap less than 180°
for 82% and 57% of the events, respectively. Like
in Jura, the minimum epicentral distance is larger
than 30 km for more than 50% of the events. Al-
though the whole region is entirely and highly pre-
structured, the distribution of seismicity is hetero-
geneous and only few earthquakes clearly attest to
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reactivation of some inherited faults [Cushing et al.,
2008, Ritz et al., 2020]. In addition, several areas, such
as the Diois—Baronnies (DB), the Ventoux—Lure range
(VL), the Cévennes-Ardeche hills and the eastern
Provence area are characterized by very few instru-
mental earthquakes. Earthquake magnitudes are low:
only the Largentiere (no. 2 on Figure 9; 2011/08/03,
M 4.3) and the Le Teil (no. 1; 2019/11/11, My 5.4)
earthquakes exceeded magnitude 4 since 1962 (Ta-
ble B-S). The focal depths are distributed down to 25
km deep in the crust with a majority of events around
5 km (Figure B-S). A peculiar set of ultra-shallow seis-
micity, less than 1 km, have been monitored in the
Tricastin area (TA) [Thouvenot et al., 2009, see later].

The major seismic structure is the Middle Du-
rance Fault (MDF) along which seismic clusters show
a clear alignment with strike-slip focal mechanisms
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mechanism Durance fault [Cushing et al., 2008].

(no. 6 on Figure 9, see later). The main seismic align-
ment extends over 70 km along the course of the Du-
rance River and seems to continue for about 40 km
to the South toward Marseille. In the Gulf of Lion, an-
other seismic NE-SW alignment, about 20 km long,
continues the MDF trace. To the North, the MDF is
over-thrusted by the Digne nappe (DN) and the con-
nection with the Lambruissier blind fault remains to
be explored. There, a large cluster of microseismicity
occurs [Hippolyte and Dumont, 2000, Godard et al.,
2020].

Several zones of diffuse seismicity are located
along the lower Rhone valley. From North to South,
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these zones are (Figure 9): (i) the Northeastern tip
of the Cévennes faults system (CFS), where the Teil
earthquake occurred in 2019, (ii) the Tricastin area
(TA) characterized by earthquakes swarms occur-
rence, (iii) the Nimes fault area (NF) and (iv) the Ca-
margue coastline (C). The focal depths are less than
10 km except beneath the Camargue delta where
depths greater than 20 km are reached (Figure B-S).
While the western part of the SE basin is mainly aseis-
mic, the 2 strongest instrumental earthquakes oc-
curred on the northern part of the Cévennes faults
system (Largentiere and Le Teil, no. 2 and no. 1
on Figure 9), all together with a reverse faulting
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Figure 10. Historical seismicity map of the Southeast basin from SISFRANCE.

mechanism and with a focal depth of 4 and 1 km, re-
spectively. Shallow microseismicity is also recorded
along the Nimes fault with normal and strike-slip fo-
cal mechanisms [no. 3 and no. 4, Baroux et al., 2001].
A cluster is located at the junction between the Nimes
fault and the Ventoux-Lure thrust fault. South of the
Nimes fault, two clusters are located in the Com-
tat plain, East of Avignon, and in the Alpilles chain
(AC). Finally the Maures and Esterel crystalline mas-
sifs of eastern Provence are mostly aseismic but a
seismic swarm occurred near St Paul-en-Forét dur-
ing February-September 2018 [Godano et al., 2019]:
81 earthquakes with 1 < M} < 3.5 and focal depths
around 20 km were detected (SPS on Figure 9).

The most damagning historical event is the
1909 Provence earthquake near Lambesc (Io VIII-
IX MSK—M,, 6.0). This event is the strongest in
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France during the 20th century (no. 5 on Figures 9, 10
and SISFRANCE). It occurred on the Trévaresse fault
[Baroux et al., 2003, Chardon et al., 2005, Bellier et al.,
2021]. Many other significant earthquakes (Io > VII)
have been reported mainly in the active seismic areas
highlighted by the instrumental seismicity and de-
scribed above (Figure 10): along the Middle Durance
Fault (see later), in the lower Rhéne valley and close
to the Nimes fault. Although the seismic activity in
the Rhone valley is low, several strongly damaging
earthquakes have been reported: to the North, sev-
eral swarms with tens of earthquakes occurred in
1773 (Clansaye, Io VII) and 1934 (Valaurie, Io VII)
around the Tricastin area. Likewise, another swam
near Chateauneuf-du-Rhone in 1873 (Io VII) may
either be related to the aforementioned swarms or to
a branch of the Cévennes fault [Jomard et al., 2017].
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More to the South, several earthquakes are reported
close to the Nimes fault: in 1186 and 1448 (Uzes, Io
VII-VIII) and 1769 (Bedarrides, Io VII). At the north-
eastern tip of Nimes fault, at the junction with the
Ventoux-Lure thrust fault, three earthquakes were
felt in the 20th century: Vaison la Romaine in 1905
(Io VII), Malaucene in 1927 (Io VII) and Pierrelongue
in 1952 (Io VII). Finally, two strongly damaging earth-
quakes occurred in 1863 (Beynes, Io VII) and 1866
(Laragne, Io VII-VIII) along the Southwestern Alps
frontal thrust (Digne—Castellane Arc).

4.3. The western Alpine belt

The complex structure of the Alpine belt [e.g. Roure
et al.,, 1990, Schmid and Kissling, 2000, Paul et al.,
2001, Lardeaux et al., 2006, Thouvenot et al., 2007,
Zhao et al., 2016, Solarino et al., 2018; Figure 11], dis-
playing strong changes of crustal nature and thick-
ness with many inherited structures, is the result
of the convergence between the Adria and Europe
plates which led to the subduction of the Tethys
Ocean and, then, to the collision between continen-
tal blocks [e.g. Dercourt et al., 1986, Handy et al.,
2010]. Crustal shortening started in the internal
Western Alps around 50 Ma and continued in the
external domain and Jura until 3 Ma. From 35 Ma,
due to the WNW-directed movement and counter-
clockwise rotation of the Adria microplate, the defor-
mation propagated north- and southwestward in a
fan-shaped pattern up to the foreland Helvetic and
SE basins (MFB and SEB in Figure 12, respectively)
[e.g. Tricart, 1984, Ricou and Siddans, 1986, Vialon
et al,, 1989, Collombet et al., 2002, Bellahsen et al.,
2012, Dumont et al., 2011]. During the collision, the
shallow mantle body of Ivrea acted as a buttress and
the shortening [roughly 100 km along the ECORS-
CROP section, e.g. Schmid and Kissling, 2000] was
mostly accommodated by wedging, involving the
European lower crust.

The present-day orogenic wedge displays out-
crops of Meso-Cenozoic sedimentary cover and crys-
talline basement units belonging to the European
margin of the Tethys (external and internal crys-
talline massifs are remnants of the Variscan base-
ment uplifted during the collision). The sedimen-
tary cover and continental basement are imbri-
cated with crustal oceanic units and the shallow ex-
humed Ivrea mantle body (~10 km depth). Two main
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structures underline the curvature of the Alpine arc:
the Penninic frontal thrust that separates the exter-
nal and internal domains of the Alps and the Insub-
ric line that marks the limit between Adriatic and
European lithospheres (PFT and IL on Figure 12).

The Alpine domain displays the largest catalog
with 24,817 events between 1996 and 2019. The area
benefits from a relatively good station coverage in-
ducing well-constrained earthquake locations: about
55% of the events have a minimum epicentral dis-
tance less than 20 km, the primary and secondary az-
imuthal gaps are less than 180° for 81% and 63% of
the events, respectively.

The seismicity of the Alpine chain concentrates
around two main axes (Figure 11): on the one hand,
the Brianconnais arc is parallel to the orogen trend
and to the Penninic frontal thrust from the Valais area
to the north of the Argentera Massif (V and A on Fig-
ure 12) and on the other hand the Piemont arc runs
from the Gran Paradiso Massif (GP on Figure 12) to
the north of the Argentera without any correspon-
dence with geological structures identified at the sur-
face. Except from these two seismic arcs, in most
parts of the belt, epicenters are heterogeneously and
diffusely distributed, with some rare alignments on
known geological structures [e.g. the Belledonne Bor-
der fault (no. 4 on Figure 1, see later), the high Rhone
valley between Sion and Martigny in Valais [no. 3 on
Figure 1, Diehl et al., 2018], the Saorge-Taggia fault in
Liguria [Turino et al., 2009]] and several large swarms
(no. 6, 7, 8 on Figure 1). In the subalpine chains, the
seismicity rate varies significantly between contigu-
ous domains, such as the poorly seismic Castellane
Arc and the highly seismic Nice Arc, for instance [Lar-
roque et al., 2001]. Most of the crystalline massifs are
also very poorly seismically active (e.g. Belledonne,
Pelvoux, Gran Paradiso and Argentera; B, P, GP and A
on Figure 12).

The concentration of seismicity in the Briancon-
nais arc is located along the zone of the highest re-
lief and thickest crust. The focal mechanisms attest
to extensional faulting more or less continuous along
the arc (e.g. no. 4, 6, 7 on Figure 11). The direction of
extension is roughly perpendicular to the orogen axis
and is mainly interpreted as inversion of the Penninic
frontal thrust [e.g. Maurer et al., 1997, Sue et al., 1999,
Sue and Tricart, 2003, Bilau et al., 2021].

In the north- and southwestern subalpine chains,
most of the focal mechanisms confirm that strike-slip
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Figure 11. Seismicity overlaid on the geological map of the western Alpine belt, from the CEA_1996-2019
catalog (M = 2) and Chantraine et al. [2003]. Focal mechanisms: 1. Morzine earthquake [2009/10/21,
M; 3.5; Deichmann et al., 2012]; 2. Grand Bornand [1994/12/14, M} 5.1; Fréchet et al., 1996]; 3. Vallorcine
[2005/09/08, M} 4.9; Fréchet et al., 2011]; 4. [1996/11/05, M}, 2.5; Béthoux et al., 2007]; 5. [1995/09/08, M|,
2.5; Thouvenot et al., 2003]; 6. Barcelonnette [2012/02/26, M} 4.8; Delouis-Géoazur]; 7. Barcelonnette
[2014/04/07, Mj, 4.8; Delouis-Géoazur]; 8. Blausasc [1999/11/01, M} 3.4; Courboulex et al., 2007]; 9.
[1996/11/22, M} 2.3, Béthoux et al., 2007]; 10. [1996/11/05, M}, 2.4, Béthoux et al., 2007]; 11. Valpelline
[1996/31/03, M 4.6; Baer et al., 1999]; 12. [2011/01/08, M|, 3.5; Deichmann et al., 2012]; 13. [2017/06/02,
M; 3.3; Diehl et al., 2021].
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faulting is dominant (e.g. no. 1, 2, 3, 5, 8 on Figure 11).
In the southwestern Alps, between 44° N and 45° N,
Béthoux et al. [2007] point out that the concentration
of hypocenters at 25 km depth east of the Piemont arc
islocated at the boundary between the mantle wedge
of the Ivrea body and the European crust along the
southward extend of the Insubric line. Focal mecha-
nisms there are mainly compressive (nos. 9 and 10 on
Figure 11) which allow to postulate that this major ge-
ological structure is still tectonically active and also
underline the sharp change of stress tensor orienta-
tion east of the Alpine belt [Eva et al., 1997, Béthoux
etal., 2007].

The focal depths observed by the networks is
mainly located in the upper crust (Figure B-S) and
Deichmann et al. [2000] show that no significant
lower crustal seismicity is observed in most of the
Western Alps. Nevertheless, the focal depths are in
the range of 8-10 km in the Briangonnais arc and 15—
20 km in the Piemont arc, clearly indicating a deep-
ening towards the east [Solarino et al., 1997]. This
eastward deepening is confirmed by foci deeper than
50 km in the Po Plain [Cattaneo et al., 1999, Eva et al.,
2020].

In historical times, several strongly damaging
earthquakes have occurred throughout the internal
and external part of the Western Alps (Figure 12 and
SISFRANCE). The Valais earthquakes (near Brig: De-
cember 9, 1755, Io VIII-IX MSK; near Visp: July 25,
1855, Io IX; near Sierre: January 15, 1946, Io VIII) are
the largest events recognized in the Western Alps
in terms of damage. The 1946 event, for instance,
triggered numerous landslides, rockfalls and ground
cracks [Fritsche and Fdh, 2009], as well as the Rawil-
horn rock avalanche that was provoked by the after-
shock [Pedrazzini et al., 2016]. These earthquakes oc-
curred nearby an area where current microseismicity
shows a clear ENE-WSW alignment, covering ~30 km
along the high Rhoéne valley (Figure 11). No surface
faults have been identified yet as potential sources
of those Valais events despite some indications of
post-glacial activity for the Gemmi Pass Fault, in the
epicentral area of the 1946 earthquake [Ustaszewski
and Pfiffner, 2008].

Since the 19th century, four earthquakes (Novem-
ber 27, 1884; July 12, 1904; March 19, 1935, July
18, 1938; Figure 12) with Io VII have struck the
Queyras-Ubaye area (southern Brianconnais arc). On
April 5, 1959 the largest earthquake felt in this area
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(To VII-VIII, M; 5.3) occurred near Saint-Paul-sur-
Ubaye [Baques et al., 2021]. This event is located very
close to the 2003-2004 Ubaye swarm [Jenatton et al.,
2007] and to the 2012/02/26 (M}, 4.8) and 2014/04/07
(M| 4.8) earthquakes (nos. 6 and 7 on Figure 11, re-
spectively). One can notice that the 1959 event dis-
plays a similar focal mechanism [Ménard, 1988] than
the 2012 and 2014 earthquakes with dominant nor-
mal faulting [Thouvenot et al., 2016]. In the most in-
ternal Alps, two large events struck the junction be-
tween the Dora Maira massif and the Po plain (DM
and PP on Figure 12), on April 2, 1808 (Io VIII) and
February 17, 1947 (Io VII-VIII).

In the southern external domain of the Alps, the
most significant historical earthquakes correspond
to the four events of intensity VIII that occurred in
the Vésubie valley (Figure 12): June 23, 1494; July 20,
1564; January 18, 1618 and February 15, 1644. The
1564 “Nissard” earthquake [Vogt, 1992] was the most
destructive: two quakes in July 20, 1564 and after-
shocks during ~50 days caused the ruin of several vil-
lages and at least a hundred deaths. It was felt more
than 100 km from the epicentral zone. This sequence
of large earthquakes is supposed to be related to the
Vésubie fault, a poorly known geological structure
[Larroque et al., 2001]. The Castellane arc has been
damaged twice, on December 12, 1855 (Io VIII) and
on November 30, 1951 (Io VII-VIII) near Chasteuil,
while this southern subalpine chain is mainly aseis-
mic during the instrumental period. Bollinger et al.
[2010] propose a very shallow source (~1 km) for
these two earthquakes.

Finally, in the northern external domain, follow-
ing the October 8, 1877 (in Faucigny) and Decem-
ber 30, 1879 earthquakes (in Chablais), the Chamonix
valley was struck on April 29, 1905 by an Io VII-
VIII earthquake, causing strong damage, and was fol-
lowed by a long series of aftershocks, culminating
with the earthquake of August 13, 1905 (Io VII, Fig-
ure 12). Based on geological observations, seismo-
logical recordings and modeling results, Cara et al.
[2017] proposed that the N20° E normal Remuaz fault
could be the source of the mainshock (M,, ~5.3) ata
depth of ~5 km, whereas Manchuel et al. [2017] esti-
mated a deeper hypocentral depth of ~11 km based
on macroseismic data. One can notice that in the
same area, the shallow M, 4.5 Vallorcine earthquake
(2005/09/08, no. 3 on Figure 11) activated a right-
lateral and ENE-striking ~2 km long fault, as shown
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by the aftershock sequence [Fréchet et al., 2011]. A
sequence of nine earthquakes occurred in the Ver-
cors massif south of Grenoble, between April 12 and
July 15, 1962, culminating with the Io VII-VIII event
on the April 25 (Figure 12), while this subalpine mas-
sif was a low-level seismic area since at least the past
five centuries [Grasso et al., 1992].

4.4. The Ligurian Sea and Corsica

The Ligurian Sea is at the southern termination of the
Alps (Figure 13). It is composed of (1) a northern ex-
tensional margin from the Gulf of Lion to Genoa with
a continental crust that thins from 29 km to 18 km in
a few tens of kilometers seaward; (2) a central part at
2,500 m below sea level with transitional and oceanic
crust of atypical reduced thickness (~4 km) and (3)
the southeastern margin of Corsica-Sardinia with a
continental crust that thickens up to 30 km below
Corsica [Chamoot-Rooke et al., 1999, Rollet et al.,
2002]. The Ligurian Sea is considered to be a back-
arc basin that opened between 34 and 21 Ma together
with the counter-clockwise rotation of the Corsica-
Sardinia block [Réhault et al., 1984, Gattacceca et al.,
2007, Jolivet et al., 2008]. Several faults are inherited
from this rifting episode and mainly evidenced on the
northern margin, thus NE-SW normal faults dipping
to the south and NW-SE transverse vertical faults
bound few tilted blocks [Rollet et al., 2002]. At the foot
of the northern margin, a large system of northward
dipping reverse faults, the Ligurian faults system (LFS
on Figure 13), extends roughly over 80 km between
Nice and Savona [Larroque et al., 2011].

The island of Corsica is divided into two geological
domains: to the northeast, the “Alpine Corsica” (AC
on Figure 13) is made of different nappes of HP-LT
metamorphic ophiolites (“schistes lustrés” nappes)
thrusted during the Alpine orogeny upon the Euro-
pean margin which corresponds now to the south-
ern domain of Corsica [e.g. Malavieille et al., 1998].
This southern domain, the so-called “Hercynian Cor-
sica” (HC on Figure 13), is made of continental Pale-
ozoic crystalline rocks [Durand-Delga, 1984]. No ac-
tive fault has been described in Corsica and the main
inherited faults are N-S in the Alpine part and NE-SW
in the Hercynian part [Chantraine et al., 2003].

The strong crustal heterogeneities and the lack of
seismometers in the marine area make difficult the
detection and particularly the determination of focal

C. R. Géoscience — 2021, 353, n° S1, 105-151

depths of earthquakes [Béthoux et al., 2016]. The area
counts 1533 events. Compared with the other areas
studied here, the earthquake locations are less con-
strained. This is most likely due to a sparser sta-
tion coverage. Only 39% of the events have a pri-
mary azimuthal gap less than 180°, and more than
50% of the events have a minimum epicentral dis-
tance larger than 50 km. Nevertheless, dense micro-
seismicity and numerous moderate earthquakes are
regularly recorded and attest to a continuity of the
deformation processes from the continent to the ma-
rine area. Some of them were widely felt by the pop-
ulation, such as the offshore Nice event (1989/12/26,
My, 4.2;1995/04/21, My, 4.5 and 2001/02/25, My, 4.6;
no. 3, 1 and 2 on Figure 1, respectively and Table B-
S), the earthquake close to the center of the basin
(1963/07/19, M,, 6.0; no. 4 on Figure 13) and the
one offshore of Ajaccio (2011/07/07, My 5.3—M,, 4.9;
no. 5 on Figure 13).

The seismicity distribution is heterogeneous in
the Ligurian Sea. The focal depths are mainly in the
range of 3—-15 km with few events down to 20 km (Fig-
ure B-S). In the northern domain, most of the epicen-
ters gather at the foot of the margin, aligned N50-60E.
Several moderate magnitude reverse faulting earth-
quakes are related to active faults evidenced by ma-
rine geophysical survey [Larroque et al., 2011]. The
1989/12/26 and the 2001/02/25 events activated a
western segment of the Ligurian faults system (Fig-
ure 13). Two NNW-SSE linear trends subperpendicu-
lar to the margin could correspond to faults mapped
by Chaumillon et al. [1994] and Augliera et al. [1994].
A cluster develops further offshore in the area of the
1963 earthquake, at the boundary with the oceanic
basin, unrelated to known faults.

In the basin, the seismicity is sparse and decrease
to the west and to the south. The magnitudes are
mainly less than 3 and the focal depths are de-
termined with a large uncertainty. However, several
studies pointed out focal depths as deep as 20 km
in the center of the basin [Béthoux et al., 2008] and
maybe even more deep [Scafidi et al., 2015]. In this
area of 4 km thin crust, some events would therefore
be located below the Moho interface. In 2011-2013,
an unusual seismic activity occurred in the south-
ern part of the basin, 80 km offshore of Ajaccio [Lar-
roque et al., 2016]. The regional networks recorded a
sequence of five moderate earthquakes (M} 3.8-5.3;
the major one is no. 5 on Figure 13) with several tens
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of aftershocks in a low seismicity zone. The estima-
tion of the focal depths is different, according to the
methods used and varies from 26 km (Letort et al.,
2014 and CEA catalog) to a range of 6-13 km [Lar-
roque et al., 2016]. Therefore, the faulting occurred
along an unknown fault, in the atypical oceanic crust
or in the topmost mantle.

In contrast, the southern Ligurian margin (off-
shore of western Corsica) is mainly aseismic and the
microseismicity is also sparse in Corsica [Ferrandini
et al., 1994, Béthoux et al., 2008]. Only two seismic
crises occurred in the eastern part of the island, at
the limit between the metamorphic units of Alpine
Corsica and the eastern coastal plain filled by Ceno-
zoic sedimentary deposits. On the one hand, in 1978-
1979 more than 150 earthquakes of low magnitude
and low focal depths (~5 km) were recorded [Maril-
lier et al., 1982]. The largest instrumental earthquake
known in Corsica, My, 4.3, occurred during this cri-
sis, on 1978/04/03. On the other hand, in 2012 several
tens of earthquakes occurred, more or less aligned
with the NE-SW Saint Antoine fault which bounds to
the south the eastern coastal plain from the Schistes
Lustrés nappe [Caron and Loye-Pilot, 1990].

Most of the focal mechanisms determined in the
Ligurian domain are compressive with a P-axis ori-
ented in the NW-SE quadrant (Figure 13). Several of
these earthquakes (1989, 2001, for instance) are re-
lated to known faults, such as the Ligurian faults sys-
tem. The active faults during the 1963 M,, 6.0 and
the 2011 M,, 4.9 are not evidenced yet. In any case,
the deformations in the Ligurian domain are con-
sistent with the ~0.4 mm/yr of shortening between
the Corsica-Sardinia continental block and main-
land Europe attested by geodetic measurements [Billi
etal., 2011, Nocquet, 2012, Masson et al., 2019].

Over the entire Ligurian domain, the seismogenic
depth is estimated in the range 5-20 km [Eva et al.,
2001, Béthoux et al., 2008] but the CEA 1996-2019
catalog and Scafidi et al. [2015] suggest that this
depth could be deeper (Figure B-S). In any case, the
focal depth distribution below the margins and the
basin shows no particular spatial organization.

Discussing the occurrence of historical seismicity
in the Ligurian Sea is problematic because macro-
seismic observation points are rarer as we go back
in time. Essentially, the offshore location of the main
events may only be established with relatively good
confidence starting from the 19th century [Jomard
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et al., 2021]. Several strongly damaging earthquakes
were reported with an epicenter close to the north-
ern Ligurian coast (Figure 14): on May 26, 1831 (lo
VIII MSK) and on December 29, 1854 (Io VII-VIII).
The strongest event recorded in SE France and neigh-
boring regions over the last 1000 years occurred on
February 23, 1887 (Io IX). The so-called “Ligurian
earthquake” was felt across a vast area that covered
Switzerland and Austria to the north, and reached as
far as the eastern Pyrenees to the west and northern
Sardinia to the south [Taramelli and Mercalli, 1888,
Ferrari, 1991]. At least 600 people died and almost
200 villages suffered great destruction along 100 km
of coastline and 20 km inland. In the following year,
approximately 200 aftershocks were identified. The
macroseismic epicenter is located 30 km off the Lig-
urian coast and this earthquake produced the only
known significant tsunami in the region [Lambert
and Terrier, 2011]. The reassessment of the Ligurian
earthquake resulted in a magnitude of M,, 6.7-6.9
[Ioualalen et al., 2014, Manchuel et al., 2017]. Lar-
roque et al. [2012] proposed that it corresponds to re-
verse faulting along the north-dipping Ligurian faults
system and thus testifies to the active inversion of the
northern margin as the 1989 and 2001 earthquakes
(Figure 13, see later).

Four other events have occurred off the northern
Ligurian coast: September 5, 1807 (Io VI), February
23, 1818 (Io VII), January 8, 1819 (Io VI), October
16, 1896 (Io VII) and with the events of 1831, 1854
and 1887 this makes seven strong earthquakes in less
than 100 years over an area of about 50 km close
to the Ligurian faults system. In Corsica, only one
strongly damaging event is reported on October 22,
1775 (Io VII), 25 km north of Ajaccio, however poorly
characterized.

5. Discussion

The Cenozoic evolution of southeast France and
neighboring areas has led to the development of
a complex fault networks in the upper crust [e.g.
Chantraine et al., 2003]. Several previous works un-
derline the diffuse distribution of seismicity in this
region [e.g. Béthoux et al., 1998]. The current very low
deformation rate in such an intraplate region makes
the relationships between earthquakes and active
faults unclear [Camelbeeck et al., 2007, Masson et al.,
2019] and often gives rise to discussions among
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Figure 14. Historical seismicity map of the Liguria Sea and Corsica from SISFRANCE.

scientists [e.g. Cévennes faults system: Lacassin et al.,
1998, Ambert et al., 1998, Sébrier et al., 1998; Basel-
1356 earthquake: Meyer et al., 1994, Meghraoui et al.,
2000, Ferry et al., 2005; Nimes fault: Schlupp et al.,
2001, 2002, Mattauer, 2002, Séranne, 2002; Argen-
tera fault system: Larroque et al., 2009, Sanchez
et al., 2010]. This leads to the situation that most
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of the earthquakes occurring in SE France are “from
unidentified faults”.

The temporal observation window is also an is-
sue. The faults highlighted by instrumental and his-
torical seismicity are undoubtedly active but not all
the active faults are necessarily seismic at this time
scale. This leads to several paradoxical situations, for
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instance: (i) the Nimes fault and the Salon—Cavaillon
fault, in the Southeast basin, are documented to be
active from geological and geomorphic data with-
out seismic activity being clearly observed [Carbon
et al.,, 1993, Schlupp et al., 2001, Molliex et al., 2011;
NF and NCF on Figure 9], (ii) the Belledonne Bor-
der fault is seismically active although no active fault
has been mapped at the surface (Thouvenot et al.,
2003, Billant et al., 2015; no. 4 on Figure 1, see later),
(iii) the La Rouviere fault (LRF on Figure 20) pro-
duced the last major earthquake of the area (M,, 4.9,
2019/11/11, no. 1 on Figure 9) while this fault has
not been recognized as potentially active from geo-
logical and seismological data [Jomard et al., 2017,
Ritz et al., 2020], (iv) strong earthquakes (Basel-1356,
Liguria-1887, Provence-1909; Figure 5) have occurred
along poorly characterized faults [Meyer et al., 1994,
Meghraoui et al., 2000, Chardon et al., 2005, Lar-
roque et al., 2012, Bellier et al., 2021], such as those
existing throughout SE France and (v) several ar-
eas, such as Belledonne, Pelvoux and Argentera crys-
talline massifs (B, P and A on Figure 12) and the
Diois-Barronnies area (DB on Figure 12) are mainly
aseismic while they are crossed by as many faults as
the neighboring seismic regions (Figure 11).

In the following sections, we discuss: (i) from spe-
cific examples, how the improvement of seismolog-
ical instrumentation and the field geological knowl-
edge have allowed the identification of the relation-
ships between some earthquakes and active faults
(Blausasc, Belledonne, Vuache and Middle Durance
faults), (ii) the concentration of shallow focal depth
in the Rhone-Tricastin area and lastly (iii) the diver-
sity of seismogenic processes in SE France.

5.1. Active faulting highlighted by microseismic-
ity

The distribution of microseismicity is often consid-
ered as diffuse and therefore difficult to relate to
active structures and their seismogenic potential.
However, microseismicity can be considered as a
consistent proxy to understand the large-scale de-
formation pattern and mode. It develops in the ac-
tive zones of the upper crust and a fine analysis of
the locations and focal mechanisms help in retriev-
ing a relevant representation of tectonic deforma-
tion at the regional scale [e.g. Amelung and King,
1997]. The densification of the permanent networks
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and the deployment of temporary networks help a
lot in clarifying the spatial relationship between mi-
croearthquakes and the identified faults, thus sev-
eral remarkable results have been obtained in recent
years. We present some of these in this last section.

5.1.1. The Belledonne Border fault zone (BBF)

From 1989, the seismic monitoring by the SISmalp
network makes it possible to specify the seismicity
on the alpine domain and to identify several active
geological structures. For instance, from more than
10 years of recording (1989-2000), Thouvenot et al.
[2003] precisely located 163 microearthquakes (mag-
nitudes between 0 and 3.5) aligned ~50 km along a
N30° E direction on the western flank of the Belle-
donne crystalline massif (Figure 1). In the external
zone of the western Alps, the Belledonne Border
seismic alignment (BBE Figure 15A) is located east
of the Grésivaudan valley which separates the up-
lifted Variscan basement (crystalline massif of Belle-
donne) from the northwestward thrusted Mesozoic
sedimentary cover of the subalpine chains (Bauges,
Chartreuse and Vercors massifs). The focal depths
are in the range of 5-10 km and 10-15 km along the
southern and northern half of the alignment respec-
tively, which attests to earthquakes in the crystalline
basement. Along most of its length, the narrowness
of the seismic alignment suggests a nearly vertical
structure. Most of the focal mechanisms determined
are consistent with right-lateral strike-slip faulting
along N36° E + 9° vertical fault planes. Later on,
Mathey [2020] provides an update of the SISmalp
catalog which confirms the seismic alignment and
suggests its prolongation northward, beneath the
Isere valley.

In the southern part of the seismic alignment, the
epicenters gather under the so-called “border hills”
(Figure 15B). There, some deformations, such as folds
and N50-60° E right-lateral strike-slip faults are re-
lated to the Belledonne Middle fault, a 50 km long,
at the least, Variscan extension fault zone that trends
N50-60° E and dips steeply to the east [BME Fig-
ure 15B; Barféty and Gidon, 1996]. However, there is
no evidence that these deformations are recent and
may be related to deep crustal faults. To the north,
the seismic alignment loses the spatial relationship
with the BME In any case, the seismic lineation can-
not be explained without postulating a fault zone
at depth, buried beneath the sedimentary cover and
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Figure 15. (Modified from Thouvenot et al., 2003): (A) Instrumental seismicity of the Grenoble and
western zone of Belledonne for the period 1989-2000 [Thouvenot et al., 2003]. White circles (epicenters);
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campaign, 1998/12-1999/05). The epicenter of the strongest event recorded: the Laffrey earthquake
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(B) Geological sketch with 1989-2000 epicenters (black dots). A. Quaternary deposits; B. Mesozoic and
Cenozoic sedimentary rocks; C. Paleozoic sedimentary rocks; D. and E. Paleozoic crystalline basement. 1

to 5, segments of the Belledonne Middle fault (BMF).

recent sediments, more or less parallel to but differ-
ent from the BME Currently no active fault has yet
been identified at the surface in this zone where the
topography was largely smoothed by the Isere glacier
during the last glacial maximum [Billant et al., 2015].

5.1.2. The hidden Blausasc fault

On 1st November 1999 a small earthquake (M,
3.4) occurred 15 km north of Nice, near the village of
Peille (no. 8 on Figure 11). This earthquake was set in
the “Arc de Nice” fold-and-thrust belt (southwestern
Alps) which corresponds to the deformation of the
Mesozoic to Palaeogene sediments above a basal
décollement zone in the upper Triassic evaporites
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[Courboulex et al., 2007]. This earthquake was well
recorded by several stations of the permanent net-
works, located between 6 and 50 km away from the
epicenter [Courboulex et al., 2001]. The seismolog-
ical data allowed to locate the epicenter with an
uncertainty of +£1.5 km in latitude and 3 km in longi-
tude. The focal depth was computed at 3+1.5 km and
aleft-lateral focal mechanism was determined. Cour-
boulex et al. [2001] then proposed that the rupture
corresponds to a 600 m long segment belonging to
the left-lateral Peille-Laghet fault mapped at the
surface.

Following this earthquake, a temporary network of
20 stations were installed in the epicentral area from
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Figure 16. (Modified from Courboulex et al.,
2007): The Blausasc swarm. (A) Earthquakes
detected during November-December 2000 by
the permanent networks (black squares: RAP
and black diamonds: ReNaSS). (B) Earthquakes
detected during the same period by the perma-
nent and the temporary networks (gray trian-
gles).

October 2000 to April 2001 and a seismic swarm was
recorded there during November-December 2000.
The results were obtained because the temporary
network completely changed the understanding of
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local active tectonics and seismicity, from what was
previously inferred based on the permanent network
data alone (Figure 16).

About 350 earthquakes were recorded over a small
area of 8 km x 4 km with M; between 3.2 and 0.1
[Courboulex et al., 2003]. For each of these events, the
distance to the closest stations was always smaller
than 2.5 km. This allowed to reduce the average un-
certainty on the absolute location errors to 1.2 km.
A relative relocation based on cross correlation of
waveforms enabled also to precisely describe the
complexity of the activated structures [Courboulex
etal., 2007]. All focal depths were shallower than 3 km
and were mainly in the sedimentary cover with also a
significant part in the Paleozoic basement.

The major result was the 3D geometry of the
swarm: epicenters appeared to be aligned on an 8 km
long structure oriented N20° and on a 70° W dip plan
(Figure 17). At the surface the alignment of epicen-
ters is superimposed on the Paillon valley. This re-
sult highlighted the existence of an active fault plane
at depth in the basement, parallel to but 2 km west
of the Peille-Laghet fault at the surface. Courboulex
et al. [2003, 2007] propose that in the late Miocene
times, the Peille-Laghet fault was decoupled from
the basement during the SSE thrusting of the sedi-
mentary cover. Therefore, the shallow Peille-Laghet
fault being now unrooted from the basement and be-
low the Paillon valley, the seismicity propagates in-
side the sedimentary cover delineating a new fault
(Blausasc fault) which does not reach the surface
yet. This example shows a possible mismatch be-
tween seismicity and known surface faults in fold-
and-thrust belt areas.

5.2. The Vuache active fault highlighted by the
moderate Epagny earthquake

Although the Epagny earthquake (1996/07/15, no. 4
on Figure 7) did not produce an extensive surface
rupture, it is, along with the Le Teil earthquake [Ritz
et al., 2020], the only one to have caused noticeable
damage and is clearly attributed to an identified fault
with surface imprints in metropolitan France [Baize
etal., 2011]. Numerous testimonies allowed to define
more than 700 intensity data points (SISFRANCE).
The mainshock (M}, 5.3) hit the area after a small
foreshock (Mp 2, depth ~ 3-4 km) located exactly
in the 1996 epicentral zone [Mathey, 2020]. One can
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notice that a few months before, Le Grand-Bornand
earthquake (1994/12/14; My 5.1) shook the same
area, 25 km away from the 1996 epicenter (Figure 7).
The Epagny earthquake was immediately and pre-
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cisely studied using instrumental [Thouvenot et al.,
1998, Courboulex et al., 1999, Dufumier, 2002] and
macroseismic data [Scotti et al., 1999]. Seismologi-
cal data, in particular from the post-seismic network,
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allowed defining two 3 km-long subparallel active
segments, separated by a ~500 m-wide right step-
over (Figure 18). The segment to the north includes
the hypocenter of the main shock at its southern end,
and the segment to the south includes the foreshock
at its northern end. Courboulex et al. [1999] describe
the earthquake as a series of at least two subevents,
with a rupture propagating towards the SE and po-
tentially mobilizing these two segments. The focal
mechanism suggests the left-lateral activation of the
nodal plane oriented ~N135° E and dipping 70° to-
ward the NE [Figure 7, Thouvenot et al., 1998].

There were more than 800 aftershocks detected,
with the strongest one, M} 4.2, on July 23 and six with
M greater than 2 until August 1996 and finally one
with My 1.7 in 1997. The good accuracy of the fo-
cal depths of 400 aftershocks places the main rup-
ture area above 3.5 km, in the brittle sedimentary lay-
ers (Jurassic and Cretaceous limestones, Figure 11).
The southern segment revealed by the aftershocks
and the NW-SE nodal plane of the focal mecha-
nism aligns remarkably with the presumed geolog-
ical trace of the left-lateral Vuache fault at surface.
The Vuache fault is undoubtedly an active fault with
long recurrence times for surface rupture event: co-
seismic cracks were mapped in the airport area after
the 1996 earthquake [Thouvenot et al., 1998] but pa-
leoseismological investigations failed to provide ev-
idence for past ruptures in the Holocene sediments
from several trenches [Baize et al., 2011, Bellier et al.,
2021].

Historically, the area near the Vuache fault had
experienced several damaging events (Figure 8): the
Frangy earthquake in April 17, 1936 (Io VII MSK) and
during the summer of 1839, the town of Annecy un-
derwent a seismic sequence from August 7 to 27, cul-
minating on August 11 (Io VII).

The Vuache fault is a major structure oriented
NW-SE, connecting the front of the Western Alps
to the Jura massif through the Molasse basin (Fig-
ure 7). It is considered as a left-lateral ramp that al-
lowed the transfer of shortening to the Jura Moun-
tains since the Miocene [Donzeau et al., 1998, Baize
et al.,, 2011]. The Vuache fault is nearly 35 km long,
with several segments and bends, and gaps or step-
overs smaller than 2 km. A major concern remains
to determine whether the Vuache fault is a thin-skin
structure as proposed by Thouvenot et al. [1998] or
whether this fault might have a root deep in the crys-
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talline basement, as proposed based on the analysis
of seismic reflection profiles [Baize et al., 2011, De la
Taille, 2015].

5.3. The Middle Durance Fault (MDF) and its
seismogenic potential

The Middle Durance Fault (MDF) forms a system
about 70 km long, striking NNE-SSW and consisting
of several fault segments marked with geomorpho-
logical evidences as well as instrumental and histor-
ical seismicity [Figures 9 and 10; Cushing et al., 2008,
Le Pichon et al., 2010, Cushing et al., 2014, Guyonnet-
Benaize et al., 2015, Bellier et al., 2021]. This major
fault (Figure 19) separates, to the west, the “Provencal
Panel” (a morphologically rugged zone characterized
by a 6-10 km thick folded Meso-Cenozoic sedimen-
tary cover overlying a very thick evaporite Triassic
layer) from a less mountainous domain to the east,
the Valensole plateau (characterized by a thin sedi-
mentary cover —1 to 2 km—with very thin or absent
Triassic evaporites). Together with its prolongation
towards the south (the Aix fault), they are considered
as a transfer fault with a left lateral-reverse compo-
nent (western block uplifted; Cushing et al., 2008).
This transfer fault connects the Alpine front to the
E-W thrusts system of the western Provencal belt
[Trévaresse, Aix-Eguille and La Fare thrusts; Terrier
et al., 2008].

During the instrumental period, the MDF pro-
duced a continuous microseismicity but no earth-
quake of magnitude greater than 4 (Figure 9). During
the historical period however, several strongly dam-
aging events occurred close to the MDF (Figure 10):
in 1509 and 1708 (Manosque, Io VIII MSK), 1812
(Beaumont-de-Perthuis, Io VII-VIII MSK) and 1913
(Volx, Io VII-VIII MSK). The Manosque earthquake
of August 14, 1708 is well documented and is part
of a sequence of earthquakes lasting several months
[Quenet et al., 2004]. A significant earthquake may
also have occurred in the MDF region in 1601 [Cush-
ingetal., 2014]. Therefore, during historical times the
MDF produced strongly damaging earthquakes with
a quasi-centennial recurrence.

The current left-lateral slip of the MDF is clearly
demonstrated by the analysis of the focal mech-
anisms determined from the microseismicity
recorded by a dense network installed between 1999
and 2006 [Volant et al., 2000 and no. 6 on Figure 9].



132 Christophe Larroque et al.

6°03' 6°04' 6°05' 6°06'

MAGNITUDE

Recent swamp and
lacustrine deposits

45°56'

Lacustrine
clay deposits

Wurmian .
morainic deposits

Miocene molasse

Cretaceous limestones

0 1 - )
e : : { Jurassic limestones
6°03' 6°04'
SW Distance (km) SE
1 2

...4.0km/s

E2 3
3 <
s £
o Q.
[ [7]
[a) o

[

+ + +0+4 +

+ o+ o+ H
I S S T S EIE R S T - O A

+ +
+ 5.95km/s+ + + + + 4 L R A I

O T T S b+ + 4 + + + + + + + HE
R I A I I A |

E S 5 ke b b b b b b b b b b

e

+

Figure 18. Image of the Vuache active fault plane [modified from Thouvenot et al., 1998]. (A) Aftershock
map of the 1996 Epagny earthquake (main shock: big black circle and its focal mechanism), open and
shaded circles highlight the northern and southern segments respectively. The dashed line corresponds
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Figure 19. (A) P-axes and focal depth along the Durance fault (red line) for the best localized earthquakes
[modified from Cushing et al., 2008]. (a) Focal depth >2 km below the basement top (BT), (b) focal depth
2 km below or over BT, (c) focal depth 2 km over BT. Focal solution: (d) reverse, (e) strike-slip, (f) normal.
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2015].
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Following Cushing et al. [2008], the focal depths
are in the range of 4-9 km, thus earthquakes are
mainly located in the sedimentary cover but also
caused by the fault in the crystalline basement. A
careful analysis of these focal mechanisms reveals
different directions of the P-axis of earthquakes: on
the one hand a NW-SE compression in the sedi-
mentary cover and on the other hand a NS to NE-
SW compression in the basement [Cushing et al.,
2008; Figure 19]. Such stress decoupling in the up-
per crust has also been proposed in the southern
subalpine chains [e.g. Madeddu et al.,, 1996] and
is certainly enabled by the thick level of Triassic
evaporites.

From a slightly different 3D-crustal model and an-
other relocation code, Le Pichon et al. [2010] pro-
posed that the 1999-2006 seismicity recorded around
the MDF is located only in the sedimentary cover.
Therefore, the question of the potential involvement
of the basement in the deformation, thick-skin versus
thin-skin tectonics, remains relevant [Cushing et al.,
2008, Le Pichon et al., 2010, Guyonnet-Benaize et al.,
2015]. The extension, or not, in the basement of the
active part of the fault is a major parameter of the
hazard estimation since the activated fault surface
largely determines the magnitude of an earthquake.
However, considering that the main deformation oc-
curs in the sedimentary cover, the associated poten-
tial magnitude of earthquakes is then limited to an
upper bound of 6.5 [Cushing et al., 2008]. The poten-
tial hazard associated with deep crustal fault located
under this thin-skin structure remains unknown till
date.

5.4. Shallow- and ultra-shallow seismicity in the
Rhéne valley

On a global scale, seismicity is considered to be shal-
low when it occurs within a depth of 40 km from the
surface of the Earth. In SE France, the majority of
earthquakes are in the 3-10 km depth range (Figure
B-S), however some areas display a concentration of
shallower focal depths.

In the lower Rhéne valley, the recent Le Teil earth-
quake (2019/11/11, M, 4.9; no. 1 on Figure 9) was
a surprise in a place where only 39 small earth-
quakes (M, 1.3-2.9) have been recorded for the pe-
riod 1962-2019, with focal depths in the range of 5—
24 km (Figure 20A). The most surprising aspect was

C. R. Géoscience — 2021, 353, n° S1, 105-151

the very shallow depth of the 2019 earthquake focus,
around 1 km [Delouis et al., 2021] which produced
a strong ground motion with a maximum epicentral
intensity of VIII (EMS98 macroseismic scale) and a
peak ground acceleration exceeding 1g [Causse et al.,
2021]. This 2019 M,, 4.9 earthquake together with its
shallow focus produced a co-seismic 4.5 km long sur-
face rupture [Ritz et al., 2020]. One must notice that
the development of surface rupture for a moderate
magnitude earthquake is rare [Moss and Ross, 2011];
it is the first time that such a long co-seismic sur-
face rupture has been described in France. Most of-
ten, even for earthquakes of magnitude close to 5, no
co-seismic surface rupture is observed and the fault
that produced the earthquake has no surface expres-
sion and remains unknown [e.g. Perrot et al., 2005,
Baques et al., 2021]. Following the Le Teil earthquake,
the analysis of the co-seismic rupture allowed us to
demonstrate the reactivation of part of the La Rou-
viere fault (LRF on Figure 20), one segment of the
Cévennes faults system [Ritz et al., 2020], Figures 9
and 20A).

Earlier, in December 2002, 20 km south of Le
Teil, inhabitants of Clansayes city had heard two
strong explosion-like sounds and had felt vibrations.
Based on this a network of 15 stations was in-
stalled in the Tricastin area [Thouvenot et al., 2009].
Then, from January 10 to April 2003, 51 events were
recorded with M;—0.7-1.4. Thirty eight earthquakes
have been precisely relocated, most of them are shal-
lower than 600 m (Figure 20B). A dozen of them
hold the record with a maximum depth of 300 m
below ground level, and thus have been qualified
as ultra-shallow earthquakes by Thouvenot et al.
[2009]. This swarm elongates 5 km N-S and no active
fault has been identified at the surface [Le Dortz
etal., 2021].

Even historical archives attest to periods of sev-
eral dozen events accompanied by very loud un-
derground noise in the lower Rhone valley between
Montélimar and Le Teil to the north and Pierrelatte to
the south (Figure 20A, Rothé, 1936). For these earth-
quake sequences (January-April 1773, July-August
1873 and 1934-1936), Manchuel et al. [2017], taking
into account the SISFRANCE macroseismic database
and intensity prediction equations calibrated in M,
estimated the equivalent moment magnitude—focal
depth for the main shocks as: 3.0 < M, < 4.1 and
1<z<3km.
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Figure 20. (A) Seismicity and structural map of the lower Rhone valley [modified from Ritz et al. [2020]]:
(@) 2019/11/11 Le Teil epicenter; (b) 1962-2018 epicenters (BCSF catalog); (c) historical earthquakes
(SISFRANCE); (d) fault traces (LRF: La Rouviére fault in red, BRGM geological maps). (B) Focus on
the seismic swarm and ultra-shallow earthquakes of the Tricastin area [from Thouvenot et al., 2009]:
(a) seismologic stations of the temporary network; (b) the 38 epicenters relocated (events shallower than
300 m below ground level are in lighter shade); (c) approximate position of the 1934-1936 (Chabrelet) and

1773 (Clansayes) swarms.

5.5. Diversity of seismogenic processes

Until the 1990s, the driving forces loading the faults
in SE France were considered to be the result on
the one hand of the convergence between the Africa
(Nubia) and Eurasia plates [DeMets et al., 1994] and
on the other hand of the counter-clockwise rota-
tion of the Adria microplate [e.g. Vialon et al., 1989].
Twenty years of spatial geodetic measurements in
the 1990s and 2000s have clarified the distribution
of the movements: the convergence between Nubia
and Eurasia is mainly absorbed along the Maghre-
bides chain in North Africa and only about 10% of this
horizontal motion might be accommodated north-
wards [e.g. Nocquet and Calais, 2004, Serpelloni et al.,
2007, Nocquet, 2012], thus restraining the role of the
Nubia-Eurasia convergence as the driving forces of
deformation over SE France.

Therefore, the variety of current deformation,
from the Jura mountains to Corsica, can only be
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explained by the action/interaction of different
processes depending on the location: (i) far-field
plate tectonics [Nocquet, 2012, Sanchez et al., 2018,
Walpersdorf et al., 2018], including Nubia—Eurasia
convergence and counter-clockwise rotation of
Adria, (ii) glacial and/or erosion-related isostatic
adjustment [e.g. Barletta et al.,, 2006, Champagnac
et al., 2007, Vernant et al., 2013, Chéry et al., 2016],
(iii) buoyancy forces related to thickened crust in the
internal Alps [e.g. Delacou et al., 2005], (iv) gravity
gliding of the sedimentary cover in the Southeast
basin of France [Le Pichon et al., 2010, Rangin et al.,
2010], (v) crustal fluid circulation often mentioned
as the origin of swarms [Lecleére et al., 2013, Godano
et al., 2013, De Barros et al., 2019].

The resolution of the driving forces of deforma-
tion requires taking into account the joint action of
all these processes. The reader will find a precise
review in Mazzotti et al. [2020]. Finally we address
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three particular points concerning: (i) the tectonic
and non-tectonic earthquakes in SE France, (ii) the
far-field tectonic versus surface and/or deep pro-
cesses in the Western Alps and (iii) the Ligurian seis-
micity and the long-term inversion of the northern
margin.

5.5.1. Tectonic and non-tectonic earthquakes in SE
France

The rate of deformation in SE France such as com-
puted by Masson et al. [2019] is extremely low, in the
range of 1-2 x 107 yr~!. Such low values raise the
question of the tectonic loading of faults, however the
occurrence of the Le Teil earthquake (2019/11/11, M,
5.4, no. 1 on Figure 9) led Delouis et al. [2019] and
Ampuero et al. [2020] to conclude that, although the
earthquake was probably triggered by quarry activ-
ity since the 19th century (considered as an exter-
nal forcing), the magnitude reached requires a prior
and significant tectonic loading. The tectonic loading
of the La Rouviéere fault, source of the Le Teil earth-
quake, at a very weak strain rate is also supported by
field evidences of its Holocene-Late Pleistocene tec-
tonic activity [Ritz et al., 2021].

The question of earthquakes induced or triggered
by non-tectonic processes, whether anthropogenic
or natural, is currently widely debated. The reader
may refer to dedicated works for more information
[e.g. McGarr et al., 2002, Grigoli et al., 2017]. A trig-
gered earthquake occurs on a tectonically loaded
fault and the additional stress related to an external
forcing triggers this earthquake which would never-
theless have occurred anyway in the future. As pre-
viously mentioned, the large excavation of limestone
in a quarry located on the hanging wall of the La Rou-
viere fault (LRF on Figure 20) is certainly the trigger-
ing cause of the Le Teil earthquake [Delouis et al.,
2019, Ampuero et al., 2020]. An induced earthquake
can occur on a fault that is not tectonically loaded
and, in this case, such an earthquake would prob-
ably never have occurred in the absence of the ex-
ternal forcing. Most often the focal depths of trig-
gered/induced events are shallow, around 1 km for
the 2019 Le Teil earthquake for instance, but the shal-
low focal depths are not systematic.

Several examples of triggered earthquakes have
been highlighted in SE France: (i) Anthropic hydro-
logical forcing such as the filling of reservoirs is as-
sumed to have triggered the Monteynard earthquake
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(1962/04/25, My, 5.3, focal depth ~10 km, Figure 12)
near Grenoble [Grasso et al., 1992] and the Jeurre
earthquake in Jura [1971/06/21, M 4.4, focal depth
3 km; Rothé, 1983; no. 3 on Figure 7]. (ii) Natural hy-
drological forcing caused by a major flood of the Ver-
don river could have triggered the historical earth-
quake of Castellane in 1855 (M 4.5, focal depth
~1 km; Bollinger et al., 2010; Figure 12) as well as
the microseismic crisis following the September 2002
catastrophic storm near Avignon, in the area of the
Nimes fault (Rigo et al., 2008; Figure 9). (iii) At crustal
scale, deep-seated fluid circulation is at the origin
of the 2003-2004 Ubaye swarm [Daniel et al., 2011,
Lecleére et al., 2013]; and De Barros et al. [2019] in an-
alyzing the peculiar seismic behavior pointed out the
interaction between tectonic process and fluid diffu-
sion in the triggering of the alternating mainshock-
aftershocks sequences and swarms during the 2012-
2015 seismic crises in Ubaye. (iv) In December 2006,
the Basel sequence was particularly well studied: fol-
lowing injection of 11,500 m® high-pressure water
into a 5 km deep borehole more than 10,500 mi-
croearthquakes (maximum M; 3.4) were detected in
the area of injection during the following months
[Deichmann and Giardini, 2009]. From analysis of
accurate locations and stress drop, Goertz-Allmann
et al. [2011] conclude that these earthquakes oc-
curred on pre-existing faults and were triggered by
the increase in pore pressure due to the injected wa-
ter but driven by the ambient tectonic stress. (v) Fi-
nally, the origin of the Tricastin ultra-shallow earth-
quakes (Figure 20B) has not yet been determined.
Although the focal depths are less than 500 m un-
der the topographic surface, it has not been estab-
lished that those events have been triggered by non-
tectonic forcing [Thouvenot et al.,, 2009, Le Dortz
et al., 2021].

The strongest earthquake known in SE France
and neighboring regions is the 1887/02/23 Ligurian
earthquake (M,, 6.7-6.9, Figure 14). Larroque et al.
[2012] propose that it occurred onto the Ligurian
faults system (LFS on Figure 13), 20 km from the
coast line with a focal depth around 15 km and a
reverse faulting on a gentle northward dipping fault
plane (Figure 21). This earthquake, which occurred
1000 km away from the Africa/Eurasia plate bound-
ary (located in the Maghrebides chain), is a typical
large intraplate earthquake. The origin of large in-
traplate earthquakes was recently discussed by Calais
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et al. [2016] who proposed that such earthquakes oc-
curring in stable continental regions (SCR) are trig-
gered by local and transient external perturbations
of stress rather than long-term tectonic loading, as
along plate boundaries. Several data suggest that the
LES is a long lived active fault zone working with
a very low strain rate, nevertheless producing large
cumulated deformation like: (i) the at least 1000 m
uplift of the northern margin since 5 Ma [Bigot-
Cormier et al., 2004, Larroque et al., 2011], (ii) the
high concentration of instrumental and historical
seismicity with seven significant earthquakes in the
19th century, including the 1887 event (Figure 14),
and (iii) the very low-rate convergence between the
Corsica-Sardinia block and the European mainland
[Nocquet, 2012, Masson et al., 2019]. Thus, we pro-
pose that earthquakes in the northern Ligurian Sea,
although far away from a plate boundary, are mainly
related to far-field tectonic loading in an active plate
interior rather than transient perturbation of stress in
a stable continental region.

5.5.2. Far-field tectonics versus surface and/or deep
processes: example from the Western Alps

In the Western Alps, most of the deformation is
located in the internal domain, along and in the

C. R. Géoscience — 2021, 353, n° S1, 105-151

vicinity of the two seismic arcs (nos. 1 and 2 in
Figures 1 and 11). Several models have been pro-
posed in order to explain the seismicity distribu-
tion in the Western Alps, favoring either horizon-
tal indentation [e.g. Tapponnier, 1977] or Adria mi-
croplate rotation [e.g. Vialon et al., 1989]. During the
1990-2000 period, it was shown that the main defor-
mation corresponds to orogen-perpendicular exten-
sion framed on the periphery by transcurrent zones
locally modulated with compressional component
[Maurer et al., 1997, Eva and Solarino, 1998, Sue et al.,
1999, Kastrup et al., 2004, Delacou et al., 2004, Lar-
roque et al., 2009]. As spatial geodesy does not show
any shortening higher than 0.5 mm/yr through the
chain [e.g. Nocquet, 2012], this pattern of deforma-
tion was interpreted as reactivation of ancient faults
mostly resulting from buoyancy forces after cessation
of Africa-Europe convergence [e.g. Selverstone, 2005,
Delacou et al., 2005]. However, the influence of the
counter-clockwise rotation of the Adria microplate
was not excluded [Calais et al., 2002].

The most recent seismotectonic study, at the scale
of the Western Alps [Mathey, 2020], is based on
the SISmalp catalog (1987-2014) and a new 3D-
crustal velocity model [Potin, 2016]. The quality of
hypocenter locations confirms that the seismicity is
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distributed along a slab dipping from west to east,
at depth between 10-15 km on the western side of
the belt (Europe plate) and 25-30 km on the eastern
side (Adria microplate) and reaching at least 40 km
depth in the Po plain. The reassessment of the de-
formation pattern, from more than 2000 focal mech-
anisms (mainly 1 < My < 3) across the chain, con-
firmed the extension in the internal zones. Moreover
this work brings out a new crucial data: the direc-
tion of extension appears systematically oblique to
the radial direction, deflected by a few tens of degrees
in the clockwise sense. This new data therefore sug-
gests a significant influence of the far-field tecton-
ics imposed by the counter-clockwise rotation of the
Adria plate with respect to the stable Europe plate
leading to a dominant right-lateral strike-slip fault-
ing in the Western Alps [Calais et al., 2002, Serpel-
loni et al., 2005, D’Agostino et al., 2008, Sanchez et al.,
2018, Walpersdorf et al., 2018].

Another recent study [Eva et al., 2020] is based
on the reprocessing of 9000 events recorded by the
INGV National Central Seismic Network (Italy) from
1986 to 2016 complemented by RESIF-EPOS and SED
(Swiss Seismological Service) data. The first order of
the Alpine deformation is common to that in previ-
ous works but Eva et al. [2020] particularly point out
the role of the opposite-dipping Alpine (toward SE)
and Apenninic (toward SW) slabs in the partition-
ing of deformation. They suggest that the counter-
clockwise rotation of Adria has no influence south
of 45° N because of the underthrusting of the Adria
microplate below the Monferrato thrust front in the
western Po plain. This proposition is consistent with
the spatial geodetic analysis of Walpersdorf et al.
[2018] indicating a decrease of the right-lateral strike-
slip component towards the south of the Western
Alps and with the dominant extensional deformation
along the NNW-SSE high Durance fault pointed out
by Mathey et al. [2020]. It is also consistent with the
dominant normal faulting along NW-SE faults high-
lighted during the 2012 and 2014 Ubaye earthquakes
[nos. 6 and 7 on Figure 11 and Baques et al., 2021]
as well as with the extensional focal mechanisms of
earthquakes computed in the Argentera area [Lar-
roque et al., 2009].

Taking into account the recent spatial geodetic
results attesting to less than 0.5 mm/yr horizontal
motion through the Western Alps versus ~3 mm/yr
of present-day uplift in the northern internal zones,
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several authors [Chéry et al., 2016, Nocquet et al.,
2016, Nguyen et al., 2016, Sternai et al., 2019] pro-
posed that the Alpine chain currently deforms mainly
under strong influence either from surface pro-
cesses (such as glacial isostatic adjustment following
the last glacial maximum since 15-20 ka) and/or
deep processes, related to the European slab de-
tachment and/or lateral variation of rheology in
the deep crust and upper mantle. All these pro-
cesses are themselves at the origin of the isostatic
adjustments.

5.5.3. Ligurian seismicity and long-term inversion of
the northern margin

As previously noticed [e.g. Béthoux et al., 1992,
Larroque et al., 2009], earthquakes along the Alps-
Ligurian basin junction attest to a compressional
tectonic regime (Figure 13) consistent with far-
field tectonics and mainly the shortening between
the Corsica-Sardinia continental block and the
European mainland [Billi et al., 2011, Nocquet, 2012,
Masson et al., 2019]. It was recently proposed that
the Corsican earthquakes of July 2011 (no. 5 on Fig-
ure 13) was related to the southward propagation of
this compressional deformation [Larroque et al.,
2016].

In the northern Ligurian Sea, Larroque et al. [2011]
showed that the current reverse faulting seismicity is
mainly related to the north-dipping Ligurian faults
system, extended 80 km long from Nice to Savona
(LFS on Figure 13 and Figure 21). Morphotectonic
data attest to large cumulated deformations since
5 Ma along the LFS that support the uplift of the mar-
gin relative to the basin [Bigot-Cormier et al., 2004,
Larroque et al., 2011, Sage et al., 2011]. Therefore,
the inversion of the margin seems to be controlled
by this north-dipping ramp and flat thrust system
while the south-dipping normal faults inherited from
the Oligo—Miocene rifting remain passive [Sage et al.,
2011]. Current earthquakes could then occur along
steeply or gently northward dipping fault planes de-
pending on their focal depths.

The current rate of seismicity of the northern
margin is significantly higher than that of the sur-
rounding regions (including the southwestern Alps,
the northern Apennine and the Corsica-Sardinia
block; Béthoux et al., 1998). Béthoux et al. [2008]
produced thermomechanical models that account
for the strain concentration in the Ligurian Sea
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at the transitional oceanic/continental domains
as currently observed. Their models point out the
strain concentration by a combination of the tec-
tonic forces (related to the shortening between the
Corsica-Sardinia block and the European mainland),
the geometric effects (related to the strong topog-
raphy and Moho depth gradients) and the contrast
in rheology which leads to a weaker zone at the foot
of the northern margin. Thus, the model of Béthoux
et al. [2008] could explain the inversion of the margin
by the neoformation of a northward dipping thrust
inside this weakness zone rather than the reactiva-
tion of the inherited normal faults in the shallow
continental crust (Figure 21).

6. Conclusion

Southeast France, and surroundings, is an active in-
traplate zone with heterogeneous low to very low de-
formation rates (low on the Ligurian margin and very
low in Corsica, for instance). Earthquakes there are
mainly low to moderate magnitude with 4-5 strong
events (M,, = 6) in 500 years. Except in very rare
cases, the instrumental seismicity is heterogeneously
distributed across the four major geological domains,
the Western Alps and the Ligurian margin being the
most active areas. Over a period of 500 years, the dis-
tribution of historical seismicity is quite similar to the
instrumental seismicity.

While in the 70s the only known relationship be-
tween earthquakes and geological structures was
limited to the Brianconnais seismic arc and the Pen-
ninic Frontal thrust, the regular progress in the detec-
tion capacity and in the accuracy of localization now
allow generation of a finer image of the active zones
and help point out the relationships between earth-
quakes and several mapped faults (e.g. Belledonne,
Durance, Vuache...) and hidden faults (Blausasc). In
the same way, microseismic swarms are now rapidly
detected owing to instrumentation with temporary
networks, and their evolution can be followed pre-
cisely. The Ligurian Sea remains the only area where
there is no permanent seismological observatory and
therefore the seismicity in the basin is very poorly
known.

The diversity of seismic behaviors can only be ex-
plained because it develops in complex geological
domains with large structural inheritance, rheolog-
ical features, various thermal conditions and with
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different driving mechanisms that remain largely
misunderstood. Thus, the 2019 Le Teil earthquake is
surprising both by its location, its focal mechanism
and focal depth. The main challenge to refine the im-
age of seismicity concerns the improvement of focal
depth determinations. The identification of 3D struc-
tures in seismicity requires continued observational
efforts as well as the construction of more accurate
velocity models, certainly in 3D in such a complex
crustal area. Moreover, the accuracy of geodetic mea-
surements, now better than 1 mm/yr, will improve
with increasing times series and this should make
it possible to link the distribution of seismicity with
surface movements and active geological structures.
The recent result obtained on the characterization of
the Haute Durance fault is an encouragement to con-
tinue the joint analysis of seismicity/geodesy, includ-
ing in areas with low deformation rate.

A better image of the seismicity as well as the
budget of the seismic energy released compared to
the horizontal and vertical movements measured
by space geodesy are needed for understanding the
present-day drivers of the deformation throughout
SE France. An important bias in this approach re-
mains the temporal scale to be considered because
of the long recurrence times of the strongest earth-
quakes.

A better characterization of seismicity is also a
requirement to progress in understanding seismic
hazards related to large events and the knowledge
of causative geological structures. No catastrophic
earthquake has occurred since 1909, however noth-
ing is known about the seismogenic capability of sev-
eral large active faults (Durance, Belledonne, for in-
stance). Are they able to produce strong earthquakes
(M,, > 6.5) and at what recurrence intervals? The M,
4.9 2019 Le Teil earthquake, which occurred on a fault
that was not recognized as potentially active, also
raises the question of the lack of knowledge of struc-
tures capable of being activated by tectonic loading
and/or triggered/induced by anthropogenic activi-
ties.

Web sites

BCSE RéNaSS, SI-Hex: http://www.franceseisme.fr/
Delouis-Géoazur:
http://sismoazur.oca.eu/focal_mechanism
GEOFON: https://geofon.gfz-potsdam.de/


http://www.franceseisme.fr/
http://sismoazur.oca.eu/focal_mechanism
https://geofon.gfz-potsdam.de/

140 Christophe Larroque et al.

JURAQUAKE: https://dataosu.obs-besancon.fr/
FR-18008901306731-2019-03-29_JURAQUAKE.html
CEA-LDG: http://www-dase.cea.fr/

OCA: http://sismoazur.oca.eu/

PTB (Physikalisch-Technische Bundesanstalt,
DCF77):
https://www.ptb.de/cms/index.php?id=1787&L=1
RSNI: http://www.distav.unige.it/rsni/
RESIF-EPOS: https://www.resif.fr/

SED: http://www.seismo.ethz.ch/en/home/
SISFRANCE: https://sisfrance.net/

SISmalp: https://sismalp.osug.fr/isterre-sismalp
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