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Abstract. A critical review is conducted of a selection of paleoseismic works published on, or close 
to, metropolitan France over the last 30 years. The evolution of these works may be subdivided into 
three periods: dawn of French paleoseismic studies («1990-1995), beginning of a multidisciplinary 
paleoseismologic approach, and paleoseismic studies in the first decades of the 21st century. This 
review of the most interestingpaleoseismic studies at nine trench sites indicates that it is often difficult 
to associate Quaternary surface deformations with a well-identified fault. However, these studies also 
provided important results demonstrating that even in regions oflowseismicity, seismic ruptures can 
repeat on the same low slip rate fault, thus providing evidence that historical seismicity is not sufficient 
to assess seismic hazard in metropolitan France. Finally, recommendations are provided for future 
paleoseismic investigations in low-seismicity regions.

Keywords. Paleoseismicity, Metropolitan France, Active fault, Quaternary earthquake, Surface rup
ture, Seismic hazard.

1. Introduction

Paleoseismology was developed by US geologists, 
at the turn of the 1960s and 1970s to address the 
lack of historical earthquake records in the western 
states, with the goal of identifying and character- 
izing past earthquakes beyond the scope of instru
mental seismicity. The overall methodology used 
to identify paleoseismic events can be summarized 
as the search for evidence (or clues) preserved in 
Late Quaternary sedimentary deposits associated
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with their cumulative effects on the landscape. 
These paleoearthquakes are determined either di- 
rectly through the discovery and analysis of their 
past ruptures at or near the surface, or indirectly, 
through changes in the past geological and geomor- 
phic environments. This indirect approach, which 
is not the subject of this review paper, is a specific 
branch of paleoseismology that attempts to associate 
recorded effects (lake destabilization, disturbance of 
sediments—liquefactions, sedimentary veins, land- 
slides, block falls and by extension the disorders to 
ancient constructions by archaeoseismicity) of earth- 
quakes whose location and source are not necessarily 
identifiable. To analyze the direct earthquake effects,
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paleoseismology requires the identification of active 
faults in order to associate past surface ruptures with 
their seismogenic characteristics (past earthquake 
locations, magnitudes, average return periods, etc.). 
Hence, these paleoearthquake data permit to extend 
the temporal scales provided by the instrumental 
and historical seismicity to the prehistoric time pe- 
riod. Thus, paleoseismic studies allow for improved 
the hazard analyses (e.g., prior to the construction of 
nuclear facilities). This method was first used in re- 
gions characterized by moderate to high level of seis- 
micity (i.e., the central and western United States). In 
parallel with these first paleoseismic studies, map- 
ping work or compilations were also performed to 
obtain the most comprehensive view of faults ca
pable of producing significant earthquakes (e.g., 
M > 6). A detailed report of the methods and origin 
of paleoseismology is provided in McCalpin [2009]. 
Paleoseismic researches also contributed greatly to 
basic research about fault seismogenic behavior and 
seismogenesis. These researches have spread world
wide among seismic regions and many studies are 
now conducted each year (average of ~100/year of 
published works worldwide since 2003, Figure 1).

The objective of this paper is to provide a criti- 
cal review of the paleoseismic studies that have been 
conducted in metropolitan France during the past 
thirty years. Metropolitan France is characterized by 
a low level of seismicity, although damaging earth
quakes (intensity > VIII MSK) have occurred in sev- 
eral locations, one to three times per century, with 
magnitudes estimated to be approximately in the 
range Mw 5.0-6.5 [e.g., Manchuel et al., 2018] in- 
cluding the Le Teil earthquake. Faults slip rates as- 
sociated with this seismicity appear to be very low 
(«1 mm/year, see Section 3). Thus, paleoseismic in
formation should be of primary interest in regions 
with very low deformation rates to try to better un- 
derstand the low slip rate faults’ behavior. However, 
is it possible to conduct such paleoseismic studies, 
with enough confidence in such regions? To address 
this question, we first present the evolution of the 
paleoseismic investigations in metropolitan France, 
which is summarized in three steps (see Section 2). 
Next, we conduct critical analyses of nine selected 
trench sites that document the most relevant paleo
seismic studies (see Section 3). These critical analy
ses provide insight into the most interesting results 
obtained by paleoseismic studies as well as their lim-

Figure 1. Number of worldwide published pa- 
pers per year with keywords: (1) Paleoseismic- 
ity, (2) Paleoseismology, (3) Earthquake Geol- 
ogy (Scopus database for 1970-2019 period). 
This to be compared with the 16 peer reviewed 
publications for Metropolitan France and close 
surroundings between 1997 and 2021, with a 
maximum of 4 publications in 2005.

itations or uncertainties so that their conclusions can 
be reevaluated in the light of current knowledge and 
experience. In several cases, the most critical point 
is the identification of the active fault and its rela- 
tionship to the potential surface rupture(s). All the 
strengths and weaknesses of the paleoseismic stud- 
ies presented in metropolitan France are discussed. 
Finally, the conclusions propose a summary of the 
main results obtained during the last thirty years and 
some recommendations for future studies in regions 
with low seismicity.

2. Evolution of paleoseismic investigations in 
metropolitan France

2.1. The beginnings of paleoseismology in metro
politan France (1990-1995)

In metropolitan France, the development of paleo
seismic studies started in the early 1990s. From this 
beginning until now, three time periods may be dis- 
tinguished. Following the example of studies car- 
ried out in the field of nuclear installation safety 
on a global scale and following significant earth- 
quakes that had impacted this type of installation

C R. Géoscience — 2021, 353, n° S1, 339-380
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Figure 2. Location of paleoseismological trench sites performed to date in metropolitan France and close 
surroundings. Main fault systems are drawn from Jomard et al. [2017, and references therein] (cf. BDFA, 
French potentially active faults database, https://bdfa.irsn.fr). Described region settings are: A, Provence; 
B, Jura;C, Upper Rhine Graben (URG);D, Central-Western Pyrenees. The trench site (29), though being 
outside of the area, is included, since it belongs to the URG. Detailed information on trenches are 
reported in Table A1. Background topography: NASA Shuttle Radar Topography Mission (SRTM) Version 
3.0 and General Bathymetric Chart of the Oceans (GEBCO).

[i.e., 1988 Spitak Nuclear power Plant, Armenia— 
see Griffin et al., 1991]. Studies were carried out 
to determine whether paleoseismic events had oc- 
curred in regions where nuclear installations were 
already located, using trenches on already identi- 
fied faults, without implementing a complete ap- 
proach to identify the more favorable locations us- 
ing this method. These first studies (see Figure 2 and 
Table A1) focused on the Nîmes Fault (NF) with a 
trench at Courthézon, Vaucluse [Carbon et al., 1995, 
Combes et al., 1993] and on the Middle Durance Fault 
(MDF) in the Valvéranne valley (see Section 3.1.3) 
north of Manosque [Sébrier et al., 1997]. Other spo- 
radic paleoseismicity studies were also conducted by 
IPSN/GEOTER (mainly unpublished reports) in SE 
France: La Fare Thrust Fault, Mirabeau and Fonta- 
mauri on the MDF near a reported Quaternary de
formation [VUléger, 1983], Vinon-sur-Verdon (north

of the village) and on the Bersezio Fault in the south- 
ern tips of the French-Italian Alps [Ghafiri, 1995]. 
These trenches were not conclusive given the very 
poor Quaternary sedimentary settings specific to this 
region. It should be noted that as part of the ITER 
preliminary program, a trench showing a fault affect- 
ing Pliocene up to early Quaternary deposits was also 
excavated in 1995, in the south of Vinon-sur-Verdon 
[see in Thomas et al., 2020].

Parallel to these trench investigations, stud- 
ies have focused on indirect paleoseismic sig
natures in lake sediments [e.g., Beck et al., 1996, 
Chapron et al., 1996, Kremer et al., 2020] and pos
sible disorders on cave speleothems [e.g., LemeUle 
et al., 1999a], which remains controversial since 
other causes of speleothem breakages are possible 
[glacial creeping for example; see review in Gilli, 
2005].

C. R. Géoscience — 2021, 353, n° S1, 339-380
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Finally, the “French” approach at that time fo- 
cused on a first list of “evidences of deformation” af- 
fecting the Plio-Quaternary [e.g., Grellet et al., 1993, 
Baize et al., 2002] based on an analysis of the litera- 
ture (includingunpublishedreports), geological map 
booklets, or local to regional studies not necessarily 
addressing paleoseismic topics (e.g., geomorpholog- 
ical papers, very local observations from geologists, 
etc.).

2.2. Emergence of the multidisciplinary paleo
seismic approach (1995-2000)

The study of the Plio-Quaternary deformation evi- 
dences showed its limits, as it was not simple or pos
sible, with some exceptions, to link them to poten- 
tial surface rupture [Baize et al., 2002] and very lit- 
tle indications in terms of paleo-magnitudes, age, 
and return period of paleoseismic events. While 
the first trench studies (Courthézon, Valvéranne) 
seemed promising and confirmed the possibility of 
active faults that could produce significantly stronger 
earthquakes than those listed in the French historical 
seismicity catalog, the approach was only focused on 
local studies of very few sites located on a fault con- 
sidered active.

The Annecy earthquake in July 1996, occurred on 
a well-known fault that was associated with some 
Quaternary deformation evidences while the earth- 
quake area did not have any record of historical 
earthquakes. This was the first time in France that a 
significant earthquake occurred on a well-identified 
fault whose rupture is reported to have reached the 
ground surface [Thouvenot et al., 1998]. This event 
probably contributed to accelerate paleoseismolog- 
ical works in France.

The study in 1996 of the Bree Fault by the 
Royal Observatory of Belgium [Camelbeeck and 
Meghraoui, 1998] and the impetus given to a first 
European scale program of multidisciplinary pa- 
leoseismic studies initiated many investigations 
in Western Europe, including regions bordering 
metropolitan France (E.U. Paleosis, SAFE, FAUST 
projects,... ). Multi-scale approaches using different 
techniques ranging from morphotectonic analysis 
of Digital Elevation Models (DEM) at different res
olutions, to subsurface geophysics (Ground Pene- 
trating Radar—GPR, ERT, High-resolution seismic 
reflection/refraction) and the implementation of

various dating methods (14C, 10Be, OSL, . . . ) have en- 
abled better identification of the seismic sources and 
their potential [e.g., Lemeille et al., 1999b, Lacassin 
et al., 2001, Meghraoui et al., 2001, Ferry et al., 2005, 
Chardon et al., 2005].

2.3. Paleoseismic studies in the beginning ofthe 
21st century

During the first decade of the 21st century, some pa- 
leoseismicity studies were carried out in southeast- 
ern France, particularly along the Trévaresse Fault 
[Lacassin et al., 2001, Chardon and Bellier, 2003, 
Chardon et al., 2005, 2009] and the MDF [Siame et al., 
2004, Cushing et al., 2005, 2008]. In the Pyrenees, 
one can quote the work of Alasset and Meghraoui 
[2005] and in the Upper Rhine Graben (URG) those of 
Meghraoui et al. [2001] and Ferry et al. [2005]. Never- 
theless, the interest for paleoseismicity using trench- 
ing observations in metropolitan France has rapidly 
declined and there have been only few works be- 
tween approximately 2005 until 2015 [see Table A1, 
Baize et al., 2011, De La Taille, 2015]. On the other 
hand, more integrated studies aimed at completing 
the parameters useful for the development of seismic 
hazard assessment have increasingly emerged, com- 
bining quantitative geomorphology, morphotecton- 
ics, geophysical and structural geology approaches to 
define seismic potential and slip rates on the basis 
of displacement of geomorphic features [e.g., Siame 
et al., 2004, Cushing et al., 2008, Baize et al., 2011, Bil- 
lant et al., 2015, 2016, Godard et al., 2020]. Dating, 
which is crucial for determining fault slip rates, can 
essentially only be carried out by in situ sampling, 
and trenching, or “pits” (see Section 3).

3. Some case studies of paleoseismic investiga
tion in metropolitan France for 30 years

Selected examples of published paleoseismic studies 
based on trench observations are presented below. 
These nine examples correspond to the most relevant 
paleoseismic studies performed within metropolitan 
France during the past 30 years. They belong to the 
following seismotectonic settings: Alpine frontal de
formations in Provence (Trévaresse, NF, and MDF— 
trench sites #2, 3, 9, 21 in Figures 2 and 3) and 
southern Jura (Vuache Fault—trench site #24 in Fig
ure 2), URG faults (Achenheim-Hangenbieten close

C. R. Géoscience — 2021, 353, n° S1, 339-380
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to Strasbourg, Reinach-Basel Fault in the Basel area 
where the strongest western European earthquake 
occurred in 1356—trench sites #10 and 15 in Fig
ure 2), and Pyrenean northern seismic zone (Lour
des Fault—trench sites #19, 20 in Figure 2). Most re
cent works are not included since research is still in 
progress [Ritz et al., 2020, 2021a,b, Reicherter et al., 
2020].

3.1. Seismotectonic setting ofProvence

Although Provence is characterized by moderate in
strumental seismicity, it has experienced a few dam- 
aging earthquakes during the last centuries, such 
as the 1909 Lambesc earthquake or the 1509 and 
1708 Manosque earthquakes (SisFrance, Mw rang- 
ingbetween -5.5-6.1 [Barouxet al., 2001, Manchuel 
et al., 2018, Stich et al., 2005]. However, Provence 
active faults are characterized by slow slip rates 
(<0.1 mm/yr) [e.g., Siame et al., 2004, Chardon et al., 
2005], consequently they have long recurrence in- 
tervals and can experience rapid erosion under a 
Mediterranean climate where morphotectonic signal 
is rapidly erased.

The active deformation in France and particularly 
in southern Western Alps and Provence might not be 
directly associated with the convergence between the 
African and Eurasia, this convergence being mostly 
accommodated along the plate boundary south of 
the Western Mediterranean [Nocquet, 2002]. Conse- 
quently, the cause of the Provence deformations is 
still widely debated and various factors are discussed 
in the literature [Baroux et al., 2001, Cushing et al., 
2008, Le Pichon et al., 2010, Bellier, 2014, Mazzotti 
et al., 2020, Nocquet, 2012, Walpersdorf et al., 2015, 
Mathey et al., 2021, Larroque et al., 2021].

Provence is located at the limit of three major 
morpho-structural domains: the Alps to the NE, 
where the crust is thickened, the Massif Central 
to the NW, where crust and lithospheric mantle 
are thinned, and the western Mediterranean to the 
south, where oceanic crust is present in the Liguro- 
Provençal basin (Figure 2) [see Section 4.2 in Lar
roque et al., 2021]. These different areas are the result 
of a tectonic history that is characterized by alter
nations of compressional and extensional deforma
tions in time and space [e.g., Bestani et al., 2016]. The 
Pyrenean episode created east-west-trending ramp 
anticlines distributed from the Mediterranean coast

up to north of the Ventoux-Lure mountain, these 
were subsequently reactivated as normal faults dur- 
ing the Oligocene-Early Miocene regional extension, 
associated with the opening of the Liguro-Provençal 
oceanic basin [Hippolyte et al., 2012, Roure et al., 
1992, Larroque et al., 2021]. During the Neogene 
shortening, earlier Pyrenean structures were reacti- 
vated resulting in north- and south-verging thrust 
faults [Chardon and Bellier, 2003, Combes, 1984, Vil- 
léger and Andrieux, 1987]. Crustal-scale NE-trending 
NF and NNE-trending Middle Durance Fault sys
tem (MDFS) were simultaneously reactivated as left- 
lateral strike-slip faults. Then, from the Mid-Miocene 
onwards Alpine deformation (probably resulting 
from the collision between the Adriatic block and the 
European margin) started propagating southward 
making Provence region the foreland of the Alps 
[Baroux et al., 2001, Champion et al., 2000, Molliex 
et al., 2011].

Analysis of geological marker offsets on balanced 
cross sections [Bestani et al., 2015, Champion et al.,
2000], [Chardon and Bellier, 2003] confirm that tec- 
tonic deformation is slow («1 mm/yr) [e.g., Siame 
et al., 2004, Chardon et al., 2005, Chardon and Bellier,
2003, Cushing et al., 2008]. In addition, assessment 
of fault activity based on morphological evidences is 
subdued because denudation rates are comparable 
to or faster than fault slip rates [about 30-60 mm/ka: 
Godard et al., 2016, Molliex et al., 2011, Siame et al.,
2004, Thomas et al., 2020,2018]. This implies that tec- 
tonic geomorphic markers tend to be erased, hence, 
no single stand-alone method can be used to accu- 
rately evaluate seismic deformation.

Furthermore, comparison of earthquake focal 
mechanisms, fault kinematics and Quaternary de
formation analysis suggest a change in tectonic 
regime during the Quaternary. Clauzon et al. [2011] 
displayed that the main tectonic episode affecting 
Luberon mountain range, occurred around 5.9 Ma. 
This means that the deformation of the Luberon 
ends in Messinian and that the deformation front 
then propagated southward up to the Trévaresse 
and possibly to the Aix-Eguilles and La Fare ranges 
[Figure 3; Terrier et al., 2008].

The length of the fault segments deduced from 
the structural segmentation allow to estimate a Mw ~ 
6.5-6.7 potential maximum magnitudes of earth
quakes on Provence faults. However, the contribu
tion of aseismic deformation is unknown. Given the

C. R. Géoscience — 2021, 353, n° S1, 339-380
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Figure 3. Location of trench sites performed in the Provence area. Faults are reported from BDFA, 
https://bdfa.irsn.fr. Historical seismicity from the F_CAT catalog [Manchuel et al., 2018]. The Messinian 
canyon (purple) is drawn with its rims. Background DEM at 25 m resolution is from Institut 
Géographique National (https://geoservices.ign.fr/documentation/diffusion/telechargement-donnees- 
libres.html#bd-alti-25-m).

time window of historical seismicity (about 500
1000 years in this region) with maximum estimated 
magnitude on the order of Mw ~ 6.0 and the esti
mated potential of the slow active faults of Provence 
(Mw ~ 6.5), historical earthquakes probably do not 
account alone for the seismic hazard. Even though 
outcropping faults are relatively well known, there 
are some indications that deep, blind faults with pos
sible higher seismic potential exist such as the Lam- 
brussier, or Mirabeau reverse faults [Figure 3, Godard 
et al., 2020, Hippolyte and Dumont, 2000].

Clusters of historical earthquakes [e.g. 1769, 1873, 
1924, 1905, 1911 earthquakes in Figure 3, see e.g. 
Larroque et al., 2021] and paleoseismic activity are 
reported from the main Western Provence bound- 
ary faults [Carbon et al., 1993, Dutour et al., 2002, 
Sébrier et al., 1997]. In addition, combined macro-

seismic, geological and seismological data indicate 
that the 1909 Lambesc earthquake (Figure 3) took 
place on the south-verging Trévaresse thrust, a ramp 
locatedbeneath the Trevaresse ridge anticline, within 
Western Provence [Lacassin et al., 2001, Baroux et al., 
2003, Chardon and Bellier, 2003, Chardon et al., 2005, 
2009].

3.1.1. The Trévaresse Fault

Geological, geomorphic and topographic field 
investigations, 50-cm-resolution aerial ortho- 
photograph interpretation, and DEM analysis con- 
ducted in the epicentral zone of the 1909 Lambesc 
earthquake (M ~ 6.0) allowed mapping of the Qua- 
ternary deposits and fault traces of the piedmont 
of the Trévaresse ridge anticline (BDFA, 2020;fault 
near location 17, 18, 21 on Figure 3), and to constrain
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the geometry and kinematics of the Trévaresse fault 
responsible for the 1909 earthquake [Chardon et al., 
2005]. This reverse fault consists of two E- to WNW- 
striking segments (WTF and ETF on Figure 4A) and 
is associated with an upper Neogene south-verging 
ramp anticline. The eastern segment (ETF on Fig
ure 4A) put in contact the Oligocene overthrusting 
Miocene and is connected at depth and on their 
eastern tips to two reverse faults (Ermitage Fault: EF 
and Fauchonne Fault: FF, Figure 4A) mapped ~500- 
and ~700 m south of this major fault. The emer- 
gence of the fault in streams that cut the piedmont 
of the ridges is marked by a N100° E-trending ramp 
anticline [Chardon et al., 2005, Chardon and Bellier, 
2003].

The recent deformation has propagated in the 
southern piedmont of the anticline forming a frontal 
ramp associated with anticlines that are located 
500 m and 700 m south of the main topographic es- 
carpment (Figures 4A, 4B, 4C). The microtopography 
of the abandonment surfaces of the Quaternary fans 
located at the piedmont of the anticline as well as the 
longitudinal topographic profiles of the talwegs (dry 
beds) provide evidence for the relationships between 
the morphogenesis of the piedmont and the reverse 
faulting of the Trévaresse. These investigations al- 
lowed to target the location and then the excavation 
of a paleoseismological trench in the Rissian fan of 
upper Middle to Late Pleistocene age (100-300ka, de- 
duced by regional correlation) [Nguyen et al., 2007, 
Chardon et al., 2005, 2009].

Paleoseismological studies. Across the Trévaresse 
Fault, a 55 m long trench (Figures 4B, 4C, 4D) was ex- 
cavated across the piedmont fault scarp affecting fan 
surface, where fan deposits rest on S-dipping Torto- 
nian beds making the southern limb of an anticline. 
Connected fault splays cuts across the overturned 
contact between Tortonian shales and fan deposits 
suggesting for an in-sequence propagation of the 
thrust fault into successive colluvial wedges.

The latest event is evidenced by the propagation 
of the uppermost fault splay (Eh5 on Figure 4) char- 
acterized by an emerging ramp cutting through the 
top calcrete horizon with a 20 cm offset of the base 
of the modern soil horizon, suggesting this could 
be the surface rupture of the 1909 earthquake. The 
southern boundary of the hanging wall fan rem- 
nant coincides with a south-dipping, north-verging

flexural-slip fault (Figure 4B). Surface rupture is not 
established here, but fan deposits show internal de
formation marked by a spaced cleavage that is linked 
to slip of a bed-parallel fault splay that brought 
Miocene marls above fan deposits (a on Figure 4B). 
At the northern tip of the trench, fan deposits record a 
paleo-rupture event along a flexural-slip fault show- 
ing a coseismic slip of 27 cm (c on Figure 4B). This 
scarp and derived colluviums were buried below a 
younger aggrading fan sequence (fan deposits in Fig
ure 4B).

The coseismic offsets measured on fault splays 
range from 19 to 27 cm, corresponds to Mw 6.3 ± 
02 earthquakes considering Wells and Coppersmith 
[1994] empirical relationships. Average earthquake 
fault displacements observed in the trench and seg
ment lengths yield the same order of moment magni
tude estimates [Chardon et al., 2009, 2005, Chardon 
and Bellier, 2003].

The successive colluvial wedges dragged against 
the Miocene beds have similar thicknesses, suggest- 
ing that 7-10 earthquakes of equivalent magnitudes 
have reactivated the fault. A slip rate of the fault rang- 
ing from 0.05 to 0.3 mm/y has been estimated con- 
sidering the Rissian fan’s age that ranged from about 
100 to 300 ka and the fan’s vertical offset, imaged by 
electric resistivity tomography [Chardon et al., 2005], 
which is consistent with displacement rates derived 
from late Miocene layers [Chardon and Bellier, 2003]. 
Considering a characteristic coseismic slip of about 
20-25 cm and these slip rate estimates, recurrence in- 
tervals between 700 and 5000 yr have been proposed.

The trench excavation revealed the emergence at 
the surface of a fault that generated several pale- 
oearthquakes associated with surface ruptures dur- 
ing and after the fan emplacement. The coseismic 
fault, affects the base of the present soil and could 
correspond to the 1909 earthquake rupture. Given 
the observed incremental displacements, the esti- 
mated magnitude of these paleoearthquakes could 
be similar to that of the 1909 earthquake. The Tré- 
varesse trench indicates that earthquakes repeated 
on the same fault. This is probably the best evidence 
in metropolitan France that reverse faulting earth- 
quakes have occurred repeatedly on the same fault.

3.1.2. The Nîmes Fault system

The NF trace is generally difficult to discriminate 
in the landscape, consequently the NF mapping and
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Figure 4. Figures illustrating the Trévaresse paleoseismicity study. (A) Location of faults and of paleoseismicity trenches on the 
Southern limb ofthe Trévaresse anticline. Trenches names (green diamonds): C = Collavery, E = Emitage, G = Ganay. Fault Names: 
WTF: West Trévaresse Fault, ETF: East Trévaresse Fault, EF: Ermitage Fault, FF: La Fauchonne Fault. Location information and 
fault locations are from Chardon et al. [2005, 2009] and Nguyen et al. [2007]. (B) Middle scale cross section along the Ermitage 
T1 trench modified from Chardon et al. [2005]. (a), (b), (c) are the location of trenches log presented in Chardon et al. [2005] 
and also located on the map presented on the Figure 4C. (C) Detailed map on the Emitage-Ganay area (DEM 1 m resolution, 
https://geoservices.ign.fr/documentation/diffusion/telechargement-donnees-libres.html#rge-alti-1-m,IGN) showinglmspaced 
level curves. Both trenches T1 and T2 are located. The Ermitage Fault and associated splays are mapped. (D) Southern trench T1 log 
((a) on Figures 4B and 4C) modified from Chardon et al. [2005] showing the southernmost fault offsetting the soil of which the base 
displays a 20 cm reverse offset probably by the 1909 earthquake faulting [Chardon et al., 2005]. Units (numbered pentagons) 1-7 
are interpreted by Chardon et al. [2005, 2009] as colluvial wedges that could be associated with coseismic displacements. Roman 
numbered triangles identify five fault splays. Chardon et al. [2005] identified an earlier faulting acting on splays I and II and more 
recent events mobilizing splays III, IV andV. Only splay I andV provide evidence for coseismic surface ruptures. We identified five 
possible event horizons numbered 1to5on the figure.
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Figure 5. (A) Photomosaic reconstructed from original pictures taken during logging in the Courthézon- 
Latour Trench (data GEOTER/IRSN, 1992). The log is from Combes et al. [1993]. The Log (B) shows the 
lithologic succession: M = Langhian-Serravallian sands;1, 2 fluvial terrace (coarse to flne);3, 4 fluvial 
terrace (fine, with white clay), flooding facies overlain by coarse fluvial terrace level;5: Coarse flooding 
facies weathered by a fersialitic brown (historic) paleosoil with low decarbonatation and containing gas- 
tropods;6: truncating body (colluvium reworking Miocene sands and the previous paleosoil, containing 
roman (R) tiles);7: modern backfill. Levels M to 5 are clearly affectedby faulting, the truncating formation 
is sealing the deformation. The fluvial terrace has not been dated and is attributed to the “Rissian” period 
(Middle Pleistocene). (C) An older terrace (Upper Lower Pleistocene) is reversely faulted a few hundreds 
of meters east next to the “Cellier des Prince” wine cellar. (D) Location of the Courthézon-Latour Trench 
and the “Cellier des Princes” outcrop.

segmentation is difficult to establish because the as- 
sociated morphological signal is tenuous [Capella 
et al., 2014, Peulvast et al., 1999, Schlupp et al.,
2001] . The NF (Figure 3) was reactivated in the Up
per Miocene with a left-lateral strike-slip component 
[e.g., Champion et al., 2000, Schlupp et al., 2001]. The 
NF appears more clearly 50 km north of Remoulin 
and it has been considered to be active in the Qua- 
ternary north of Sauveterre (Figure 3) by Grellet et al. 
[1993]. Several features of Plio-Quaternary deforma
tion have been observed near the fault trace, notably 
close to Courthézon (Figures 3,5) where one example 
of paleoseismological deformation exists [movement 
on a reverse fault affecting a Middle Pleistocene ter- 
race;Combes et al., 1993, Carbon et al., 1993].

An attempt to quantify the Plio-Quaternary strike- 
slip component of the NF was carried out by Schlupp 
et al. [2001], using the infilled Messinian Rhone river 
canyon (mapped on Figure 3) as deformed markers. 
The results of this study have been widely discussed 
[Schlupp et al., 2001, 2002, Mattauer, 2002, Séranne,
2002] . Later works confirmed post-Pliocene reverse 
component [Clauzon et al., 2004] and transpressional 
faulting in the Pujaut Basin [Capella et al., 2014].

The Cellier des Princes outcrop [Pascual, 1979, 
1978], as well as the reverse faulting component re- 
vealed by the Courthézon-Latour trench [Figure 5; 
Combes et al., 1993, Carbon et al., 1993] agree with 
the occurrence of a deformation corridor aligned 
along-strike the NF. It seems that a “post-Rissian” 
(e.g., about 250,000 to 130,000 yr BP) reactivation of 
the NF zone is responsible for these associated defor
mations. Moreover, this Rhône terrace, downstream 
Courthézon, on the site of Les Saumades, is eroded 
by the Ouvèze river, implying that the river had rein- 
tegrated its western course. The concomitance of the 
processes suggests that tectonic deformation is at the 
origin of the recent Ouvèze incision.

Paleoseismological studies at the Cellier des 
Princes. At the Cellier des Princes, Pascual [1978] de- 
scribed a metric outcrop (presently walled outcrop), 
where he observed a NE-trending 70° SE-dipping 
reverse fault affecting Langhian-Serravallian sands 
([3, 4] in Figure 5C), location ([3] in Figure 3), as well 
as a probably Rissian terrace. The apparent vertical 
thrust offset from the base of the terrace is about 
50 cm, the southern fault block moving northward.
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Although geophysical investigations (GPR profiles) 
have been carried out in the vicinity, the section does 
not permit identification of any clear feature that 
could be associated with the Cellier des Princes Fault 
[Baroux, 2000].

Paleoseismological studies at Courthézon-Latour.
At the Courthézon-Latour site (location Figure 3 [9]), 
two 15 m long trenches allowed Carbon et al. [1993] 
and Combes et al. [1993] to describe several reverse 
faults. The main trench ([A, B] in Figure 5) provided 
evidence for a N50° E-trending, 30° N-dipping major 
fault affecting Miocene sandstones and a terrace at- 
tributed to Mindelian (lower Middle Pleistocene) or 
Rissian (Middle Pleistocene). This fault is sealed by 
deposits containing Gallo-Roman ceramics of about 
2000 years BP. The geometric restoration of the ob- 
served shifts led Carbon et al. [1993] to propose two 
paleoseismic events for an apparent 60 cm cumula
tive reverse offset. Considering some hypothesis on 
stress state Carbon et al. [1993] argue for a domi
nant strike-slip fault kinematics and thus estimate 
a coseismic slip ranging between 1.7-2 m. They de- 
duced from the scaling law a magnitude of 7 related 
to this paleo-event. This constitutes one of the less 
controversial examples of a rupture possibly associ- 
ated with a paleoseismic event on the metropolitan 
territory. Despite the absence of a conclusive geo- 
physical study along the NF system, the deformation 
observed should correspond to one or more earth- 
quake ruptures.

3.1.3. Middle Durance Fault system (MDFS) and sur- 
roundings

The ~90 km long NNE-trending MDFS (Figure 3) 
is one of the major fault systems in southern France. 
It is suggested that the MDFS acts as a southward 
transfer zone of the external Alpine front in West
ern Provence from the Digne thrust sheet to the 
south-verging Trévaresse or Eguilles-La Fare thrust 
systems [Cushing et al., 2008, Terrier et al., 2008]. 
The MDFS (Figure 3) divides Provence into two struc
tural domains: the western area consists of a thick 
Mesozoic to Oligocene sedimentary cover (<12 km) 
whereas the eastern area presents a thinner sedimen
tary cover (<2 km) [e.g., Bestani et al., 2015, Cush
ing et al., 2008, Le Pichon et al., 2010, Molliex et al., 
2011]. The MDFS is formed from north to south by 
two major faults: the NNE-trending MDF and the

N-trending Aix-en-Provence Fault (AF) (Figure 3), 
these two faults are linked by a complex fault bend 
zone nearby the eastern tip of the Lower Durance val
ley, north of Meyrargues.

The MDFS can be divided into four main zones 
[Cushing et al., 2008] (Figure 3): (1) the northern one, 
trending N20° E, from Chateau-Arnoux to La Bril- 
lanne;(2) the central one trending N30° E between La 
Brillanne and Mirabeau;(3) the southern one, trend
ing N40° E from the Mirabeau-Beaumont to Meyrar- 
gues;and (4) the AF, from Meyrargues and the area 
to the Eguilles-La Fare thrust. The central part of the 
MDF exhibits some 6 km of Lias then Oligo-Miocene 
cumulated normal displacement of the basement 
top [Roure and Colletta, 1996, Cushing et al., 2008, 
Le Pichon et al., 2010, Guyonnet-Benaize et al., 2015, 
Bestani et al., 2016, Larroque et al., 2021, and ref- 
erences therein]. However, the Neogene to Present 
reverse oblique slip has produced an about 1.5 km 
vertical displacement which postdates the Miocene 
[Bestani et al., 2016, Roure et al., 1992, Larroque et al., 
2021, andreferences therein].

The recent and present activity of the MDFS is 
evidenced by its seismicity at different time scales: 
(i) The MDF is currently the locus of instrumental 
seismicity [Cushing et al., 2008]. (ii) Four damaging 
earthquakes (1509, 1708, 1812, and 1913 with MSK 
Intensity > VII; Figure 3) occurred in the past five cen
turies (http://www.sisfrance.irsn.fr). (iii) A paleoseis
mological study [Sébrier et al., 1997] reported a ~1 m 
coseismic dislocation (see below). Quaternary defor
mations have been reported all along the MDF [Vil- 
léger, 1983, Terrier, 1991, Siame et al., 2004].

Cushing et al. [2008] proposed a 3D structural seg
mentation of the MDFS, constituted by 10 segments 
with lengths ranging from 8 to 18 km. This struc
tural architecture was confirmed by a seismic re- 
flection profile reinterpretation [Guyonnet-Benaize 
et al., 2015]. Thanks to ten years of seismometer mea- 
surements in the vicinity of the MDF [Cushing et al., 
2008], focal mechanisms have been computed for 
events with magnitudes ranging from 1.2 to 2.2. They 
displayed a dominant left-lateral strike-slip fault- 
ing associated with reverse component that results 
from a NNW-trending compression. A study combin- 
ing cosmogenic dating and geomorphologic feature 
analysis yielded a MDF slip rate of about 0.07 mm/yr 
estimated over the last 70 kyr [Siame et al., 2004]. 
This low value is on the same order as proposed for
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other active faults in Provence, over variable time 
spans [Schlupp et al., 2001, Chardon and Bellier, 
2003, Chardon et al., 2005]. Four trenches were exca- 
vated all along the MDF (Figure 3, Table A1), but only 
the Valvéranne one provides evidence for a possible 
coseismic displacement.

Paleoseismological studies at Valvéranne. Upper 
Pleistocene torrential deposits were observed on a 
roadcut located along the Valvéranne talweg north of 
Manosque (location [2] in Figure 3), above the west- 
ernmost fault segment of the MDF (Figure 6). The 
deformation represented in the Valvéranne trench 
is a knee fold affecting 26,800 ± 610 yr BP allu- 
vium and fossilized by a 9123 ± 190 yr BP colluvium 
level (Event horizon—Eh on Figure 7) [e.g., Sébrier 
et al., 1997]. The SE-dipping, N35° E-striking fold 
axis plane (dashed line, on Figure 7) is parallel to the 
major MDF. Near the axial plane some pebbles are 
straightened and sheared. The eastward dip of the 
axial plane changes from 55° to 25°, from the base 
to the top, respectively. This knee fold, results from 
a W-verging steep reverse shear fault, i.e., opposite 
to the local slope dip, hence it cannot result from 
a local gravity instability. It was interpreted as an 
evidence of tectonic deformation within the Quater- 
nary [Ghafiri, 1995, Sébrier et al., 1997]. The substra
tum of the torrential deposits is cropping out along 
the Valvéranne stream and corresponds to steeply 
E-dipping Middle to Upper Miocene sandy Molasse, 
hence the shear corresponding to the knee fold is 
approximately parallel to the Miocene bedding, sug- 
gesting it should root on a steep, W-verging reverse 
fault approximately parallel to the local Miocene 
beds. The logging of the Valvéranne roadcut allowed 
to estimate a shear dip slip of ~1 m. As no evidence 
for progressive folding was observed within the knee 
fold, it was considered that the fold was formed 
during one single ~1 m displacement on the shear 
plane that may correspond to a near-surface earth- 
quake rupture (Figure 7). As this knee fold was partly 
eroded and subsequently covered by colluvium, the 
limit between the torrential deposits and the col- 
luvium was interpreted as the event horizon of a 
paleoearthquake. According to 14C ages within the 
torrential deposits and the colluvium, respectively, 
this paleoearthquake should have occurred between 
26,800 ± 610 BP and 9123 ± 190 BP [Ghafiri, 1995, 
Sébrier et al., 1997, Baize et al., 2002]. Finally, ac-

counting for the ~ 1 m displacement, the magnitude 
of this paleoearthquake was estimated as Mw ~ 6.5
6.9 [Sébrier et al., 1997]. The dataset on the MDFS 
has significantly increased since the Valvéranne 
paleoseismic results have been published, provid- 
ing opportunity to revisit these results. Thanks to 
the analysis of seismic reflection profiles, the ge- 
ometry of the MDFS is now well-constrained (Fig
ure 6A) and the Valvéranne Fault, localized 3 km W 
[segment 4 Manosque-Villeneuve East, see Cushing 
et al., 2008] of the MDF [Guyonnet-Benaize et al., 
2015] (Figure 6C). Moreover, the Valvéranne site is 
associated with a steeply E-dipping fault while the 
MDF is a W-dipping fault, hence the Valvéranne 
Fault should be considered as a secondary struc
ture of the MDF. It is locally parallel to the Miocene 
bedding so that the Valvéranne deformation could 
correspond to bedding slip, which would accom- 
modate the folding of the Miocene series associ
ated with the MDF slip (Figure 6D). The same type 
of secondary bedding slip fault associated with a 
main coseismic rupture is also observed in simi- 
lar compressive contexts as for example in Tibet 
and Argentina [Tapponnier et al., 1990, Siame et al., 
2015].

The geological cross section of the Valvéranne 
creek shows a sharp transition between E-dipping 
Miocene and reversed W-dipping Oligocene series, 
probably due to a major reverse fault (Figures 6C, 
6D). The same geometry is also observed in a trench 
excavated in 1995 [Grellet et al., 1995, Baize et al., 
2002] in the parallel Fontamauri talweg, 4.5 km north 
from Valvéranne (Figures 6B; 8). Thus, Valvéranne 
Quaternary deformation would then lie between the 
two main faults, and close to the western one, identi- 
fied on the seismic section [Cushing et al., 2008, ap- 
pendix] (Figure 6C).

In conclusion, the Quaternary tectonic deforma
tion appears well identified at Valvéranne and the pa
leoearthquake age range remains correct. Such sec- 
ondary bedding slip is usually observed for Mw > 6 
events [see Rockwell et al., 2014] for the use of sec- 
ondary faulting.

The seismogenic potential of the MDF was esti- 
mated from source sizes and estimated slip rates to 
range between Mw 6.0 and Mw 6.5 with a return pe- 
riod of a few thousand years [Cushing et al., 2008], 
that remains consistent with the potential magnitude 
estimates from bedding slip behavior.
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Figure 6. (A) General cross section of the Manosque anticline [adapted from Cushing et al., 2008]. (B) Cross 
section along the Fontamauri creek showing the overturned beds passing abruptly to conformal geometry at 
the location of the major fault (Luberon thrust). (C) 3D block showing relationship between the Valvéranne 
and the Fontamauri trenches/cross sections: both show the same structural setting with a huge reverse fault 
(Manosque anticline fault) with overturned Oligocene beds at Valvéranne creek and a thick striated gouge zone 
at Fontamauri. Three green diamonds display locations of trench sites (Valvéranne, La Forestière and Fonta
mauri). (D) Cross sections along Valvéranne creek shows structure of Oligo-Miocene beds (colored strips for ge- 
ological stages, g for Oligocene, m for Miocene, H+RH for Miocene Valensole conglomerates). Bedding slip af- 
fecting the Miocene series is observed at both sites, in the footwall, of the Fontamauri trench and inferred at the 
Valvéranne trench. DEM 5 m, https://geoservices.ign.fr/documentation/diffusion/telechargement-donnees- 
libres.html#rge-alti-5-m, IGN).
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Figure 7. (A) Trench log modified from Sébrier et al. [1997] and Baize et al. [2002]. (B) Picture of the 
Valvéranne trench logging in December 1992 (credit: Ghafiri A.). The picture is presented at about the 
same scale as the trench log. The bottom of the trench is hidden by the edge of the road in the foreground. 
Description of the trench series: from bottom to top with (1 to 3) fluvial and torrential deposits overlain 
by colluvium (4): 1: greenish clay horizon; 2: heterometric coarse level grouping horizons 2a and 2c, 
in which sandy lenses (2b) are interbedded;2d: silty-clay level with peat layers, passing laterally to a 
heterometric coarse horizon; 3a: coarse horizon overlain by two clayey levels (3b and 3c);4a: gravelly 
formation passing to silty (4b) one. Radiocarbon dating: • 14C dating from wood fragments sampled in 
the lower fluvial formation (2c): 26,800 ± 610 yr BP;^ 14C dating from carbonate concretions taken in the 
top part of colluvium (4a): 912 ± 190 yr BP. Upper colluvium age is attributed to Neolithic, as attested by 
the archaeological markers found (burnt stones and sherds).

Paleoseismic studies at Maragrate. Vinon-sur- 
Verdon is 8 km to the east of the MDFS, at the 
toe of the Vinon thrust, an E-trending south-dipping 
reverse fault [e.g., Tempier, 1987] sealed by Miocene 
units. South of Vinon thrust, a fault contact between 
Miocene clays and Pliocene-Pleistocene conglomer- 
ates has been observed on a roadside outcrop [Grel- 
let and Combes, 1995 in Thomas et al., 2020]. The 
conglomerates correspond to the continental Valen- 
sole formation which is interpreted as the Durance- 
Verdon southward prograding alluvial fan system 
[Clauzon et al., 1989]. Chronological data yield ages 
ranging between Late Miocene (Serravallian to Torto- 
nian) at its base to early Pleistocene at the top [Clau- 
zon et al., 1989]. At Maragrate (location Figure 3 [9]), 
this conglomerate unit, more likely Pliocene to Early 
Pleistocene is deformed along the N120° E-trending 
Maragrate Fault, as testified by oriented and stri- 
ated pebbles [Tassy, 2007], consistent with a dextral

Plio-Quaternary Maragrate Fault kinematics. Even 
though instrumental and historical seismicity are 
documented west of Maragrate along the MDFS, no 
seismic event has been recorded in the area. Two kilo- 
meters to the east of Vinon-sur-Verdon, a 1.5 km long 
N180°-trending fault segment connects the north Vi
non thrust segment (N090°) to the south Vinon thrust 
segment (N120°), the WNW-trending Maragrate Fault 
being connected to the south Vinon thrust. The north 
Vinon thrust does not display Quaternary tectonic 
activity as Miocene and Pliocene units are lying un- 
conformably on top of folded Cretaceous and Juras- 
sic units, sealing the fault plane. Thomas et al. [2020] 
proposed that the Maragrate Fault is a sub-vertical 
fault affecting the sedimentary sequences up to the 
Pliocene. Thomas et al. [2020] proposed a depth an- 
choring of this fault connected to the north Vinon 
thrust approximately 500 meters below the surface, 
suggesting strain partitioning between the two faults.
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Figure 8. (A) Fontamauri E-W 35 m long trench excavated near Volx village. (B) Photomosaic (detailed 
zone) of the trench log (displayed within the dashed-line rectangle). The trench displays bedding slip 
(F1) in lacustrine sediments and conglomerates (I) and a major fault (west) is characterized by dip- 
slip reverse striae (picture C) in a huge gouge zone separating different dipping domains and probably 
corresponding to one of the major faults emerging west of Valvéranne trench (F3). Two blackish clay 
levels mark the presence of two faults parallel to the bedding (F1, F2). Numerous striations (detailed 
drawing and picture in (D) as well as shear sigmoids indicating a reverse movement were observed (F1: 
N30°-N40° 25° E; F2: N20° 27° E). Some small secondary reverse faults with high angle dip (70°-80° SE) 
affect the clay mass located between faults F2 and F3. The Lacustrine series facies differs from regional 
knowledge description of continental Miocene. The finding of Miocene gastropods would suggest a 
Miocene or Pliocene age for this series. However, some charcoal sampled contain pine tree pollens which 
are unknown in the Miocene stage. The torrential debris flow (II—Holocene ?) and the absence of a more 
developed Quaternary series make it impossible to specify the age of the last movement. In terms of 
paleoseismicity, the only conclusion possible in the present state of knowledge is the evidence of a post- 
Miocene and ante-Holocene surface rupture.

Even if the Maragrate contact has been interpreted 
as testifying for a fault, the question for the relation- 
ship between this Quaternary deformation and seis- 
mic activities has long been raised. A recent multi- 
disciplinary study has been implemented along this 
fault [Thomas et al., 2020]. The first challenge in this 
analysis was uncovering potential deformed Quater- 
nary surfaces and fault scarp morphologies, often 
found under dense vegetation cover or in urban ar
eas. An extended multi-proxy approach to evaluate 
this post-Pliocene activity in the context of signifi- 
cant erosion and human activities has been imple- 
mented: (1) an airborne LiDAR (Light Detection And 
Ranging) campaign permitted to produce a 30 cm 
high-resolution DEM for bypassing the limitation re- 
lated to the dense vegetation; (2) detailed morpho-

logical observations on the DEM, complemented by 
morphotectonic control field investigation allowed 
a detailed geomorphological mapping; (3) electri- 
cal resistivity surveys were carried out to image the 
extent of the fault contact at depth. These investi
gations allowed to decide the location of trenches 
that revealed a fault contact expressed by a fault 
gouge zone sealed by numerous recent Quaternary 
periglacial and high-energy channel units. A sam- 
pling was carried out for sedimentology and age con- 
straints (14C and OSL).

At Maragrate, a 300 m long morphological scarp, 
likely due to differential erosional between the 
Miocene clay and the Plio-Pleistocene conglomerate 
fault contact, has been mapped. This scarp is not ob- 
served with the LiDAR DEM in the Maragrate valley
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because of recent incisions and alluvial deposits. The 
geophysical survey displayed evidence for the geom- 
etry of depositions in the first ten to fifteen meters 
below the surface and helped to pinpoint a location 
for the trenches. In trenches, the Maragrate Fault ex- 
hibits a shear zone with fault gouge within sediments 
dated by OSL at ~200 ka [Thomas et al., 2020]. The 
fault termination is sealed by a fluvio-glacial unit, 
dated at approximately 18-20 ka with no evidence of 
recent faulting. There is no evidence that this shear 
deformation was produced by one or several seismic 
events, due to the lack of stratigraphic control. Based 
on segmentation assumptions from the authors 
(Maragrate fault connected or not to the north Vinon 
thrust segment, fault rooted at ~2 km maximum, 
rupture length of about 5 km) the maximum seismic 
potential associated with this fault would be of the 
order of Mw ~ 5 according to empirical relations of 
Wells and Coppersmith [1994].

3.2. Seismotectonic setting ofthe Jura area
The 70 km wide Jura Mountains is one of the 
youngest external fold and thrust belt of the western 
Alps. Thrusting and folding began by Mid-Miocene 
while the structure was emplaced at the end of the 
Miocene forming a ~west-verging arcuate plateau 
topography [Burkhard, 1990, Laubscher, 1992]. This 
fold and thrust belt propagated westward on the 
top of the Oligocene, ~N-S oriented Saone-Bresse 
graben. To the north, the NE tip of the arcuate struc
ture corresponds to E-striking folds that are over- 
thrust on the rim of the southern URG end, which is 
connected to the Bresse Graben through the Saone- 
Rhine transfer fault system. The most characteristic 
feature of the Jura is its thin-skinned tectonic style 
marked by faults and folds rooted in the Triassic 
evaporite detachment. In addition, the Jura is af- 
fected by transverse secondary (but extended) struc
tures (such as the Vuache, the Pontarlier, the Cerdon 
Faults, etc.) that are associated with known historic 
or recent seismicity (i.e. Annecy Mw ~ 5.0, superfi- 
cial earthquake). In the outer Jura belt, there are no 
records of paleoseismic data (i.e., rupture affecting 
Quaternary deposits), while in the Inner Jura belt, 
few surface deformations are reported even if their 
tectonic origin is uncertain according to the NEOPAL 
database [NEOPAL, 2009].

The Jura seismicity is weak and scattered. Several 
historical events have been recorded with intensity

ranging from V to VII. A noticeable event occurred 
north of Lake Bourget in Belley on 19/2/1822, with 
estimated magnitude Mw » 5.5 ± 0.4 at ~10 km 
[Manchuel et al., 2018], below the detachment layer 
located at depth ranging between 2 and 5 km [e.g., 
Burkhard, 1990]. Consequently, it could be associ- 
ated to a deep crustal fault anchored below the 
Cerdon-Culoz Fault in the Jura sedimentary cover 
[De La Taille, 2015]. More recently the Epagny earth
quake (15 July 1996, 4.3 < Mw < 5.3) struck the An
necy region (Savoie) causing some building damages.

3.2.1. The Vuache Fault system

The Vuache Fault system (Figure 9) connects the 
southern Jura to the northern subalpine ranges cross- 
ing the southern Swiss molassic basin [Thouvenot 
et al., 1998]. This system accommodates the Neo- 
gene shortening difference between the Jura and the 
Subalpine ranges. It is considered as the SW lateral 
ramp of the Molasse basin [Philippe, 1995, Thou- 
venot et al., 1998], constituted by NW-trending left- 
lateral strike-slip faults that offset the southern Jura 
NNE-striking folds [Baize et al., 2011, Figure 2], and 
it has been divided into six segments [Jomard et al., 
2017, Baize et al., 2011, De La Taille, 2015; cf. Fig
ure 2]. A segment is revealed by an alignment of 
200-300 m long left-lateral talweg inflections [un- 
derlined by arrows on Figure 9, Baize et al., 2011] 
and an approximately 2 km left-lateral shift of a 
Rhône paleo-drainage [Baize et al., 2011]. Histori- 
cal earthquakes in 1875, on 17/04/1936, 29/05/1975 
(Ml = 4.2, I0 = V-VI), the Frangy event (Ml = 2.6, 
16/11/1983) and the Epagny earthquake (ML = 5.3, 
15/07/1996 that occurred NW of Annecy) are associ
ated with the Vuache Fault [Thouvenot et al., 1998; 
www.sisfrance.irsn.fr]. The Epagny earthquake focal 
mechanism is consistent with the Vuache left-lateral 
strike-slip faulting. On the eastern end of the Vuache 
Fault, under Lake Annecy, a 40 m Holocene sedi- 
mentary pile studied by Beck et al. [1996] would in- 
dicate evidences for some earthquake-related defor
mation (ball-and-pillow structure andbrittle-like be- 
havior of soft, water-saturated, sediments). A multi- 
disciplinary study conducted by Baize et al. [2011] 
confirms that the Vuache Fault has a Quaternary ac- 
tivity that is displayed by its footprint in the land- 
scape and Quaternary deposits that seem deformed 
all alongthe fault (Figure 9). However, these deforma
tions could be related with glaciotectectonics.
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Figure 9. Trench locations indicated with green markers performed in the Annecy area. The dotted black 
line indicates the surface trace of the Vuache fault [De La Taille, 2015]. The stream inflection of the Usses 
rivers is indicated by arrows [Baize et al., 2011]. DEM 5 m (https://geoservices.ign.fr/documentation/ 
diffusion/telechargement- donnees-libres.html#rge- alti- 5- m, IGN).

Surface faulting and paleoseismological investiga
tions along the Vuache fault. A detailed study was 
performed in the area of the 1996 aftershocks epi- 
centers [Thouvenot et al., 1998]. It displays evidence 
for presumed surface rupture and coseismic cracks 
(N140° E-trending cracks just off and on the runway 
of the Annecy airport and horizontal displacement 
and cracks observed within a warehouse south of 
Mandallaz mount, Figure 9) around the Annecy air- 
port. In order to assess the paleoseismic activity and 
following subsurface geophysical investigations two 
trenches were excavated in young fluvial deposits 
(<10 ka), where thick alluvial gravel (30 m) overlies 
150 m of lacustrine clays [Figure 9, Meythet trenches 
T1 and T2; Baize et al., 2011]. These trenches did not 
exhibit any clear shear zone and/or crack that could 
be related to the 1996 or older event. Considering the 
huge thickness of the coarse fluvio-glacial layer, it is 
very likely that the paleoruptures have been damped 
by the unfavorable lithology. In addition, this lack 
of coseismic surface rupture could result from both 
the small earthquake magnitude (Mw = 4.8 ± 0.5) 
and the thickness of the unconsolidated recent sed- 
iments that explains why the potential seismic rup
ture was dampened and unable to propagate to the

surface. This stresses how difficult it is to recognize 
small deformations in coarse and poorly compacted 
sediments.

3.3. Upper Rhine Graben and its Southern rim 
(Jurafold belt)

The URG is part of the Western European intracon- 
tinental rift linking the North Sea to the Western 
Mediterranean Sea. The URG is nearly 300 km long 
and 40 km wide, with a moderate mean altitude of 
the rift floor of some 200 m. The eastern and west
ern graben borders are marked by 70°-dipping NNE- 
trending normal faults, associated with high altitude 
shoulders reaching 1000-1500 m in its central part 
(Vosges and Black Forest). Graben infilling is about 
1000-3500 m thick. URG Tertiary layers display dip- 
slip offsets of some 500 m.

The northern URG is characterized by a Neo- 
gene to Quaternary subsidence. In the Heidelberg- 
Mannheim area along the northern URG eastern 
edge, 350 m thick Quaternary sediments are affected 
by normal faulting associated with an extensional 
tectonic regime [Bartz, 1974]. The corresponding 
Quaternary subsidence rate estimated is about 0.1
0.2 mm/yr [i.e., Monninger, 1985].
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The Jura frontal fault and fold detachment propa- 
gated northwards [Philippe, 1995], as far as the Mul
house horst (Mulhouse-Richeim ramp in Figure 10) 
according to Nivière and Winter [2000]. Vertical up- 
lift rates on the order of 0.05 mm/yr since the onset 
of the Quaternary along the Florimont and Réchésy 
anticlines [Giamboni et al., 2004, FrJuraN 3 and 4 in 
Figure 10], caused the deviation of the northwards 
Rhine river course. The southernmost URG, shows 
Quaternary E-trending thrust ramps indicated by 
surface anticline growth and by a detachment level 
rooted at 2-3 km depth [Nivière and Winter, 2000]. 
The slip rates estimated for these ramps reach 0.16
0.3 mm/year.

The Quaternary activity along the border faults is 
not documented, except for the NNE-trending west
ern Rhine fault in the northern URG, which has an 
estimated slip rate of 0.03 mm/yr [Peters et al., 2005] 
over the Upper Pleistocene, where some gravitational 
effects might influence the deformation.

In the central URG, morphological markers indi- 
cate a reactivation of the west-dipping Rhine River 
Fault [Nivière et al., 2008; RRF-2 in Figure 10]. The 
estimated slip rates associated with their Quaternary 
activity range between 0.04 and 0.1 mm/yr [Bertrand 
et al., 2005, Nivière et al., 2008]. The roughly N- 
trending, E-dipping Achenheim-Hangenbieten nor
mal faults [Lemeille et al., 1999b; Fach in Figure 10] 
and Basel-Reinach fault (BRF) [Meghraoui et al., 
2001; FBalR in Figure 10] are marked by E-facing fault 
escarpments.

The instrumental seismicity in the graben is rela- 
tively moderate with respect to other continental ac
tive rifts [e.g. Ahorner, 1983], see detailed informa
tion in Doubre et al. [2021].

URG is characterized by a dense historical seis- 
micity with more than 20 earthquakes having inten- 
sity higher than VI MSK [e.g. Doubre et al., 2021]. It 
is most pronounced along both Rhine valley edges 
[Ahorner, 1983], in agreement with instrumental 
seismicity, except for the Strasbourg-Karlsruhe seg
ment (RRF-5 Figure 10), where instrumental seis- 
micity is weak [Bonjer et al., 1984]. The historical 
Basel earthquake (18/10/1356, I0 = IX, Mw ~ 6.5) in 
FCAT, [e.g., Manchuel et al., 2018], Mw = 6.9 ± 0.2 
[Barth et al., 2015, Fâh et al., 2009], the largest re- 
ported earthquakes during the last millennium in 
Western Europe, occurred at the southernmost tip of 
the graben. This earthquake has been a very destruc

tive event that occurred in the most tectonically ac
tive URG, where several faults are considered as ac
tive, i.e., the Black Forest, the Rhine, the BRF, and 
the northern Jura Front Fault [Jomard et al., 2017]. 
The Remiremont (12/5/1682, I0 = VIII, Mw ~ 6.3) and 
the Mulhouse earthquakes (1/6/1372, I0 = VII, Mw ~ 
5.6) occurred in the Vosges massif and in the Jura 
front, respectively. The Wissembourg earthquake se- 
quence (from 29/09/1952 to 10/10/1952 with maxi
mum intensity of VI-VII—Sisfrance) took place near 
the Riedseltz-Landau Fault (FRhW-5 in Figure 10). 
Some seismic crises are also identified in the Black 
Forest Massif. Most of the historical and instrumental 
events appear to be located on basement faults. In- 
deed, the average depth of instrumental earthquakes 
is between 12 and 18 km, with a maximum depth of 
25 km corresponding to the Moho boundary [Anikiev 
et al., 2020].

In conclusion, the URG active faults, anchored in 
the basement, can be classified into two different cat
egories: (1) N to NNE-trending faults bordering the 
graben (Rhine West Fault—FRhW in Figure 10, and 
Vosges Fault—Fvos—in the west and Black Forest 
Fault in the east) and some faults located inside the 
graben (RRF, FAch) and, (2) in the southern region, E- 
to ENE-trending blind inherited Variscan faults. The 
associated seismicity is mainly located in the base
ment with an average depth of about 15 km.

3.3.1. Paleoseismicity studies in the URG

The Rhine graben is the region (Figure 9) that has 
been the most extensively studied for paleoseismo- 
logical purposes since the 1990s, with 14 paleoseis- 
mic trenches [Hürtgen, 2017, Hürtgen et al., 2020] 
(see Table A1), the most recent ones are located on 
the eastern border fault in the Karlsruhe area, near 
Ettlingen town [Reicherter et al., 2020, Ritz et al., 
2021a].

These studies were performed using multidisci- 
plinary approaches such as geomorphic, geophysics 
(ERT, HR seismic reflection, GPR,...), geological 
analyses (including borehole) and dating (OSL, TL, 
14C,...). Most of the studies identified possible co- 
seismic slips on normal faults associated with ver
tical slip rates ranging from 0.1 to 0.3 mm/yr. The 
minimal potential Mw magnitude associated with 
the studied faults is Mw ~ 6.5 depending on the seg
ment length [based on scaling laws, i.e., Wells and 
Coppersmith, 1994, Leonard, 2010].

C. R. Géoscience — 2021, 353, n° S1, 339-380



356 Olivier Bellier et al.

7°0'0"E 7°15'0"E 7°30’0"E 7°45'0"E 8°0'0"E 8°15'0"E 8°30'0"E 8°45'0"E 9°0'0"E

DarmsIadtÇ/
BD FA : Jomard étal., 2017 
Age of last activityReported

Quaternary

Syn to post Pliocène 

Syn to post Miocene

iWorms

nheim1
■ Kaiserslâutern

M , H. V Neustadt an
de rWe i nstra fie'P

1^7^1357 Speye*

Ludwigshpferiïï

Heidelberg'

Pirmasens' jri Landau in 
ffi/ der Pfalz

,,u Karlsruhe
Pforzheim

' 1935miumem

Colmar, Fault_Name Segment_Name Acronym Segme

Achenheim Fault Achenheim Fault
Basle-Reinach Fault
Rhine Valley Flexure Rhine Valley Flexure
Black Forest Fault
Jura northern front Ferette Rar

Réchésy Ramp
FrJuraN

Magstatt Ramp FrJuraNMulhouse Mulhouse-Rixheim Ramp FrJuraN
West Vendlincourt Ramp FrJuraN
East Vendlincourt Ramp FrJuraN

Vosgian Fault Vosgian FaultüuraN-5
Belfort-Guebwiller Segment FRhW
Guebwiller-Colmar Segment FRhW
Colmar-Sélestat Segment FRhW
Sélestat-Molsheim- 
Wissembourg Segment
Wissembourg-Dürkheim 
Segment______________
Dürkheim-Mainz Segment

Figure 10. Trench site locations excavated in the URG. Historical and instrumental seismicity from F Cat 
Catalog [Manchuel et al., 2018] with Mw > 4. BDFA reports potentially active faults [Jomard et al., 2017]. 
Fault names from BDFA [Jomard et al., 2017]: fault name + segment number or name are explained in the 
table in the lower right corner. The inset map shows instrumental seismicity pattern (CEA/LDG + Si-Hex 
[Cara et al., 2015] catalogs) without magnitude information and main faults. The DEM in background 
from (IGN, 50 m for France Territory, NASA STRM, 30 m for Germany, swissALTI3D DEM for Switzerland, 
2 m). Trench numbers correspond to sites detailed in Figure 2.
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Figure 11. Detailed map of the Basel area showing trench locations from Meghraoui et al. [2001] and 
Ferry et al. [2005]. The DEM in background derived from IGN, 50 m for France Territory, NASA STRM, 
30 m for Germany, swissALTI3D DEM for Switzerland, 2 m. Trench numbers correspond to sites detailed 
in Figure 2.

We report two trenching sites performed across 
the Reinach-Basel Fault [Ferry et al., 2005, Meghraoui 
et al., 2001], and the Achenheim-Hangenbieten slope 
west of Strasbourg [Lemeille et al., 1999b] that are 
representative of most comprehensive studies per- 
formed within or close to the French URG.

The Basel-Reinach Fault. The 8 km long, BRF (BRF, 
FbalR in the BDFA, Figure 10 and BRF in Figure 11) is 
located south of Basel between the Rhine graben and 
the Jura front and is considered as one of the poten- 
tial sources of the 1356 Basel earthquake [Ferry et al., 
2005, Meghraoui et al., 2001]. The BRF trace is lo
cated at the base of the western slope of the Birs val
ley while the eastern slope of this valley corresponds 
to the W-facing Rhine Valley flexure (Figure 11). This 
western slope of the Birs valley should correspond 
to the BRF escarpment as it is parallel to the re- 
gional NNE-trending Rhine graben and has a stair- 
case morphology suggesting a progressive uplift dur- 
ing the Upper Quaternary [Meghraoui et al., 2001]. 
The fault is locally interrupted by an old meander 
slightly perched that could have locally erased the

fault geomorphic expression (including the 1356 as- 
sociated offset) [Ferry et al., 2005]. The BRF prob- 
ably extends further north and south [Meghraoui 
et al., 2001], reaching a length of 11-15 km [Ferry 
et al., 2005]. Based on trenches and seismic section 
analyses, Ferry et al. [2005] proposed that the BRF 
is connected at depth to a steep east-dipping nor
mal fault which would be a splay of the major W- 
facing flexure (Rhine Valley Flexure). Consequently, 
it has been assumed to be a crustal-scale fault (12
20 km) [Ferry et al., 2005]. The instrumental seismic- 
ity in its vicinity displays evidence for event depths of 
about 10 km.

Paleoseismological investigations on the Basel- 
Reinach Fault. Several trenches (Figure 11) have 
been dug in the alluvial series (associated with the 
ancient Birs river courses) bordering the Bruder- 
holz escarpment (western slope of the Birs val
ley), where Upper Pleistocene and Holocene are 
affected by normal faults [Meghraoui et al., 2001]. 
Fifty four 14C and thermoluminescence dating were 
performed. Six trenches excavated [Ferry et al., 2005,
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Meghraoui et al., 2001] display normal faulting and 
permit the determination of three coseismic move- 
ments of 0.5-0.8 m for a cumulated vertical offset of 
1.8 m since 7800 yr. The associated earthquakes are 
estimated to have globally the same magnitude of 
about Mw = 6.9 ± 0.5. The most recently recognized 
event would correspond to the 1356 earthquake. A 
total of five events were evidenced during the last 
13,200 yr suggesting, for late Pleistocene-Holocene 
period, a recurrence interval of 2500 yr for large to 
moderate earthquakes. The uplift rate deduced from 
the dated Quaternary terraces yield a Holocene uplift 
rate of -0.27 mm/yr. The uplift rate for the whole 
Pleistocene is estimated to be about 0.1 mm/yr.

Discussion on the paleoseismic origin ofthe Reinach 
faulting. The BRF activity remains controversial as 
some authors suggest that the fault morphologies 
observed at the surface are the result of gravita- 
tional processes [Laubscher, 2008, Ustaszewski and 
Schmid, 2007]. Observations at some trenches ap- 
pear to correspond to progressive deformation that 
would more likely be related with slope instabil- 
ity associated with the concavely shaped slope base 
caused by active meandering erosional process of the 
Birs River during the end of the LGM or Holocene 
floodings (personnal observations). Other authors 
[Lambert et al., 2005, Meyer et al., 1994] argued that 
the macroseismic data of the Basel earthquake are 
more compatible with an earthquake occurring on 
an E-trending fault than a N-trending fault as the 
BRF. Reassessing the Basel earthquake characteris- 
tics, Fâh et al. [2009] concluded that it is impossi
ble to clearly identify the 1356 earthquake source: 
the Rhine Graben Fault system or the Rhine-Bresse 
transfer zone. They pointed out that both fault sys
tems cross the epicenter area, and consequently 
can be both the potential 1356 source. In addition, 
Fâh et al. [2009] indicated that calculating the BRF’s 
expected slip using the best regional stress tensor 
[Plenefisch and Bonjer, 1997] would yield a mech- 
anism with a minor normal and a dominant left- 
lateral faulting component that is not evidenced by 
Ferry et al. [2005] and Meghraoui et al. [2001]. Finally, 
even if the ruptures on the BRF would correspond 
to slope instabilities, these could have been triggered 
by a strong shaking generated by an earthquake like 
the 1356 Basel one, occurring on a blind structure at 
depth, so these paleoseismic observations could pro

vide an indirect calendar for destructive earthquakes 
in the Basel area.

The Achenheim-Hangenbieten escarpment. The
Achenheim Fault (AF, Fach in BDFA, Figures 10, 12C) 
was originally observed by Wernert [1957] as a 160 m 
long feature exposed on the floor of the Achenheim 
quarry [Lemeille et al., 1999b]. A 1 m deep superfi- 
cial depression was also observed at the top of the 
quarry above this fault outcrop. Subsequently, this 
fault position was defined from geomorphological, 
seismotectonic, geophysical and sedimentological 
studies [Lemeille et al., 1999b]. A proposed fault 
trace [BDFA, 2020, Jomard et al., 2017] was expected 
to extend northward on the basis of hydrographic 
anomalies displayed on the DEM around Mundol- 
sheim (Figure 12C). It may also extend southward 
since the Bruche River terrace shows a morpholog- 
ical slope of about 5 m in the southern prolonga
tion of the Achenheim scarp [Figure 12D;Lemeille 
et al., 1999b]. With this potential extent, a maximum 
length of approximately 15 km has been proposed for 
a -N-trending, 70°-50°-E-dipping normal fault with 
a minor left-lateral component [Baize et al., 2002].

Paleoseismological studies at Hangenbieten and 
Achenheim. Two trenches were dug across the fault 
trace at Achenheim and at Hangenbieten (Fig
ures 12A and 12B). At Achenheim, a major N05° 
E-trending, 70° E-dipping fault with a 6 m normal 
apparent offset affects the whole sequence exposed 
in the trench (Middle Pleistocene -150 to 300 ka, the 
most recent being dated at 27 ka) [Lemeille et al., 
1999b, Baize et al., 2002].

At Hangenbieten, another trench displays evi- 
dence for a 16 m vertical offset affecting a sandy level 
dated at 370 ka on a N50° E-trending, SE-dipping 
normal fault. A rooting of the structure as an anti- 
thetic of the main westward-dipping fault seen on 
seismic reflection image (Figure 12E), based on sub
surface seismic survey and a potential seismic event 
with Mw ranging from 6.0 to 6.5 has been proposed 
[Lemeille et al., 1999b]. Slip rates of about 0.03 mm/yr 
and 0.04 mm/yr have been estimated from offsets 
dated with 14C and thermoluminescence at Achen- 
heim and Hangenbieten, respectively [Lemeille et al., 
1999b].

Discussion about the paleoseismic origin of the 
Achenheim-Hangenbieten escarpment. A seismic
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Figure 12. (A) Logs and pictures of Achenheim and (B) Hangenbieten trenches. Thermoluminescence dating come from 
Buraczynski and Butrym [1984] cited in Lemeille et al. [1999a]. 14C dating are specifically indicated. (C) Inset map locating 
the BDFA FAch fault (dotted line) with respect to Achenheim-Mundolsheim slopes. (D) DEM (1 m resolution, IGN) and 
location of the seismic section 85ST13. Simplified logs of trenches are drawn with respect to the geographic position (east 
on the right). The borehole 02721X0008 (accessed on the BRGM/BSS website) is projected on the seismic line trace with 
respect to the major fault strikes (NNE-striking as seen on GEORG project (see http://maps.geopotenziale.eu/?lang=en). (E) 
Seismic profile 85ST13 and correspondence between the borehole geology and the seismic section. Two specific reflectors 
have been drawn in order to show the overall structure. Blue could correspond to the “Grande Oolithe” limestone facies and 
purple to a reflector located above the Oligocene salt layers. The fault identified in the borehole may correspond to one of 
the west-dipping faults displayed on the section. The fault located near CDP 255 or 340 could be connected to Achenheim 
and Hangenbieten faulting evidences that however show east-dipping faulting (antithetic fault associated to main faults).
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reflection section perpendicular to the AF and Cross
ing through the Hangenbieten scarp shows at depth 
50° W-dipping major normal faults opposite to the 
dip of the AF observed at the surface. These faults 
offset the Dogger and Oligocene reflectors by about 
200 m and extend downward into the basement. 
They are associated with minor antithetical east- 
dipping faults which may be associated with either 
a half-graben, or a negative flower structure in the 
case of a purely normal faulting or of a transtensional 
tectonic regime, respectively. The proposed 15 km 
long AF could then be associated with one of these 
west-dipping structures. The scarp would thus have 
been created by the lowering of the hanging wall over 
the antithetic east-dipping fault.

The analysis presented suggests an Achenheim 
Quaternary fault activity that could be linked to a 
structure at depth. This fault presents a normal fault- 
ing with a left-lateral component with rates rang- 
ing between 0.027 and 0.045 mm/yr since the Mid- 
dle Pleistocene. Nevertheless, the geometric relation- 
ships between surface and deep geophysical obser
vations have still to be more robustly established. Al- 
ternatively, the deformation observed at the surface 
could be interpreted as resulting from gravitational 
processes (i.e., slope destabilization in the loess and 
Saalian sands due to Rhine river scouring).

3.4. Seismotectonic setting ofthe central-western 
Pyrenees

The Pyrenees mountain range corresponds to an 
asymmetric orogen where the major foreland basin, 
the Ebro basin, is located to the south. Shorten- 
ing in the Ebro and Aquitaine basins stopped by 
the Early Miocene. From Early-Mid Miocene until 
now, the stress regime in the Pyrenees appears con- 
fusing and is still a matter of debate [e.g. Sylvan- 
der et al., 2021]. There are clear lines of evidence 
for normal faulting during Neogene and Quaternary, 
which is coeval to a significant uplift of the Pyrenees 
range, especially along the axial zone [Calvet, 1996, 
Lacan and Ortuno, 2012] and in the Eastern Pyre
nees [Lacan and Ortuno, 2012]. At several places, it 
may be difficult to separate the contribution of Qua
ternary normal faults from the Neogene ones [La
can and Ortuno, 2012]. Conversely, the evidence for 
Quaternary reverse faulting appears weaker at sev
eral locations where reverse faults or folds are seen

affecting Pliocene or Quaternary series. Indeed, a 
non-tectonic origin cannotbe discarded [see discus
sion in Lacan and Ortuno, 2012, Baize et al., 2002]. 
Nevertheless, in the Pyrenees there have been sev
eral destructive historical earthquakes [1373, 1427, 
1428, 1660 with I > VIII, FCAT, Manchuel et al., 2018, 
see Figure 2] and many instrumental earthquakes 
have been recorded [Souriau et al., 2014]. The 22 
best-constrained focal mechanisms in the Pyrenees, 
from event magnitudes in the range 3.9-5 and fo
cal depths between 8-10 km exhibit normal fault
ing solutions [Chevrot et al., 2011, de Vicente et al., 
2008, Souriau et al., 2014, Sylvander et al., 2021]. Four 
solutions correspond to strike-slip faulting and all 
mechanisms combined may agree with a transten
sional stress regime. Nevertheless, the central axial 
zone and eastern French Pyrenees are void of well- 
constrained focal solutions so that the seismological 
data do not permit to determine the stress regime 
in these regions. Finally, GPS data do not measure 
any significant movement across the Pyrenees. Ac- 
cording to Nocquet [2012] this geodetic rate of de
formation should be below 0.2 mm/yr. Nonetheless, 
the processing of GPS data [Asensio et al., 2012, Noc
quet, 2012, Rigo et al., 2015] suggests that the Pyre- 
nees stress regime should be extensional, at least in 
its western part [Sylvander et al., 2021].

In conclusion, seismological and geological data 
suggest the present-day stress regime of most of the 
Pyrenees is characterized overall by normal faulting, 
associated with very low strain rate. In the central 
and western Pyrenees where the “Lourdes Fault” is 
located, the seismic foci display a north-dipping seis- 
mic zone limited to the south by the North Pyrenees 
Fault where there is active normal faulting.

3.4.1. The “Lourdes Fault”

The “Lourdes Fault” (Figure 13A) is defined as 
an E-trending, N-dipping, reverse fault that extends 
from central to western Pyrenees along some 50 km 
[Alasset, 2005, Alasset and Meghraoui, 2005]. Overall, 
it appears identified, between Lourdes and Oloron- 
Sainte-Marie, on the basis of an E-striking microseis- 
micity belt (see previous paragraph) and at the more 
local scale its topographical signature could corre
spond to E-trending elongated depressions (Lour
des, Capbis, and Ourtau valley east of Saint Chris- 
tau), which are located at the toe of the north- 
ern topographical front of the Pyrenees. Hence, the
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Figure 13. (A) Lourdes Fault segments located on shaded topographical map [Alasset and Meghraoui, 
2005]. Red arrows represent the western tip of each one of the three segments, these are shown by 
dotted black lines with triangles. Black squares with green diamond locate Figures 13B and 13C and 
green diamonds indicate the locations of the two trenches. NPFT, North Pyrenean Frontal Thrust; NPF, 
North Pyrenean Fault. Both Figures 13B and 13C, provide simplified geological maps using the geological 
indices from BRGM 1:50,000 maps (http://geoservices.brgm.fr/geologie) and a sketch of both trenches 
[Alasset and Meghraoui, 2005] in aupperleftinset (B-1 andC-1).

northern edges ofthese depressions were interpreted 
as the south-facing escarpment of the Lourdes re
verse Fault. However, the reverse displacement cu- 
mulated on the “Lourdes Fault” should be very small 
and opposite to the Pyrenees topography, as dis- 
played on Alasset and Meghraoui's figures [2005]. 
Moreover, the alluvial terraces seen on both sides of 
these elongated valleys are observed at a similar el- 
evation, indicating that the Lourdes Fault should be 
a very young fault [Neopal report, 2008]. The possi- 
bility for a young reverse fault is precluded by the 
normal faulting focal mechanisms [Chevrot et al., 
2011, Souriau et al., 2014, Sylvander et al., 2021] in 
the vicinity of the “Lourdes Fault”. Thus, the reverse 
“Lourdes Fault” is very weakly identified because an 
E-trending fault in this area is expected to have a 
normal dip-slip component. Two exploratory trench

sites were analyzed to perform paleoseismic observa
tions: Arcizac and Capbis [for more details, see Alas
set and Meghraoui, 2005, Neopal report, 2008].

Paleoseismological investigations in the Arcizac 
area. Arcizac site is located NE of the Lourdes depres- 
sion (Figure 13). The trench was located at the con
tact between the base of a steep slope (>30°) and a 
lower terrace of the Graves or Echez creek. The trench 
log redrawn from Alasset and Meghraoui [2005] (Fig
ure 13B) displayed 40°-45° S-dipping conglomerates 
(Mcg in Figure 13B;14C ages ranging from ~ 11,240 BC 
[calibrated date] to -40,450 BP [conventional age]) 
overlying a 20° N-dipping shear zone interpreted 
as a reverse fault thrusting southward on younger 
alluvial conglomerates (Rch in Figure 13B;14C Ca - 
[4221-3094] BC). The shear zone exposes clay fabric
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and a silty-sand unit with oriented gravels and peb- 
bles dipping ~25 north. This reverse fault is sealed by 
colluvium (Ccgin Figure 13; 14C Ca [2398-2038] BC). 
This sealing horizon is interpreted as the event hori
zon of an earthquake, which would have occurred 
between 4221 and 2038 BC [from 2u calibrated age: 
Alasset and Meghraoui, 2005, Alasset, 2005]. Accord- 
ing to another interpretation [Neopal report, 2008], 
this “event horizon” corresponds to the lower part of 
a landslide event originating from the unstable steep 
slope and favored by the morainic and fluvio-glacial 
nature of its material. Indeed, this steep slope corre
sponds to the inner frontal moraine of the Lourdes 
glacier ending during the Last Glacial event.

Paleoseismological investigations in the Capbis 
area. Capbis site is located at the Bourda hamlet 
on the northern side of the Capbis depression (Fig
ure 13C). The trench was located at the contact be- 
tween a S-dipping slope carved within Cenoma- 
nian flyschs and a lower terrace of a local creek. The 
trench log [Alasset and Meghraoui, 2005, Alasset, 
2005] shows a 55°-70° S-dipping contact between the 
Cenomanian flyschs and alluvial deposits (14C rang- 
ingfrom 19,040 ± 930 BPto 6370 ± 50 BP). Theformer 
deposits are covered by colluvium (14C ranging from 
4520 ± 100 BP to 3760 ± 60 BP) so that the base ofthis 
colluvial deposits is interpreted as the event horizon 
of an earthquake, which would have occurred be
tween 5388 BC and 2918 BC (from 2u calibrated age). 
According to Alasset and Meghraoui [2005] and Alas
set [2005] this normal surface rupture would result 
from a near-surface shallowing dip of the reverse 
“Lourdes Fault”. However, the published material 
does not permit to discard the possibility that the 
steep contact between the flyschs and the alluvial 
deposits could result from the lateral erosion of the 
creek channel during the Holocene [Neopal report, 
2008]. Thus, further paleoseismic investigations are 
needed to determine whether the steep contact cor
responds to a coseismic rupture on a small normal 
fault of the North Pyrenees seismic zone or to creek 
lateral erosion. In conclusion, both trenches provide 
interesting information, but unfortunately alterna
tive options were not contemplated in the published 
literature. The Capbis trench could correspond to an 
earthquake surface rupture while the Arcizac reverse 
fault disagrees strongly with all the recently pub
lished seismological data (see above), hence it should

better result from the unstable nature of the steep 
slope overhanging the trench site to the north. This 
slope instability should be included in any hazard 
plan for development prospect of the Lourdes area.

4. Discussion

4.1. Is paleoseismology suitable in low-seismicity 
régions?

Paleoseismology was initially developed in regions 
where faults are well identified and often associ- 
ated with significant seismicity, such as in Califor
nia where destructive earthquakes have occurred but 
where few, if any, older historical earthquakes are 
known. Seismicity of metropolitan France is signifi- 
cantly different and thus one could question the use 
of this methodology in Western Europe. Some thirty 
years of paleoseismology permit to propose some 
balanced answer. If we could compare the number of 
trenches dug with respect to the amount of “signif- 
icant” results, the benefit-cost ratio would not favor 
using trench paleoseismology in France. However, 
such a rather negative answer deserves to be carefully 
analyzed from two perspectives. The former is more 
developed below in the next subsection on the pit- 
falls;it shows that the “California” approach was not 
appropriate to be directly transferred to metropolitan 
France. The second perspective considers that the 
paleoseismicity approach can be adapted to the seis- 
micity setting of Western Europe. This adaptation is 
still going on, nonetheless it is already a rather power- 
ful approach, although time consuming and difficult 
to implement, but able to complement the seismic- 
ity catalogs (instrumental and historical). This will be 
discussed in the subsection dealing with the results 
brought by the paleoseismicity approach in France.

4.2. The pitfalls of a limited paleoseismic ap
proach

In the 1990s, due to the lack of an adapted method- 
ology and on the basis of descriptions of deforma- 
tional evidences, paleoseismic exploratory trenches 
were often carried out with very limited or even 
no preliminary investigations aimed at clarifying the 
relationship between the structures observed at the 
surface and the major faults. Sometimes, on the basis 
of a rapid morphological approach, faults have been 
identified as potentially active without robust lines
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of evidence. As a result, it has often been difficult or 
even impossible to establish the size, timing, and fre- 
quency of the inferred paleoseismic event (i.e. linking 
the fault size to seismic scenarios).

Furthermore, the dating issue has often been very 
poorly addressed (no radiochronology or thermolu- 
minescence/OSL dating). At many sites there was 
just a very rough dating based on arguable strati- 
graphic correlations based on often indirect strati- 
graphic considerations (facies, terrace elevations, ar- 
chaeological artifacts . . . ) leading to very broad hy- 
potheses (i.e., the Courthézon Fault broke once or 
twice between the “Riss” and the “present” [Combes 
et al., 1993]). Nevertheless, as soon as some defor
mation evidences have been found and subsequently 
studied, the kind of process that created the Qua- 
ternary deformation was only contemplated within a 
seismotectonic perspective.

At several sites the tectonic origin was not con- 
fronted with other alternatives (sedimentary, glacial, 
solifluction, gravity effects, landslide, etc.) that 
should have been raised. This problem was stressed 
in the early synthesis on French paleoseismic stud- 
ies [Sébrier et al., 1997]. This a posteriori approach 
has been sometimes implemented trying to link the 
structures observed at the surface to deep faults, in 
particular by reinterpreting seismic profiles from oil 
exploration or by carrying out higher resolution seis
mic profiles (e.g., MDF: Valvéranne and Forestière 
trenches [Cushing et al., 2008], AF: Hangenbieten 
[Lemeille et al., 1999b], Courthézon Fault with dis
cussion on the FSH seismic profile 80 SE 4B [Combes 
and Carbon, 1997]). In the above-mentioned studies, 
there was often no clear link between the location of 
the deep faults and the surface observations, intro- 
ducing a doubt on the tectonic origin of the observed 
Quaternary deformations, or at least on the struc
tural relationship between the surface faulting and 
the deep structures potentially capable of generat- 
ing significant earthquakes that could produce the 
“surface ruptures”. Alternative hypotheses were pro- 
posed for Courthézon (Oligocene salt creep-induced 
deformation), Achenheim, (loess slope instability 
resulting from the lateral erosion of an old bed of 
the Rhine river), Valvéranne (bedding slip associated 
with active folding induced by a secondary segment 
of the MDF).

An extreme case is provided in the Aube depart- 
ment in the Paris Basin where a well-exposed out-

crop with very clear surface deformation affecting 
the Quaternary raised the question of the possible 
earthquake occurrence in this region which is con- 
sidered to be tectonically inactive [Baize et al., 2002, 
2007, Van Vliet-Lanoë et al., 2019]. The detailed sed- 
imentological analysis, the examination of the pale- 
oclimatic setting permitted to establish a cryogenic 
origin of the deformation affecting the chalk. This 
was confirmed by the seismic section analysis, which 
did not provide evidence for any deep structure root- 
ing of the observed surface deformation.

4.3. Results brought by paleoseismology in met
ropolitan France: toward a paleoseismic ap
proach for low-seismicity regions

Several works reported in this publication provide ar- 
guable results because the analyzed active fault was 
not robustly identified. This was one of the major 
efforts and final recommendation of the European 
SAFE project (2004). A lot of efforts have been made 
in the western European paleoseismology commu- 
nity to improve active fault identification. Even if the 
gap is not entirely filled, most of the European ac
tive tectonic researchers are aware of this problem. 
Basically, a good fault identification needs to inte- 
grate the faulting information at different scales from 
local to regional, as well as from the surface down 
to a depth of several hundreds of meters and up 
to several kilometers and reconcile this with all the 
available information on seismicity. For instance, to 
find surface rupture associated with the Trévaresse 
Fault (1909 Aix-en-Provence earthquake), several 
exploratory trenches were performed at the topo- 
graphic “scarp” and all of them exhibited Oligocene- 
Miocene vertical bedding without any surface fault 
rupture [Nguyen et al., 2007, Chardon et al., 2005, 
2009]. Thus, the expected reverse fault was either 
blind or has propagated farther south, within the 
foreland. To test this second hypothesis microtopo- 
graphic analysis was conducted south of the main 
topographic “scarp” to find the subdued topographic 
slope gradient associated with the expected emer- 
gence of a southward propagating reverse fault. This 
permitted to obtain one of the best results provided 
by a paleoseismic approach in France (see above 
Section 3.1.1). Several episodes of fault rupturing 
the surface south of the Trévaresse ranges do indi- 
cate that surface rupturing earthquakes repeat on
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the samefault even in a low-seismicity area. At least 
some low-seismicity fault behaviors are somewhat 
comparable with that of high seismicity ones even if 
the mean return period is obviously much lower.

Sometimes a better fault identification thanks to 
the reinterpretation of seismic lines allows a reap- 
praisal of previously published results. This is the 
case of the Valvéranne site, where the Quaternary de
formation was initially interpreted as the upward dy- 
ing out of a near-surface fault rupture (see above Sec
tion 3.1.3). Later on, this fault was considered as sec- 
ondary because it is antithetic with respect to the two 
major faults observed on a seismic line. Then, the 
Valvéranne deformation [Ghafiri, 1995, Sébrier et al., 
1997] was reinterpreted as a bedding slip rupture 
amortizing within the Upper Pleistocene sediments 
[Baize et al., 2002]. Such bedding slip indicates fold- 
ing associated with displacement on the MDF sim- 
ilar to some structural observations made on other 
reverse faults [Tapponnier et al., 1990, Kelsey et al., 
2008]. The amplitude of the bedding slip suggests this 
should correspond to earthquake magnitude Mw > 
6. Thus, a low-seismicity fault may produce pale- 
oearthquakes big enough to be associated with bed
ding slip ruptures.

Therefore, paleoseismicity studies in low- 
seismicity regions need to use a multidisciplinary 
approach combining all the available methodolo- 
gies: geophysical, morphometric, morphotectonic, 
high-resolution DEM and LiDaR imaging methods, 
dating permitting to improve the fault characteriza- 
tion and location at a resolution that is high enough 
for the use of paleoseismology in low-seismicity re- 
gions. Studies carried out in the early 2000s have 
successfully begun to integrate the progressive ap- 
proach based on combined geology, geophysics and 
geomorphology [i.e., Trevaresse Fault: Chardon and 
Bellier, 2003, Chardon et al., 2005, 2009].

The best-constrained slip rate estimates obtained 
by paleoseismic observations and dating are very low, 
ranging approximately between 0.01 and 0.1 mm/yr, 
while the highest subsidence rates estimated from 
Quaternary thickness in the northern URG, are be- 
tween 0.1-0.2 mm/yr. As the major surface rupturing 
earthquakes have estimated magnitudes of Mw > 6, 
the approximate loading time needed for accumu- 
lating 30-50 cm of potential slip on a fault is in the 
range of 10-30 ka. Hence, these surface rupturing 
earthquakes should not be frequent or in other words

have long recurrence intervals. Considering the high- 
est subsidence rates, the recurrence intervals may be 
somewhat shorter but still in the range of 5 to 10 ka. 
These time intervals are obviously far beyond the 
reach of instrumental or historical seismic records 
and have direct consequences on the hazard assess- 
ment in France. In addition, since the climatic condi
tions during the above estimated time intervals can 
be highly erosive in France [Siame et al., 2004], this 
rather infrequent occurrence of destructive (Mw > 6) 
earthquakes does not favor preserving fault rupture 
evidences in the landscape and explains very subdued 
tectonic signal in the topography.

Indeed, the morphological signature of a fault is 
one of the indicators that may suggest that there is a 
possible seismogenic potential on this fault. For in
stance, the Vuache Fault at the origin of the 1996 An
necy earthquake [Thouvenot et al., 1998] displays a 
clear morphological signal such an alignment of 200
300 m long left-lateral talweg incised in Quaternary 
sediments (see Section 3.2.1).

4.4. Potential for surface faulting associated 
with significant earthquakes in metropoli
tan France

Although slip rates of active faults are very low (on the 
order of 0.1 mm/yr, see above) some active fault sys
tems are known to be able to host rare but significant 
earthquakes such as the Rhine Graben Faults (both 
borders and internal basin faults), some western Alps 
faults (Higher Durance, Belledone), Frontal exter- 
nal Alps or Pyrenees faults (North Pyrenean zone, 
MDF and western Provence E-trending thrusts). In 
old Paleozoic rocks, some major crustal faults (long 
and rooted) are also prone to rarely produce signifi- 
cant earthquakes such as the frontal zone of Hercy- 
nian orogeny [North Artois-shear zone: Jomard et al., 
2017, Garcia-Moreno et al., 2019] probably associ
ated with the Mw ~ 6, earthquake of 1580, or the 
Sillon Houiller Fault zone in western Massif Cen
tral (several hundred km long, see location on Fig
ure 2), or the South Armorican shearzone in Brittany, 
where no paleoseismic evidence has been found 
although some Quaternary deformations have been 
mentioned [Baize et al., 2002, Kaub, 2019], and one of 
the strongest historical earthquake reported in met
ropolitan France (1799 Bouin earthquake, Mw ~ 6, 
see location on Figure 2).
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4.5. Questions remaining to be solved

The origin of seismogenic deformation in France re
mains a matter of debate. For example, the 2019 No- 
vember 11th, Mw 4.9 damaging earthquake near Le 
Teil (see Figure 3 [28] for location) raises the question 
of seismic loading and seismic source that can trigger 
such a shallow event in very slow deformation set- 
tings and on previously unruptured faults, even if this 
fault was geologicalfy mapped [the Rouvière Fault, 
Ritz et al., 2020]. It also questions the seismogenic 
behavior and the concept of seismic cycle in such 
settings. Indeed, two models are available to account 
for the seismogenic behavior in metropolitan France: 
(1) the “classical” model of the seismic cycle, which 
is characterized by the tectonic loading between two 
events on the same fault, and (2) the model for stable 
continental regions [Calais et al., 2016] that consid- 
ers the tectonic loading in continental interiors to be 
too small to permit reaching the seismic rupture on a 
fault;in such a model, earthquakes do not repeat on 
the same fault because the far field stresses maintain 
the continental lithosphere close to rupture, hence 
transient local stress variation on a fault may lead to 
seismic rupture. Thus, this model 2 could explain the 
Le Teil earthquake specially if it is the first time that 
the small Rouvière Fault ruptured with a reverse slip. 
It permits to understand how a fault generates a big 
quake only once.

Concerning the seismic cycle (model 1) it can ap- 
ply to the slow-slipping Trévaresse Fault, as there 
are lines of evidence (see Section 3.1.1) that earth
quakes repeat on this fault and possibly even with 
similar ruptures suggesting that their mode of recur- 
rence could correspond to the characteristic earth
quake [McCalpin, 2009]. For sure, many more stud- 
ied sites are needed to be more conclusive on the 
model that applies to other active faults in metropol
itan France, even if we are aware that the anticipated 
long return period on a given fault does not favor pre- 
serving long records of datable earthquakes at a site. 
This might be one of the major limitations for using 
the paleoseismic approach in metropolitan France.

An important legacy of the 1996 Annecy earth
quake (see Section 3.2.1) is that for the first time in 
France a seismic surface rupture may have been ob- 
served after an earthquake located on a known major 
fault. Nevertheless, the most interesting point is that 
this surface rupture was produced by a Mw = 4.9 ± 0.3

[FCAT in Manchuel et al., 2018] event, although the 
damage (Io = VII) was important for such a small 
magnitude. Nevertheless, a paleoseismic study did 
not permit to find any clear evidence of surface rup
ture. Thus, this small relatively destructive event 
clearly displays that even small earthquakes can 
be harmful. Furthermore, the Maragrate Fault (see 
Provence Section 3.1.3) permits to question the haz- 
ard of short faults. More recently, the Teil earthquake 
was some kind of electroshock that made the fault 
geologists, who were working on the large active 
faults, realize that the local risk, even on “small” 
faults, cannotbe neglected within the low-seismicity 
territory, like France. This increases the difficulty to 
identifying these potentially active small faults. How 
many faults, like the Rouvière Fault, that are a few 
kilometers long, do not affect recent deposits, and 
do not have a significant morphological signature? 
The answer is: hundreds of thousands in the most 
active regions of metropolitan France. Are the meth- 
ods mentioned above enough? The challenge is set 
up! In such a case, the paleoseismic approach can 
hardly be used to characterize the hazard on small- 
length faults because the goal is probably beyond 
the detection threshold of surface rupture that can be 
determined with trench observations. The detection 
threshold of an earthquake rupture using paleoseis- 
mic analyses was estimated during several years as 
Mw 6, [McCalpin, 2009], today it is considered that 
the paleoseismic approach does permit to find sur
face rupture for earthquakes with Mw 4.9 [see discus
sion in Ritz et al., 2020]. However, this kind of small 
rupture (in length and amount of displacement), is 
a challenge for paleoseismic methods. To date, only 
recent, superficial (~2-5 < km depth) and moderate 
(<Mw 6.0) earthquakes (Lambesc Mw ~ 6, Annecy 
Mw 4.9 ± 0.3, Le Teil Mw 4.9) are associated in France 
to observed small (<20 cm) surface dislocations.

Finally, blind faults have obviously not been con
sidered during the 30 years of paleoseismic studies 
in metropolitan France. However, some blind faults 
could correspond to seismogenic sources in France 
such as the Lambrussier NW-striking anticline [LBF 
on Figure 3, Hippolyte and Dumont, 2000, Godard 
et al., 2020] or the Blausasc NNE-trending hidden 
fault (10 km north of Nice, Figure 2) [Courboulex 
et al., 2007, Larroque et al., 2021]. On such struc
tures, paleoseismic approach remains obviously lim- 
ited and can only analyze the secondary evidences
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based on morphological approach, dating and/or 
spatial distribution of microseismicity, conditioned 
by available and enough dense temporary or perma
nent seismic network.

5. Conclusions

We have presented a synthesis of the paleoseismic 
studies, which have been conducted in metropoli
tan France over the last 30 years. A short summary 
of the evolution of these studies and a critical anal
ysis of the most interesting ones permit highlight- 
ing the strengths and weaknesses of the paleoseis- 
mic methodology in France and neighboring areas. 
Due to the climate of Western Europe during the Late 
Pleistocene and Holocene (alternating glacial and in
terglacial periods with strong to weak erosional con
ditions), high imprint of human activity on the land- 
scape, and low slip rates of active faults, the appli
cation of the paleoseismic approach in metropolitan 
France to identify faults likely to generate destruc
tive earthquakes, is challenging. Many of these pa- 
leoseismic studies are confronted with the difficulty 
of associating Quaternary deformation observed at 
the surface with a well-identified fault. In too many 
trench analyses, the fault identification is not robust, 
although this problem is now better accounted for in 
most published paleoseismic observations. Indeed, 
there is not yet a straightforward methodology to ad- 
dress the issue of fault identification; nonetheless, 
the best results are obtained using a guideline based 
on a multidisciplinary approach at different scales 
(e.g. SAFE and Paleosis European projects), from re- 
gional (e.g., 20 km-1 km) to local (1 km-1 m).

Paleoseismic studies have permitted to obtain im
portant new results. The most important is that the 
Trévaresse Fault, the source fault of the Mw ~ 6, 
Provence earthquake of 1909, has generated several 
earthquakes with surface ruptures observed at the 
same location. This demonstrates that even in re- 
gions of low seismicity and with slow-slipping faults, 
seismic events can repeat on the same fault. In ad
dition, the displacement per event appears to range 
between 20 and 30 cm, thus, this reverse fault could 
fit the characteristic earthquake model. Whatever the 
model, more data are needed to determine whether 
this is the common fault behavior in metropoli
tan France. Data from neighboring countries, indi- 
cate that several active faults in Western Europe,

both normal and reverse, produce repeatedly earth- 
quakes even with very low slip rates, on the order of 
0.01 mm/yr. Such slip rates indicate that the recur- 
rence interval between two destructive earthquakes 
should be at least 10-30 ka for Mw ~ 6 to permit 
the corresponding seismic loading, if this behavior 
model applies. Consequently, such long recurrence 
intervals do not favor preserving a long record of seis- 
mic events at a single paleoseismic site. Hence, only 
exceptional site conditions will allow to get a long 
seismic record and thus, the fault behavior model 
may remain beyond the reach of paleoseismic stud- 
ies in metropolitan France. Finally, these paleoseis- 
mic results clearly display evidence that the histori- 
cal seismicity is not enough to properly assess seis- 
mic hazard in metropolitan France.

Paleoseismic studies were also confronted with 
ruptures on secondary faults, these are of two differ
ent origins: either splays connected with major faults 
or bedding slip in folds. The first case raises the prob- 
lem of the source significance with respect to the po- 
tential magnitudes associated with surface rupture. 
There are two faults with such problem in the URG, 
namely the BRF and the Achenheim-Hangenbieten 
Faults, where well-identified splays from major nor
mal faults are seen on seismic lines rather than on 
the major fault. In both cases a non-seismogenic ori- 
gin for the surface ruptures has been proposed (slope 
instability), casting questions on the significance of 
such shallow normal fault ruptures and their impli
cations for the local seismic hazard. In contrast, bed- 
ding slip is a more robust indicator of strong seis- 
mic events, nonetheless its occurrence is limited. To 
our knowledge, Valvéranne on the MDF is the only 
identified site in France with such structural config
uration. Bedding slip is considered as a seismogenic 
source [Kelsey et al., 2008] that corresponds to slip 
accommodating folding triggered by coseismic slip 
on a “master ramp fault”. It is suggested that “fold- 
ing earthquakes” are probably in the range of mag
nitude 6. This agrees with previous magnitude esti- 
mates on the MDF [Cushing et al., 2008].

The 2019, Mw 4.9 Le Teil earthquake raises the 
question of the seismic loading and seismic source 
dimensions that can trigger such shallow events on 
faults that have not experienced ruptures during the 
Late Quaternary [Cornou et al., 2021, Ritz et al., 2020, 
2021b]. Thus, faults capable of producing surface 
ruptures can remain unnoticed. It raises questions
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about the seismogenic behavior and the concept of a 
seismic cycle for such type of faults. Whatever small 
faults capable of producing Mw ~ 5 events can be 
damaging and even cause surface rupture if their foci 
are very shallow, as demonstrated by the 1996 An
necy earthquake (Mw ~ 4.8 ± 0.5) and the recent 2019 
Le Teil earthquake [Ritz et al., 2020, 2021b]. Obvi- 
ously, such faults cannot be completely inventoried 
in the whole metropolitan France, except probably in 
the vicinity of nuclear and hazardous facilities where 
specific investigations should be performed.

Paleoseismology can provide important inputs for 
the seismic hazard assessment such as fault slip rates 
and return period of destructive earthquakes. These 
data can be useful both for probabilistic and deter- 
ministic seismic hazard assessment [IAEA TECDOC 
No. 1767, 2015]. The segment rupture dimension 
assessment highly depends on the fault segment 
length and its rooting at depth. Segment length per- 
mits to estimate the maximum magnitude for a given 
fault source. A precise chronological framework is 
needed to quantify seismicity rates and return pe- 
riods. Identification of paleoruptures at the surface 
indicates the potential for capable faults and for 
shallow destructive earthquakes. In addition, precise 
knowledge of the surface fault trace for major and 
secondary faults permits to perform a probabilistic 
fault displacement hazard analysis that allows to as- 
sess rupture hazard for critical facilities [i.e., Baize 
et al., 2020, Nurminen et al., 2020].

Based on our review we formulate four recom
mendations for future paleoseismic investigations in 
metropolitan France, or more generally in regions 
characterized by low slip rates:

• Not all Quaternary deformation seen at the 
surface, including those inside trenches, are 
necessarily of tectonic origin, thus, other 
non-tectonic origins should be considered, 
and their likelihood evaluated.

• Well-constrained fault identification implies 
relating convincingly a surface rupture of 
tectonic origin to a major fault observed on 
subsurface geophysical imagery. Such fault 
identification is necessary to assess the 
source dimensions and hence the poten- 
tial magnitudes, and the associated seismic 
hazard.

• Too many paleoseismic events inferred from 
trench observations were poorly dated, sig- 
nificant efforts have to be made for using

modern dating methods focused on the 
Quaternary, these must be continued. In- 
deed, successful dating needs to fulfill three 
points: (1) a clear identification of the seis- 
mic event horizon, (2) a selection of material 
suitable for dating and contemporaneous 
with deposition, and (3) to use, if possible, 
multiple dating methods.

• Blind seismogenic faults are potential 
sources for seismic hazard. Accounting for 
these sources imply developing some indi
rect paleoseismological approaches to better 
quantify the deformation they can produce 
at the surface [see e.g., Siame et al., 2015].
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Table Al. Available information on the potential paleoseismic trenches performed in France. This provides a summary synthesis of the 
available information (to our knowledge) on paleoseismic trenches excavated in and close to metropolitan France. The information fllling 
this table corresponds to the one given by the authors in their reports, dissertation thesis, as well as “gray” and published scientific papers 
and is not necessarily endorsed by the authors of this summary synthesis

Trench site

name

Fault
System

Date Operator/
funding

Report/
thesis

Dating or 
stratigraphie 
attribution

Nb
trenches

Works Log Boreholes Geoph
methods

Available
seismic

réflexion
profile

EQ
event(s)/

other

Published 
paper(s) 

and/data base

Trench location: 
[Trench number] 

(longitude; latitude) 
DDD.ddddd

Estavar Tet fault 1990-1992 IPSN /
GEOTER

Unpublished
report

No, Strati
graphie 

corrélation
(SC)

1 Trenching Yes Baize 
étal. [2002]

Yes No Reverse
tectonics or 

gravita- 
tional 

(preferred)

Baize et al. 
[2002]

2.00957196;
42.46270463

Valveranne MDF 1991 BRGM/
UPVI

Ghafiri [1995] Yes (14C) 1 Trenching Yes Yes (IFP, Total 
reports, CEA 
reprocessing)

>1 Sébrier étal.
[1997], Baize 
étal. [2002], 
Siame étal.

[2004]

5.79956456;
43.85062273

Baumont de
Pertuis

MDF 1992 (?) IPSN /
GEOTER

IPSN/GEOTER
unpub
lished
report

Yes (14C), 

too recent
1 Trenching Yes Yes (IFP, 

total 
reports,

CEA repro
cessing)

OTrun-
cated?

Grellet
et al.
[1995]

5.68013116;
43.72395867

Couthezon
(Latour)

Nimes F 1992 IPSN /
GEOTER

Unpublished
report

(GEOTER)

?/analog 
faciès, tiles

2 Trenching Yes FSH seismic 
profile

interprétation 
in ANDRA. 1997

>1 Combes et al. 
[1993], Carbon 
étal. [1993], 
Baize et al.

[2002]

Tl:
4.87144760;
44.09489180

T2:
4.87118632;
44.09524938

Meilhan Blind

reverse
thrust 

(Campagne 
Anticline)— 
associated 

to diapirism

1993 IPSN /
GEOTER

IPSN/GEOTER
unpub
lished
report

No. SC 1 Outcrop
cleaning

Yes >2 Carbon et al. 
[1995], Baize 
étal. [2002]

-0.70837495;
43.87076142

Couthezon
(Graviouse)

Nimes F 1993 BRGM/
UPVI

Ghafiri
Thesis 2015

None 1? Trenching ? Liquéfaction Description in 
inRissian PhD Thesis of 

terrace Ghafiri [1995]

4.88220521;
44.10044986

(continuée! on next page)
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Table Al. (continuée!)

Location
trench site

name

Fault
System

Date Operator/
funding

Report/
thesis

Dating or 
stratigraphie 
attribution

Nb
trenches

Works Log Boreholes Geoph
methods

Available
seismic

réflexion
profile

EQ
event(s)/

other

Published 
paper(s) 

and/data base

Trench location: 
[Trench number] 

(longitude; latitude) 
DDD.ddddd

La Fare 
(thrust) 

(Roustan)

Westward
extension of 
Aix-Eguilles 
fault? From
Terrier étal. 

[2008]

1994 IPSN /
GEOTER

Draft. log. 
and

pictures

None 3 Trenching Yes 81SE5B (in 
Terrier étal. 

[2008])

Truncated.

no
sédiment

Coudoux.
near la Fare 
[Baize étal.,

2002]

Tl:
5.15935469;
43.55705058

T2:
5.16175443;
43.55691373

T3:
5.15798180;
43.55737710

Voix- Fo ntamauri MDF 1995 IPSN /
GEOTER

IPSN/GEOTER ?
unpub- 
lished 
report

1 Trenching Yes Yes (IFP 
total

reports. 
CEA repro- 

cessing)

Truncated 
by very
recent

torrential
débris

flows—

Grellet étal. 
[1995]

5.83011360;
43.87192765

Maragrate Vinon 
secondary F 

(Vinon 
Thrust?) 
(NW-SE) 

(MDF)

1995 IPSN /
GEOTER

Unpublished 
report— 

Geotercited
in Thomas

[2018], 
Thomas 

étal. [2020]

?/analog
faciès;

sampling
(dating?)

2 Trenching Yes >1 No published 
document; field trip 

expo sure during 
1995 EERI int. 

congress [Grellet 
étal., 1995]; 

exposures presented 
in Thomas [2018]

Tl:
5.81180567;
43.71937172

T2:
5.81162694;
43.71939388

Achenheim-
Hangenbieten

URG
western
border F

1996 IPSN /
GEOTER

(PALEOSIS
CEE

project)

Several
IPSN un
published 

reports

14C/UTh38- 

27 ka OSL 
(Loess)

278-188 ka
(transposed 
from quarry 

samples)

2 Trenching Yes HR seismic
réflexion.

ERT

85ST13 >l;possibly
gravita-
tional

Lemeille
et al.

[1999b]

Tl: 7.62338107; 
48.57219313 T2:

7.62400631;
48.57214869 T3:

7.62418081;
48.57197847 T4:

7.61653021;
48.56456010

Riedseltz Riedseltz-
Landau

fault

1996 IPSN
(PALEOSIS 
EU project)

IPSN un
published 

report

No local dating. 
Stratigraphie 
corrélations.

Wurmian and
Holocene

Outcrop 
cleaning 
and log 
[Geo ter, 

1997]

Yes GPR. ERT 
[Bano étal., 

2002]

Baize et al.
[2002]

7.9652910;
49.00594300

(continuée! on nextpage)
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Table Al. (continuée!)

Location Fault Date Operator/ Report/ Dating or Nb Works Log Boreholes Geoph Available EQ Published Trench location:
trench site System funding thesis stratigraphie trenches methods seismic event(s)/ paper(s) [Trench number]

name attribution réflexion other and/data base (longitude; latitude)
profile DDD.ddddd

Longueville/ SeineF(??)/ 
Gourgan- glacitecton- 

con ics

Trevaresse- Trevaresse F 
Collavery

Reinach Basel-
(Basel area) Reinach

Fault

IRSN/Univ 
Nancy/ P. 

Benoit

IPGP / 
CEREGE 

(ACI
Lambesc)

IPGS-
PALEOSIS & 

SAFE
project EC;

(ETHZ).
H SK (Swiss 

Fédéral 
Nuclear 

Safety In- 
spectorate)

Master
thesis

Visit report 
(IRSN)

No

PhD Ferry 
2004; 

Paleosis 
research 

group field 
trip

14C (Trenches 

-11,500 cal. 
B.P—Présent)) 

TL dating 
(Terraces 117-21 

ky BC)

1 Outcrop Yes
cleaning

Trenching No

Trenching Yes

GPR 80RY1 Glaci
tectonics

interpréta
tion

ERT Extrapolated No
[Nguyen from Quatemary

et al., 2007] 81SE5B (in cover
Terrier étal. 

[2008])
truncated

ERT HRSR BL 24
commercial
seismic line

(1978) in
cited

literature

5

Baize et al. 
[2007]

Previously to 
the trench: 

[Lacassin et al., 
2001, Nguyen 
et al., 2007]

Meghraoui 
étal. [2001], 

Ferry 
[2004], 

Ferry et al. 
[2005]

3.93207214;
48.55214302
4.03530251;
48.68407533

5.35431159;
43.62016479

Tl: 7.61653021; 
48.56456010 T2: 

7.59510292; 47.51065279 
T3: 7.59549090; 
47.51117212 T4: 

7.59451561; 47.51076315 
T5: 7.59407041; 
47.51031861 TA: 

7.58190210; 47.48140342 
T6: 7.59600806; 

47.51257949 TBarsch: 
7.61010447; 47.53539038

Arcizac

Capbis

Trévaresse-
Ganay

Lourdes
fault

2003 EOST/
IPGS

PhD
[Alasset,

2005]

14C (Cal. 

12100BP- 
3100 BP)

1 Trenching

Lourdes
fault

2003 EOST /
IPGS

PhD
[Alasset,

2005]

14C (Cal. 

-22600
BP-1647

AD)

1 Trenching

Trevaresse
F (main

seg
ment)

2002-
2003

CEREGE/
ACI

Lambesc
SAFE

European
project

Nguyen 
étal. [2007]

14C (historié) 2 Trenching

Yes GPR 1? Alasset and 
Meghraoui 

[2005]

-0.31001539;
43.09906708

Yes GPR 1? Alasset and 
Meghraoui 

[2005]

0.00908873;
43.09925519

Yes ERT Extrapolated
from

81SE5B (in 
Terrier étal. 

[2008])

Truncated. 
sealed by 
historié 
deposits

[Nguyen 
et al., 2007, 
Chardon 

et al., 2009] 
(+pers. 

Comm.)

Tl:
5.42619848;
43.60418467
T2: 5,42722;

43.60157

(continued on nextpage)
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Table Al. (continuée!)

Location
trench site

name

Fault
System

Date Operator/
funding

Report/
thesis

Dating or 
stratigraphie 
attribution

Nb
trenches

Works Log Boreholes Geoph
methods

Available
seismic

réflexion
profile

EQ
event(s)/

other

Published
paper(s)

and/database

Trench location: 
[Trench number] 

(longitude; latitude) 
DDD.ddddd

Trévaresse-
Ermitage

Ermitage
fault

2004/
2006

CEREGE /
ACI

Lambesc/
SAFE
Euro-

pean
project

Publications. 
Field report 

IRSN

OSL—400- 
125 ky

2 Trenching Yes ERT Extrapolated
from

81SE5B (in
Terrier et al. 

[2008])

>3 max 10 [Chardon 
et al., 2005, 

2009];
Chardon 

(pers. 
Comm); 
[Nguyen 

et al., 2007]

Tl (E): 
5.41546079;
43.60172884

T2 (W): 
5.41483486;
43.60183321

La Forestière MDF 2004 CEREGE/
IRSN

Baroux PhD 
[Nguyen 

et al. ,2007]. 
Intern
reports
IRSN/

CEREGE

14C not 

processed? 
Roman tiles
found at the

trench
bottom

1 Trenching Yes Yes HRSR.
ERT.
GPR

Yes (IFP
Total 

reports. 
CEA repro- 

cessing)

No fault
observed
inferred

from
geophysics

and
boreholes

Siame et al.
[2004]

(dating.
geophysics)

5.82408284;
43.83457515

Aiguilles-
Rouges

Remuaz-
fault

2004 EOST /
IPGS

PhD
[Alasset,

2005]

Cosmogenic
lOBe

surface 
dating (post

15 ky)

2 « Mini
Trenches »

No
pictures

GPR ? (1905 EQ? 
or gravita- 

tional)

Cara et al.
[2017]

6.91551306;
46.00085012

Meythet
(Annecy)

Vuache
Fault

2007/
2009

IRSN IRSN un- 
published 

reports

Yes. OSL.
14C

2 Yes ERT. HVSR 88SVO10 No obvious
surface
faulting

Baize étal. 
[2011]

Tl:
6.09507530;
45.92989931

T2:
6.09982432;
45.92523106

Sallenove
(Vuache

fault)

Vuache
fault

2014 IRSN/U.
Savoie Mt

Blanc

PhD
De La Taille 

[2015]

14C (-500 

cal. B.P)
1 Trenching Yes ERT GPR No

sédiments 
too young

5.97870761;
46.00886254

Brison St
Innocent 

(Culoz fault)

Culoz
Fault

2015 IRSN/U.
Savoie Mt

Blanc

PhD
De La Taille 

[2015] 
Master
thesis
[Ribot,
2015]

14C—OSL 

(45-48 ky)
1 Outcrop

cleaning
Yes ERT No single 

event. But 
pluri-metric 

deforma
tion

Jomard 
étal. [2017]

5.89464919;
45.72656808
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Table Al. (continuée!)

Location
trench site

name

Fault
System

Date Operator/
ftmding

Report/
thesis

Dating or 
stratigraphie 
attribution

Nb
trenches

Works Log Boreholes Geoph
methods

Available
seismic

réflexion
profile

EQ
event(s)/

other

Published 
paper(s) 

and/data base

Trench location: 
[Trench number] 

(longitude; latitude) 
DDD.ddddd

Maragrate Vinon 
secondary F 

(MDF)

2016 CEREGE /
CEA

PhD
[Thomas,

2018]

14C. OSL 1 Trenching Yes LiDAR. ERT >1? Thomas 
[2018], 

Thomas 
étal. [2020]

T3:
5.81126570;
43.71946812

Riedseltz Riedseltz-
Landau

fault

<2016 Shipton 
étal. [2017]

Shipton 
étal. [2017]

No local dating. 
Stratigraphie 
corrélations.

Wurmian and
Holocene

Yes GPR. ERT 
[Bano et al., 

2002]

Shipton 
étal. [2017]

Ettligen Eastem 2019 RWTH / EGU
(Germany) central IRSN/IGV/ abstract

Rhine USD.K3T.
Graben CGS

Boundary
fault

La Rouviere Cevennes 2019-2020 U. Montpel- Raw and
fault fault System lier/IRSN/ draft

CEREGE/U reports (Ritz 
Nice etc ??? and coll.);

Baize et al. 
(soc

Ardeche)

Osthofen West border 2003 EUCOR- Peters PhD 
(Germany) fault URGENT thesis,

project and [Peters 
theEU et al.,2005]

project of 
Environ- 
mental 

Tectonics 
(ENTEC).

(GRS) mbH.
ISES, DAAD

14C (in 6 Trenching Yes ERT.GPR
progress)

14C.OSL. >10 Trenching Yes ???. HVSR

TLand14C 3 Trenching, Yes Yes High res.

coring seismic
reflection, 
ERT, GPR

>2 Reicherter 8.38862987;
étal. [2020] 48.91329790

(work in
progress)

??? >1? Ritz et al. TD (LRT1);
[2020, 4.65616685;

2021b] 44.52360212
(more than

10
trenches).
Work in

progress

Not One single EQ Peters étal. Tl: 8.31607;
precisely (mw 6.5) or [2005] 49.721874
indicated creep T2:

deformation 8.315363;
(0.5 m) between 49.721787
19 and 8 ka, but T3 :

possible 8.315072;
interplay 49.720951
between 

tectonic activity 
and fluvial and

erosional

processes
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