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2Département Analyse Surveillance Environnement, CEA, DAM, DIF, 91297 Arpajon, France

Accepted 2021 February 17. Received 2021 February 17; in original form 2020 July 18

S U M M A R Y
The ∼M6 1799 Bouin earthquake is considered as one of the largest earthquakes to have struck
Western France. However, the seismogenic source potentially responsible for this event remain
marginally documented. We present results from a focused offshore-onshore multidisciplinary
survey in its meizoseismal area in order to identify the fault segments that potentially ruptured
during this earthquake. Based on macroseismic data and the geology, we focused our study
on the so-called Machecoul Fault as a potential source of the 1799 Bouin event. Our survey
includes extensive high-resolution seismic reflection, high resolution bathymetry and a 1-yr
seismological survey. These data were combined with existing topography, onshore gravity
data and drill data to document the geometry of the Marais Breton/Baie de Bourgneuf basin, the
past tectonic activity and the current local microearthquakes at depth along its bounding faults.
Offshore and onshore observations suggest a recent activity of the segmented Machecoul Fault
bounding the basin to the North. Offshore, the planar contact between the Plio-Quaternary
sediments and the basement along the fault trace as well as the thickening of these sedimentary
units near this contact suggests tectonic control rather than erosion. Onshore, the recent
incision of the footwall of the fault suggests a recent tectonic activity. The temporary local
seismological experiment deployed between 2016 and 2017 recorded a diffuse microseismicity
down to the depth of 22 ± 5 km along the southward dipping Machecoul Fault, associated with
predominantly normal fault mechanisms. Altogether, these results suggest that the Machecoul
Fault is a serious candidate for being the source of the historical Bouin 1799 earthquake.

Key words: Europe; Seismicity and tectonics; Intra-plate processes.

1 I N T RO D U C T I O N

Western Europe is considered as a Stable Continental Interiors
(Johnston 1989, or Regions, SCR) because of low deformation
rates (e.g. Nocquet 2012; Masson et al. 2019) and tectonic pro-
cesses associated with a very diffuse and weak imprint on geology
and topography. Significant earthquakes are infrequent in SCR and
may correspond to the triggered release of elastic strain accumulated
in the lithosphere on long time scales (e.g. by variations in crustal
stress or fault strength if large enough, Craig et al. 2016). They
can occur in regions devoid of current seismicity (Garcı́a-Moreno
et al. 2015) or Quaternary ruptures evidences (e.g. in Western Eu-
rope, Audin et al. 2002) and are rarely located on well-defined
crustal structures (e.g. Calais et al. 2016; Stein et al. 2017). How-
ever, because of the particularly low seismic energy attenuation in
intraplate regions (Hanks & Johnston 1992), and in the context of
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highly populated regions, shallow depths and intermediate magni-
tude earthquakes can have devastating and expensive consequences
(e.g. 1756 Düren (Germany) or 1356 Basel (Switzerland), Fäh et al.
2001; Bilham 2004). Quantification of the seismic hazard asso-
ciated with SCR earthquakes remains a challenge (e.g. Ellsworth
et al. 2015; Petersen et al. 2015), particularly in intraplate Europe
(Stein et al. 2017). We focus our study in the Vendée department
in metropolitan France, a region known to have been affected by a
major devastating earthquake in 1799 ( Figs. 1–A quality and 2).
This earthquake is currently considered as one of the largest events
which occurred in metropolitan France. It falls in a region classified
level 3 (moderate seismicity) on a scale of five levels, according
to the latest seismic zoning for normal risk assessment following
Eurocode 8 (Zonage Sismique de la France 2011). The seismogenic
potential of the faults in the Vendée department needs therefore to
be clarified.

C© The Author(s) 2021. Published by Oxford University Press on behalf of The Royal Astronomical Society. All rights reserved. For
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Figure 1. Left-hand panel: map representing the regional coverage of Bouin 1799 earthquake macroseismic data (99 point macroseismic MSK-64 intensities
(Medvedev et al. 1967) deduced from historical accounts and compiled in SisFrance database (https://sisfrance.irsn.f r/ Scotti et al. 2004). The 25, 175, 275
and 400 km radius circles delineates respectively the extent of VII–VIII (in red), VI–VII (in orange), V–VI (in yellow) and IV–V (in green) intensity area
respectively (MSK-64). SASZ: South Armorican crustal Shear Zone. Right-hand panel: envelopes of macroseismic intensities for Bouin 1799 and Oléron 1972
(450 accounts) as a function of their epicentral distance. The colours correspond to the qualities of the accounts: A quality (sure intensity) in green, B quality
(intensity sure enough) in orange, C quality (uncertain intensity) in red.

The objective of this study is to document the Machecoul Fault’s
geometry and its short and long-term activity in order to determine
whether this fault could be the source of the ∼M6 1799 Bouin earth-
quake (France). For that purpose, we studied the area both onshore
and offshore using a multidisciplinary work based on the acquisition
of an extensive high-resolution seismic survey (Sparker source and
single channel streamer, CHIRP echo sounder) and high resolution
bathymetry data (GeoSwath), compared with onshore drilling data
(BSS, BRGM), topography data (RGEALTI) and onshore gravity
data (BGI). This analysis documents the geometry and potential
syn-tectonic nature of the neogene sedimentary infilling of the thin
Marais Breton/Baie de Bourgneuf basin and tests if the Machecoul
Fault, at the northern edge of the basin, was active after the Eocene
(see hereafter, geological setting). We further analysed the present-
day morphology of the NW–SE trending Machecoul Fault escarp-
ment to decipher its potential tectonic signal. A temporary local
seismological experiment of 10 stations was also deployed between
2016 and 2017 to record and characterize the background seismic
activity in the area.

2 T H E ∼M 6 1 7 9 9 B O U I N E A RT H Q UA K E
( V E N D É E )

The 1799 earthquake, of unknown mechanism, affected the coastal
Vendée and the Nantes area just before 4:00 a.m. on January 25th
(Publicateur de Nantes, 1 Ventôse an VII, that is 1799 February
19, in Limasset et al. 1992). The main shock was widely felt in

metropolitan France, in the far field up to 435 km in Central Massif
(Fig. 1a, SisFrance, https://sisf rance.irsn.f r/, last accessed on July
2020), attesting for its significance in term of seismic source (its
magnitude is estimated around ∼M6). Baumont & Scotti (2011)
determined a macroseismic hypocentre (46.967N 2.1W, depth of
24 km) associated to an epicental intensity I0 VII–VIII (MSK-64)
and a macroseismic Moment Magnitude Mw 6.33 ± 0.28. Stuc-
chi et al. (2013), with the same input, obtained a macroseismic
Mw 5.63±0.22. The SHEEC-SHARE european catalogue gives a
macroseismic Mw 6.16 ± 0.3 which corresponds to the weighted av-
erage of the Stucchi et al. (2013) and the Baumont & Scotti (2011)
magnitudes. Finally, Manchuel et al. (2017) adopted the Baumont
& Scotti (2011) epicentre and determined a macroseismic Mw 6.30
± 0.34 and a depth of 21 km. Note that all the macroseismic focal
depths obtained are significantly larger than the 11–13 km usually
determined for the recent earthquakes that occurred in the Armori-
can Massif (Mazabraud et al. 2005; Perrot et al. 2005).

Despite less documented intensities below V (MSK-64) due to a
poorer documentation of the accounts and a probably higher build-
ing vulnerability in 1799 than during the late 20th century, the
macroseismic intensities show some similarities with the ones doc-
umented after the 7 September 1972 in Oléron earthquake (Mw

Si-Hex 5.0, Cara et al. 2015), a significant event felt up to 440 km
(Fig. 1b, SisFrance). Effects and damages for this later event are
well documented. This event is currently the largest instrumen-
tal earthquake documented by the national seismological network
along the Atlantic coast. Compared to the 1799 Bouin event,
the Oléron earthquake shows a larger scattering of macroseismic
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Source of the M6 1799 Bouin earthquake 2037

Figure 2. Simplified geological map of western France and available seismicity from 1962 to 2017 (Si-Hex and CEA-LDG catalogues). We homogenized
magnitudes following the Cara et al. (2015) conversions. The area of study is located in the black rectangle. The focal solutions correspond to the three
instrumental earthquakes Oléron 1972 Mw Si-Hex 5.0, Chantonnay 2001 Mw Si-Hex 3.7 and La Rochelle 2016 Mw Si-Hex 4.4 (Nicolas et al. 1990; Duverger
et al. submitted). Thin black lines are regional faults from the 1:1 million geological map of France. SASZs and SASZn: South Armorican crustal Shear Zone
south and north. NASZ: North Armorican crustal Shear Zone. EA: Essarts Accident. CF: Chantonnay Fault. SF: Seudre fault.

intensities relative to the epicentral distance, reaching 1.5 degree of
intensity (Fig. 1b). This could be partially due to the heterogeneities
coming from source radiation, the seismic waves path, local sites
effects and/or variable building vulnerability as well as from a bet-
ter reporting. The mesoseismal area for the Bouin event includes
the Marais Breton basin where maximum intensities up to VIII–IX
(MSK-64) were reached (Fig. 1a, SisFrance). The swampy Marais
Breton basin is probably prone to seismic wave amplification and
liquefaction due to the nature of the unconsolidated sedimentary
layers and the presence of shallow water (Rey et al. 2016). Intensi-
ties greater or equal than VII–VIII (MSK-64) were reached within
a 25 km radius coastal area including the Machecoul, Noirmoutier
and Bouin localities.

The macroseismic magnitudes and depths determined for the
1799 earthquake rely on the epicentral location of Baumont & Scotti
(2011, FPEC catalogue). The macroseismic epicentre initially deter-
mined as the barycentre of the isoseismals of maximal intensities
(Scotti et al. 2004) falls into the Baie de Bourgneuf (Bourgneuf
Bay). A 20-km-large radius of uncertainty was assigned to this
epicentre, leading the possibility that the earthquake occurred in
the Baie de Bourgneuf, in the Marais Breton, or their immediate
vicinity. The actual epicentre most probably falls in that region.

Indeed, this area is intersected by a circle of ∼32 km of radius cen-
tred on Nantes. These 32 km correspond to the probable hypocentral
distance to Nantes, where Blin 1799 (see Limasset et al. 1992) re-
ported a delay of 4 s between two distinct shocks interpreted here as
P and S arrivals from which the hypocentral distance was deduced.

Several faults are situated within 20 km from the macroseismic
epicentre, including the Noirmoutier and Machecoul Faults (Fig. 3).
Accounts of submersion linked to landslides and beaver dam fail-
ures described in Bourgneuf-en-Retz and Nantes harbours (Fig. 3)
led Limasset et al. (1992) to argue in favour of an offshore epicentre
on the continental shelf. Thus, excluding the onshore faults previ-
ously described in the coastal Vendée area (e.g. Ters et al. 1979a,b,
1983), Limasset et al. (1992) proposed that the 1799 seismic rup-
ture could be associated with a southeastward offshore extension of
the Noirmoutier Fault. However, the occurrence of an earthquake
felt only in Machecoul village a few hours before the main shock at
around 00:30 a.m. is also known (Publicateur de Nantes, 1 Ventose
an VII, that is 1799 February 19, in Limasset et al. 1992), whereas
no account of this event is recorded elsewhere in the mesoseismal
area, which remains well-documented by the early chronicles which
covered the event (Limasset et al. 1992). These elements favour the
Machecoul Fault as the origin of the 1799 earthquake. Indeed, up
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Figure 3. Simplified geological map of coastal Vendée (top panel) and seismological data available from 1962 to 2014 (Si-Hex and CEA-LDG catalogues,
bottom panel). The SISFRANCE macroseismic epicentre of the 1799 Bouin earthquake and its 20 km ellipse of uncertainty are represented (SisFrance,
https://sisfrance.irsn.f r/). The location of the neotectonic structures in La Bernerie-en-Retz, previously described by Baize et al. (2002) is specified (see text
and Appendix Fig. D1). MF: Machecoul Fault. NF: Noirmoutier Fault. EA: Les Essarts Accident. SASZs: South Armorican crustal Shear Zone south.
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Source of the M6 1799 Bouin earthquake 2039

to 70 per cent of M6 earthquakes inland are preceded by foreshocks
(e.g. in Reasenberg 1999; Tamaribuchi et al. 2018), events that gen-
erally occur on the fault at failure during the main shock. The very
low rate of felt earthquakes in the Marais Breton suggests that the
event felt in the village of Machecoul, 3 hr before the main ∼M6
Bouin earthquake is related to the latter.

3 G E O L O G I C A L A N D S E I S M O L O G I C A L
S E T T I N G

3.1 Geological setting

The study area is located in the southern part of the Armorican
Massif and south of the NW–SE trending South Armorican crustal
Shear Zone (SASZ, Ballèvre et al. 2009), the major Variscan struc-
ture of the region ( Figs. 2 and 3). This intraplate geological region
is affected by a system of dominantly NW–SE and NNW–SSE
trending basement faults inherited from a long and polyphased tec-
tonic history since Variscan times, reactivated several times notably
during the Mesozoic and Tertiary (e.g. Vigneresse 1988; Bonnet
et al. 2000; Truffert et al. 2001). Several of the fault segments were
also considered as reactivated syn- to post- Pliocene or during the
Quaternary (see Jomard et al. 2017, and references therein). This
is not an unique case in Brittany: indeed, Quaternary activity was
also described in Crozon Peninsula where basement faults were re-
activated during Pleistocene palaeo-earthquakes (Van Vliet-Lanoë
et al. 2018). Reactivated faults during the Quaternary have been
debated close to the north of the Loire estuary, that is to the north of
our studied area (Fig. 3, Brault et al. 2001; Van Vliet-Lanoë et al.
2009). Some of these faults bound tertiary onshore and offshore
basins (e.g. Jaeger 1967; Delanoë 1988; Borne et al. 1991; Wyns
1991; Guillocheau et al. 2003; Bessin et al. 2015). The N110–
130◦ trending Machecoul Fault belongs to this fault’s family. It
bounds an extensive Holocene marshland, the Marais Breton, and
its marine extension the Baie de Bourgneuf basin ( Figs. 2 and 3).
Southward along the Atlantic coast, several Holocene low-lands
appear to be partly controlled by basement discontinuities trending
WNW–ESE such as the Marais Poitevin and the Perthuis Breton
basins and the Marais de Marennes – Rochefort-sur-Mer and the
Perthuis d’Antioche basins (Fig. 2, Wyns 1986). The Machecoul
Fault was formerly described as a “large littoral fault along the
[Baie de Bourgneuf northern] cliffs” (Gautier 1969), ‘showing a
rectilinear scarp of N110◦ general direction’ and was interpreted
as the southwestern boundary of a northeastward tilted basement
block (Ters et al. 1979a,1982; Sellier 2015). Faults in the regional
geological maps are deduced from morphostructures (lineaments)
and from cartographic evidences (e.g. basin/basement tectonic-type
contact). Major shear zones such as the SASZ may be interpreted
from the few available crustal-scale seismic lines (Bitri et al. 2010).

The basement of the Marais Breton and Baie de Bourgneuf area
crops on the footwall of the Machecoul Fault, and is mainly com-
posed of magmatic and metamorphic rocks of variscan age. A
very thin and local Cenozoic sedimentary cover locally overlays
it (Fig. 3). Variscan basement outcrops are also visible offshore in
the Loire estuary and in the northern and western parts of the Baie
de Bourgneuf (Fig. 3). Mesozoic sediments are almost absent from
the southern emerged part of the Armorican Massif but are locally
preserved onshore south of our study area (Barrois 1921; Durand
1960; Béchennec 2009, 2007). Eocene deposits are widespread on-
shore and offshore south of the Machecoul Fault (Fig. 3, Borne
et al. 1989) and Oligocene deposits are missing in the Marais

Breton (e.g. Delanoë 1988). Neogene formations are represented
by Miocene local deposits to the south of coastal Vendée while
sandy Pliocene deposits are widely presents in the vicinity of the
Marais Breton, and overlying the basement or the Eocene formations
(Fig. 3, Gautier 1962, 1969).

The Baie de Bourgneuf, south of the coastal estuary of the Loire
River, is partially closed southwestward by the Noirmoutier barrier
Island (Fig. 3). This bay was formed at the end of the last ice age
when the rising sea invaded low-lying coastal river valleys (Proust
et al. 2010). It is incised by current SE–NW oriented channels. The
extensive ancient fluvial network in the present day Loire River
estuary is known since Vanney (1964) and was mapped by Thinon
et al. (2008). Its sedimentary infilling was characterized by Proust
et al. (2010). The substratum of the valleys is composed of dis-
cordant Eocene sediments on top of the Variscan basement (e.g.
Delanoë et al. 1976; Huerta et al. 2010; Menier et al. 2014). The
sedimentary coastal wedge of the Loire River is non-uniformly pre-
served in the palaeovalley network and constitutes an exceptional
long-term record probably extending from late Bartonian to early
Pleistocene, including potentially several erosional events (Proust
et al. 2001; Menier et al. 2006a). The palaeovalley network and its
infilling in the Baie de Bourgneuf still need to be studied. How-
ever, it is known that the seafloor sediments composition is mostly
muddy (Delanoë et al. 1976) and coarse-grained around basement
rocky outcrops (Gouleau 1968; Lesueur & Klingébiel 1986). Geo-
logical evidences such as Variscan basement outcrops suggest that
the overall sediment thickness is small (Fig. 3).

3.2 Seismological setting

The Armorican Massif presents a diffuse seismic activity potentially
related to the local reactivation of inherited structures affecting the
basement. Together with this diffuse activity, local seismic clusters
were observed along the SASZ following moderate earthquakes
(e.g. Perrot et al. 2005). In addition to the 1799 earthquake, the
most damaging historical events of the Armorican Massif happened
in Ste-Maure-de-Touraine (15/02/1657), Loudun (06/10/1711) and
Parthenay (09/01/1772, I0 VII–VIII MSK-64 for both in Scotti et al.
2004). Two moderate events of the early 20th century (locally dam-
aging, I0 VII) were documented by both macroseismic observa-
tions and early instrumental records, the January 9th 1930 north of
Vannes, and the Quimper earthquake of 2 January 1959 (Mw 5.2
and 5.4, respectively, Cara et al. 2015). Since then, no earthquake
exceeded the intensity VI. Despite that, our knowledge of the local
seismicity has been considerably improved since the deployment of
the national seismological network in 1962. Since then, thousands
of small earthquakes were located all over Brittany, though more
densely along the SASZ at midcrustal depths. During this period, a
moderate but regular background instrumental seismic activity was
documented in the Marais Breton and vicinity, culminating with an
earthquake of Mw Si-Hex 4.1 in 1968 ( Figs. 2 and 3, red circle).
This event probably happened close to the historical earthquakes
of Bourgneuf-en-Retz (07/04/1767, I0 VI MSK-64 in Baumont &
Scotti 2011) or Bouin 1799. South of the SASZ, in a local tectonic
and sedimentary setting and a stress field probably similar to those
of the Marais Breton, three significant instrumental earthquakes af-
fected the coastal area from Nantes to Bordeaux (Oléron 1972 Mw

Si-Hex 5.0, Chantonnay 2001 Mw Si-Hex 3.7 and La Rochelle 2016
Mw Si-Hex 4.4, Fig. 2). Most of the events are characterized by focal
mechanisms ranging from pure/oblique extension to dextral strike-
slip (Nicolas et al. 1990; Mazabraud et al. 2005, 2013; Duverger
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et al. submitted; Mazzotti et al. submitted). The local orientation
of the stress field is primarily attributed to the Africa–Eurasia con-
vergence and the mid-Atlantic ridge push and/or to local variation
in rheology favouring stress perturbation (Mazabraud et al. 2005,
2013; Perrot et al. 2005). It is unclear if body forces associated to
glacio-isostatic adjustment (e.g. Nocquet 2012) play any role in the
stress field.

4 M E T H O D O L O G Y

The Machecoul Fault bounds an onshore-offshore basin, so we per-
formed a multidisciplinary analysis (Fig. 4). We analysed a Lidar
DEM (RGEALTI) using quantitative geomorphology and we ac-
quired new high resolution bathymetric data (Kaub et al. 2017) to
better describe the Machecoul Fault and to study if there is a re-
cent relief rejuvenation associated with the fault motion. We used
existing gravity data (BGI, http://bgi.obs-mip.fr/f r) combined with
a drilling database (BSS, BRGM, http://infoterre.brgm.fr/page/ban
que-sol-bss) and we led two new offshore seismic reflection sur-
veys (Le Roy et al. 2016; Kaub et al. 2017) in order to determine
the geometry and infilling, respectively, of the onshore and offshore
Marais Breton/Baie de Bourgneuf sedimentary basin. This analysis
was complemented by the deployment of a temporary seismological
survey dedicated to characterize the hypocentral locations and focal
mechanisms of the local seismicity at depth, below the fault sys-
tem in order to characterize the seismicity at depth and its eventual
relation with locked or seismogenic fault segments.

4.1 Marine surveys

We investigated the offshore fault segments geometry, and the sedi-
ment infilling in the Baie de Bourgneuf, using high-resolution low-
penetration offshore seismic data and high-resolution interferomet-
ric sonar bathymetry data. Those data were obtained during the
RETZ 1 (Le Roy et al. 2016) and RETZ 2 (Kaub et al. 2017)
campaigns operated on the French oceanographic launch Haliotis.

A total coverage of 40 km2 of high-resolution bathymetry data
along the presumed offshore extension of the fault was acquired
with a Geoswath interferometric sonar (Fig. 4). Bathymetric profiles
were processed (gain filter, tidal correction, false probes automatic
filtering and griding) using CARAIBES C©software (developed by
IFREMER). We then merged our 2 m planar resolution DEM with
a bathymetric DEM of similar resolution from the previous POP-
CORE 2016 cruise (Baltzer 2016).

A total of 700 km of high-resolution seismic profiles were ac-
quired using a single-channel (SIG C©) streamer and a SPARKER
source (Fig. 4). Data were recorded by a DELPH acquisition
system C©. Sub-bottom profiler (Chirp echo sounder) data were also
acquired simultaneously. Sparker seismic lines were processed us-
ing the software DELPH interpretation C©and Chirp seismic data
using the SUBOP C©software (developed by IFREMER). All seis-
mic lines were visualized, correlated and interpreted with the King-
dom Suite software (Seismic microtechnology INC C©). They are dis-
played in two-travel time in millisecond (ms). For the time-to-depth
conversion, a velocity of 1600 m s–1 was used for unconsolidated
sediment. The seismic data interpretations were done following the
seismic stratigraphy principles (Mitchum et al. 1977). Lithologic
and chronostratigraphic attributions of seismic units are based on
previous studies of the south-armorican platform (e.g. Delanoë et al.
1976; Menier 2004; Huerta et al. 2010; Proust et al. 2010). They
are mostly speculative because they could not be complemented by

appropriate in situ drilling. Four seismic units bounded by uncon-
formities were identified over the seismic basement and described
according their acoustic facies variability. They are assumed to cor-
respond to sedimentary deposits according the relative continuous
inner reflectors (see 5.2.2 section and appendix A for facies descrip-
tion and raw data). We identified locally the top of the rocky base-
ment characterized by chaotic seismic facies and a very irregular
top surface. The sedimentary thickness corresponding to Neogene
to Quaternary deposits was thus deducted from the time-to-depth
conversion of the whole seismic units located between the base-
ment and the seabed. The maximum penetration of seismic waves
is about 50 ms two-travel time and corresponds to a depth ranging
from 37.5 to 50 m assuming seismic velocities ranging from 1500
to 2000 m s–1 in unconsolidated sediments.

4.2 Drill holes and gravity onshore data

To extend the sediment infilling data set and to better constrain
the basin geometry, we used onshore gravity data from the Bureau
Gravimétrique International (BGI) and onshore drilling data from
the French national drill holes database (Banque du Sous-Sol –
BSS) both available online (Fig. 4).

We computed the complete Bouguer gravity anomaly from the
free air anomaly provided by the BGI (Fig. 4). Topography and
bathymetry were discretized in parallelepipeds of 90 and 100 m
wide, respectively. We assumed for the Bouguer correction a density
for the terrain and the seawater of 2670 and 1027 kg m–3, respec-
tively. The calculation of the gravity effect of each parallelepiped
was made with the Blakely (1995) method. We also used a gravity
modelling approach to study the thickness of the local infilling in
the vicinity of the Machecoul Fault.

In parallel, we selected 190 drill holes from the BSS database,
supplemented by geological cross-sections and/or simplified lithos-
tratigraphic columns along the wells. When this was possible, we
selected three key horizons corresponding to the top of the Palaeo-
zoic basement, the top of the Palaeogene formations and the ground
surface. From those data we inferred the Neogene to Quaternary
sediment thickness.

4.3 Seismological survey

We used the seismic bulletins and waveforms from two seismolog-
ical networks deployed from 2011 to 2015, VENDE and LRYON
networks (Fig. 4), respectively set up for a period of 20 months
between July 2011 and February 2013 and for 33 months between
March 2013 and December 2014. We additionally deployed for the
purpose of the study a network of 10 stations around the Baie de
Bourgneuf and the Marais Breton basins (MACHE network Fig. 4)
to conduct a micro-earthquake monitoring survey from January
2016 to October 2017 in order to locate and provide magnitudes
and focal mechanisms of local earthquakes in the vicinity of the
Machecoul Fault. We used REFTEK 130B-01/3 dataloggers and
short period Lennartz Le3D sensors with a lower cutoff frequency of
1 Hz (sampling rate: 125 Hz). Automatic detections of events were
processed by a standard STA/LTA (Short Term Average/Long-Term
Average, e.g. Allen 1978) trigger algorithm procedure for the whole
continuously recording raw data set. After extraction of waveforms
around detection time, events were read, picked and located within
the SEISAN software (Havskov & Ottemöller 1999). We picked
P and S first arrivals for 58 events around the Marais Breton and
computed hypocentre location using the locator HYPOCENTER
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Source of the M6 1799 Bouin earthquake 2041

Figure 4. Location map of our offshore–onshore surveys (the topographic shaded background corresponds to a digital terrain model from RGEALTI and
HOMONIM data bases). Seismic profiles acquired offshore in the Baie de Bourgneuf and Loire estuary during RETZ1 survey (Le Roy et al. 2016) and RETZ2
survey (Kaub et al. 2017) are in black and red lines, respectively. The 4 interpreted profiles presented in this paper are red and black bold lines. Areas with
bathymetric data (RETZ2, Kaub et al. 2017) along and across the fault scarp are blues boxes. Used BSS onshore drilling are blue circles. Seismological
MACHE network stations are pink triangles (10 stations). Onshore existing gravity data from BGI are small black dots. Figs. 5 and 7 frames are shown. MF:
Machecoul Fault.

(Lienert et al. 1986). We identified and excluded blast events and
regional/global earthquakes from our database. Velocity structure
is poorly determined in our study area, so we used the following 4
plane-layered (1-D) crustal velocity model in the location calcula-
tions: Vp = 5.9 km s−1 from 0 to 14 km depth, Vp = 6.5 km s−1 from
14 to 30 km depth and Vp = 8.0 km s−1 from 30 to 300 km depth.
The bottom of the model is a half-space layer with a velocity of Vp

= 8.5 km s−1. This model is based on the work of Arroucau (2006)
and Haugmard (2016) on the larger scale of the whole Armorican
Massif. Because of the limited extent of our network, the depth of
the Moho discontinuity is not decisive and mostly direct rays from
the hypocentre to the surface are considered (Pg and Sg phases). The
Vp/Vs ratio is assumed to be constant with a value of 1.72.

Coda magnitudes were calculated based on the signal-duration
formula of Lee et al. (1972). Local magnitudes (ML) were deter-
mined following the original Richter (1935) methodology from the
amplitude of the S wave, taking into account the simulation of a
Wood-Anderson seismograph generated thanks to the instrument
response processed from the PDCC C©3.8 software (Casey & DMC
2012) and computed using the Hutton & Boore (1987) formula.
First arrival polarities picked were highly uncertain for most of

the 58 micro-earthquakes recorded at the network. To determine
focal mechanisms, we focused on the 10 events located inside the
network, for which the azimutal gaps were the smallest (ranging
from 102◦ to 232◦). Fault plane solutions were produced using FP-
FIT (Reasenberg & Oppenheimer 1985) only for events with more
than six polarities which was the case for 8 of the 10 events inside
the network. We then used the resulting focal solutions in order to
determine a stress tensor solution using the inversion method of
Vavryčuk (2014).

4.4 Onshore geomorphological analysis

To investigate if the long-term Machecoul Fault activity could have
affected landscape morphology and hydrographic network, we per-
formed a geomorphological analysis with the RGEALTI 5 m DEM
of the studied area. We extracted automatically channel networks
using RiverTools software (Peckham 2003) from the DEM and
we produced an incision map of the region. We detected drainage
anomalies as stream deflections on the drainage network or knick-
points along the river longitudinal profile (e.g. Whipple & Tucker
1999). The incision map (or ‘geophysical relief’, Ahnert 1984)
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corresponds to the difference between an envelope surface (i.e. an
imaginary topographic surface tangent to the ridge crests, Bullard &
Lettis 1993) and the current topography (Small & Anderson 1998;
Brocklehurst & Whipple 2002; Burbank & Anderson 2011). We re-
constructed the envelope surface interpolating the high points and
the main interfluves of the DEM. The incision map yields minimum
values because undissected surface remnants are not present every-
where and interfluves are arbitrarily considered to be uneroded. To
better evaluate the incision of the escarpment fault, we realized a
swath profile of the footwall parallel to the Machecoul Fault and
we document the geometry of six catchments (A to F) distributed
alongside the fault trace.

5 R E S U LT S

5.1 Morphology of the Machecoul Fault system

The onshore topographic signature of the Machecoul Fault is a very
tenuous and highly anthropized (e.g. crosscutting roads, habitations,
marshlands) 20-km-long slope break. It separates the Marais Bre-
ton southward from the Pays de Retz relief to the north (Fig. 5a).
The relative height of the fault escarpment varies between 28 and
7 m (Fig. 5c, profiles n◦5 and n◦8, respectively). The morpholog-
ical trace diminishes gradually eastward (Fig. 5a, zone C). From
Préfailles to Machecoul city, we distinguish seven segments with a
N110◦ direction, except for a central segment forming a relay zone
between the linear sea cliff of Préfailles and the Marais Breton basin.
Their length ranges from 2.5 to 12.5 km. Onshore, the topographic
escarpment is locally well-expressed, especially in zone B where it
culminates at elevations above 30 m ( Figs. 5a and c in profile n◦5).
It decreases gradually eastward in the Marais Breton.

The onshore footwall morphology presents a perched and planar
horizontal surface with very homogeneous maximum altitude of
45 m and low values of incision (Fig. 5d). Localized incision are
globally related to minor streams draining the footwall and con-
nected to the Falleron stream (catchments A to F, Fig. 6a). The
hydrographic network organization is generally consistent with the
southward slope direction of the fault escarpment and the surround-
ing tectonic structures, except for the Tenu river. This epigenic
catchment flows northward through the Machecoul Fault escarp-
ment, and reflects the antecedence of the Tenu river. In the footwall,
the river incision is maximum but without any perturbation of its
longitudinal profile. Knickpoints along the river are located up-
ward or downward of the fault trace at confluences or lithological
boundaries (Fig. 6b).

In the foreshore area, the basement outcrops intermittently along
the shoreline ( Figs. 3 and 5a, zone A). Offshore, the extension of
the Machecoul Fault in the Baie de Bourgneuf is visible on both
the bathymetry and seismic profiles ( Figs. 5b, 7 and 8). On the
bathymetric profiles, we observed that the height of the escarpment
varies randomly laterally. It could be due to spatial variations of
rock roughness or marine erosion processes associated with tidal
currents ( Figs. 5a and b). We do not observe on the seismic pro-
files the assumed fault at the toe of the cliffs bounding the Baie de
Bougneuf to the north (Fig. 3). The shallow conditions of acqui-
sition did not allow to approach the cliffs enough. Westward the
Baie de Bourgneuf, it is clear on the seismic profiles that the fault
system is composed of two parallel escarpments in the vicinity of
the Pointe de Préfailles ( Figs. 5a and b, zone a and profiles n◦10
and n◦11, and Fig. 8 profile 12 002). The fault trace is discontinuous
and sinuous (Fig. 7), in some places strongly expressed up to the

seafloor (Fig. 5b profile n◦14) and in others no longer visible under
the recent current sedimentary cover (Fig. 5b profile n◦15). The
substratum morphology delineates channels organized in linear and
longitudinal networks following the NW–SE trending fault scarps.
The more visible offshore segment is about 7.5 km long ( Figs. 5a
zone a and 7 zone A).

5.2 Basin geometry and infilling regarding the Machecoul
Fault

Both onshore and offshore sedimentary basins at the hangingwall
of the Machecoul Fault system were studied through geological
maps, gravity and drilling data, and seismic reflection profiles. We
determined their geometry and the characteristics of their infilling
to evaluate the timing and the amplitude of the potential control of
the Machecoul Fault on the sedimentation.

5.2.1 The Marais Breton basin

Some large regional structures are identifiable in the Bouguer
anomaly map (Fig. 9 A). The most negative anomalies are located
in the vicinity of Nantes along the SASZ (–25 mGal) and the most
positive ones along the accident of Les Essarts (25 mGal). In the
Marais Breton, the Bouguer anomaly values are quite homogeneous,
between –5 and 5 mGal. The trace of the Machecoul Fault is clearly
visible, especially in the west part of the Marais Breton (Fig. 9b).
The negative anomaly (–5 mGal) south of the fault is linked to
the sedimentary basin and the contrasting more positive one (1–4
mGal) to the north is associated with the presence of the meta-
morphic basement (Fig. 2, meta-ignimbrites and micaschists with a
density around 2.74, e.g. Gebelin et al. 2004). East of the Machecoul
Fault, the strongly positive anomaly can be linked to gneissic unit.
The lack of data in the Baie de Bourgneuf prevents any detailed in-
terpretation because of artifacts created by the interpolation. Even
if the signal is very weak (±5 mGal Bouguer anomaly), there is a
good correlation with the overall sediment thickness deduced from
the depth of top of the crystalline basement found in the BSS drill-
holes at 41 m depth to the north of the Marais Breton (see Appendix
Fig. B1 for gravity modelling).

According to the BSS drill-holes data and as expected, there is
no evidence of Mesozoic, Oligocene and Miocene deposits in the
Marais Breton. The Eocene deposits are overlying the crystalline
basement and sediments above them are thus considered as Plio-
Quaternary in age. These young sediments are poorly represented or
non-existent on the Machecoul Fault footwall and their distribution
is heterogeneous on the hangingwall (Fig. 10). We then estimate
that their thickness reach a maximum of 20 m along the fault in the
littoral zone. In spite of the lack of drill-holes data in the eastward
Marais Breton, we can assume that their overall thickness increases
both toward the Machecoul Fault and seaward, as Eocene deposits
crop out near Machecoul city (Fig. 3).

5.2.2 The Baie de Bourgneuf Basin

Offshore, the northern boundary of the Baie de Bourgneuf basin
consists of the coast cliffs. In the vicinity of our high-resolution
bathymetry data boxes (Fig. 5a), the superficial marine sediments
mostly consist in fine to coarse sands with some muddy areas
(Lesueur & Klingébiel 1986). The sedimentary distribution around
all the rocky relief is highlighted by tidal currents channeling and
sediments accumulation as sandy banner bank (Fig. 7 zone B, Dyer
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Source of the M6 1799 Bouin earthquake 2043

Figure 5. (a) Visualization of the fault from shading existing data (RGEALTI 5 m resolution and HOMONIM 100 m resolution respectively, frame on Fig. 4.).
The new high resolution bathymetric data acquired during RETZ2 cruise (blue framed, Kaub et al. 2017) in the following Fig. 7. Machecoul Fault system
(red): slope rupture and marked relief delimiting the structure (solid lines), supposed westward extension of the fault along a less marked topographic scarp
(dotted lines). (b and c) Plots of bathymetric profiles 10–16 and topographic profiles 1–9 located on the map on (a). Coloured arrows correspond to the
location of the morphological escarpment of the Machecoul Fault on each profile. (d) Swath profiles of the Machecoul Fault footwall relief (pink area on the
map). For each point within the swath, minimum (green) and maximum (red) values of elevation along-strike the swath profile are plotted as a function of
distance.

& Huntley 1999). Differentiation of the sedimentary facies is limited
by the absence of samples and particle size analysis, but 4 seismic
units could however be distinguished. We hereafter present a selec-
tion of four interpreted seismic profiles representing the variability
of our observations from the east part of the Baie de Bourgneuf to the
Loire estuary west of our study area (Fig. 8, see Appendix Fig. A3
for facies table description and Figs. A1 and A2 for Sparker and
Chirp raw data). The seismic units are chronologically described
from the oldest (Us1) to the youngest (U4).

The undifferentiated substratum (Us) is composed of two faulted
and deformed seismic units (Us1 and Us2). Its top is incised and
delineates the base of a palaeovalleys network (Proust et al. 2010).
The Us1 basal unit forms the base of almost all the seismic profiles
but it is discontinuous. Its inner structure is masked by seafloor
reflector multiples. Its upper limit is not strongly marked. It displays
a chaotic seismic facies with some steeply inclined reflectors. This
unit that locally outcrops at the seabed, is mapped, and corresponds
to the magmatic and metamorphic rocks of the South Armorican
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Figure 6. (a) Incision map, hydrographic network with main catchments (black dashed lines) and catchments draining the morphological scarp of the Machecoul
Fault (grey, a to f from west to east, see also insert map), Machecoul Fault (red). (b) Long profile of Tenu river.

basement. The Us2 unit is limited in its lower part by a truncation
surface and flattens the topography by filling the crystalline
basement (Us1) depressions (Proust et al. 2010). Its top is cut by
an erosional surface that delimits the palaeovalleys. It is interpreted
as corresponding to the Eocene sandstone-limestone formations,
already identified in neighboring areas by Delanoë et al. (1976);
Menier et al. (2006b) and Proust et al. (2010). This unit presents lat-
erally a high facies variability, allowing the individualization of two
seismic sub-units Us2a and Us2b. The Us2a facies is characterized
by chaotic stratification with very low continuity, low frequency
reflectors and low to very low amplitudes. This acoustic facies is
sometimes transparent. It could be associated with sandstone and
terrigenous shell sandstone of Ypresian age (early Eocene, Proust
et al. 2010). The Us2b facies has a more regular and subhorizontal
stratification with low frequency reflectors. The amplitude varies
vertically, being stronger in the upper part than in the lower part.
This unit is observed mostly faulted, and by place slightly folded
(Borne 1986; Proust et al. 2001). It could correspond to the bioclas-
tic limestones and sandy limestones of Lutetian and Bartonian ages

(Proust et al. 2010). Our marine dataset does not make easy the
differentiation between Eocene formations and Palaeozoic base-
ment on every profile. However, the boundary between these two
formations and the Plio-Quaternary units is assumed to correspond
to a regional reflector, defined as the top of the undifferentiated sub-
stratum and identified on most profiles. The determination of lower
units geometry and axial incision depth of palaeovalleys filled by
Plio-Quaternary deposits was restricted by the limited penetration
of the seismic waves and the presence of a local deaf acoustic
facies. Following Thinon et al. (2007), we interpret this acoustic
mask caused by the presence of biogenic gas in muddy sediments.

5.2.3 Palaeovalley network and possible syn-tectonic infilling

According to the seismic data, all the segments of the Machecoul
Fault system are southwest dipping normal faults with an appar-
ent subsidence of the hangingwall ( Figs. 5, 7 and 8). It was not
possible to determine the accurate dips for all the fault planes (e.g.
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Source of the M6 1799 Bouin earthquake 2045

Figure 7. Top panel: morphobathymetric map from high resolution bathymetric data acquired during RETZ2 cruse (Kaub et al. 2017), merged with POPCORE
(Baltzer 2016) data (see text for zones A, B and C descriptions). Frame on Fig. 4. Bottom panel: 3-D view of the main high resolution bathymetric surveyed
area (RETZ 2 zone a) using GMT.

on the seismic reflection data because of deaf acoustic facies) but
we estimate that the average offshore apparent dip is around 60◦ to
the southwest. On either side of the offshore fault escarpment, the
geometry of Us1 top reflector suggests that both walls of the fault
are tilted (Fig. 8). On the RETZ2 44 profile (Fig. 8), the hanging-
wall bedrock facies (Us2b) probably corresponds to Lutetian and
Bartonian limestones.

The palaeovalley network is deeply incised into the Palaeozoic
(Us1) and the Eocene (Us2 a and b) basement, reaching up 40 m
deep below sea level in the Baie de Bourgneuf (Fig. 8, profile 9
002). The palaeovalley infilling corresponds to the seismic unit U3
and is composed of several incision/filling episodes. Nevertheless, a
regional erosive unconformity allows distinguishing two sub-units

U3a and U3b. The U3a unit corresponds to wavy subhorizontal to
oblique moderatly continuous reflectors and the U3b unit to contin-
uous reflectors with tangential oblique geometry alternating with
local slightly transparent-chaotic seismic facies. The diversity of
U3a and U3b units facies probably reflects a combination of con-
tinental and marine depositional environments. Nonetheless, the
tangential-oblique geometry of the U3b unit is quite representa-
tive of meander bars or tidal bars which gradually fill preserved
valleys during marine flooding stage. Similar facies are well docu-
mented in other tidal dominated environments in South Armorican
continental shelf (e.g. Traini et al. 2013; Gregoire 2016). An upper-
most seismic unit U4 is observable on almost all profiles. It seals
all the underlying formations by resting on a relative regularly flat
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Figure 8. Representative sample of interpreted seismic profiles of RETZ1 and 2 cruises (Le Roy et al. 2016; Kaub et al. 2017), with a 10-times vertical
exaggeration (see Fig. 4 for profiles location and appendices Figs. A1 and A2 for raw data, and appendix Fig. A3 for seismic facies description).

surface extending over the palaeovalleys shoulders topography. Its
top corresponds to the current seabed. This subhorizontal unit con-
sists of several acoustic facies according to its thickness, ranging
from a thin drape whose internal reflectors are masked by the thick-
ness of the bottom signal (Proust et al. 2010), to a large thickness
of horizontal continuous and subparallel reflectors.

Two mean generations of incisions are preserved in the sedi-
mentary record at the base of the U3a and U3b units. The large
amplitude of the erosional unconformity separating the U3a and
U3b units is assumed to correspond to the Last Glacial Maximum
incision (20 ka) as suggested by Proust et al. (2010) for the nearby
Loire system and thus interpreted as the result of fluvial incision
during sea level drop. These chronostratigraphic attributions sug-
gest that deposits corresponding to the U3a seismic unit are prior
to 20 ka and thus that two—or possibly more—Quaternary four
order depositional sequences could thus be preserved locally within
the Baie de Bourgneuf palaeovalleys network. Anyway, the deposits
corresponding to the U3b unit are thus assumed to mostly corre-
spond to Holocene transgressive system track setting during the last
sea-level rise. It records some sedimentary structures as channel
bars, characteristic of a tidal and/or wave-related dynamics with
local ravinement surfaces and or lateral accretion geometries (see
Section 5.1 for discussion). Correlatively, the U4 seismic unit is
assumed to correspond to the recent and present marine deposi-
tional environment with a flat layered sedimentation related to the
Holocene sea level stabilization.

The undifferentiated seismic basement appears affected by the
Machecoul Fault system (Fig. 7). The top of the undifferentiated
unit reaches up locally more than 55 m deep below sea level in
the Baie de Bourgneuf. However, to the south-west of the Baie de
Bourgneuf, it crops out through the northern part of the Noirmoutier
island. The onshore drilling data on the island attests to a thin rem-
nant (less than 5 m) Mezosoic deposits overlaid by about 50 m of
Eocene deposits. Further west the top of the undifferentiated seismic
basement grades from 40 m deep into the palaeovalley network to
20 or 10 m deep southeastward close to the coastline of the Baie de
Bourgneuf (between 10 and 20 m deep). The palaeovalleys incision
is large and deeper (up to 55 m deep) in areas where the Machecoul
Fault escarpment is well-expressed and the Us1 basement unit well

constrained by outcrops at the seafloor along the hangingwall of the
fault (off Pointe de Préfailles). Our marine dataset thus shows that
the Plio-Quaternary sediments are thicker at the bottom of the fault
escarpment along the two parallel normal and south-dipping faults
of the Machecoul Fault offshore system (Fig. 10). The offshore
Plio-Quaternary infilling thickness, deduced from the mapping of
the top of the undifferentiated substratum horizon, appears hetero-
geneous in the Baie de Bourgneuf (Fig. 10). This deposit increases
in thickness westward (up to 25 m of Plio-Quaternary sediments
in the main valleys). According to these results, the deposition of
these units appears to be controlled by the southern escarpment of
the Machecoul Fault (Fig. 10 and see Section 5.1 for discussion).

5.3 Microseismicity distribution and focal mechanisms

A total of 244 local earthquakes were located along coastal Vendée
from 2011 to 2017 using the 3 successive networks described in
Section 4.3. Among them, 50 events hypocentres were determined
in our area of interest by the VENDE network. In April 2012, a
swarm of events was located beneath the Marais Breton basin in
the Challans region (Fig. 11a). Most of the hypocentral depths were
estimated between 23.5 and 24.8 km. This has to be considered
with caution as those events were associated with very large az-
imuthal gaps (from 270◦ to 331◦, see electronic supplements for
catalogue). The 30 events of this swarm occurred within 17 d. All
are relatively small, their coda magnitudes ranging from 1.5 to 2.2.
Those events are not organized into a main shock–afterschock se-
quence. Indeed, the largest event of the series occurred on 28 April
2012, in the middle of the series. This swarm, located at the vicin-
ity of the Machecoul Fault, motivated the redeployment of further
networks (see Section 4.3). We located 58 local earthquakes be-
tween March 2016 and October 2017 from the tighten MACHE
network, optimized to get small magnitude signals from the Baie
de Bourgneuf/Marais Breton area ( Figs. 4 and 11a).

The mean absolute location errors are ±4.5 km in latitude,
±7.2 km in longitude and ±7.6 km in depth (without outliers on
depths). Errors are larger in longitude than in latitude because most
of the earthquakes are located outside of the network and/or along an
east-west trend (Fig. 11a). Besides, Havskov & Ottemöller (1999)
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Source of the M6 1799 Bouin earthquake 2047

Figure 9. (a) Map of complete Bouguer anomaly interpolation calculated from the free air anomaly provided by the BGI around coastal Vendée with an adapted
colour-scale and location of the zoomed map. (B) Zoomed map around the Machecoul Fault. A slight white mask is applied to the offshore interpolation,
considering the lack of data. Small black circles are gravity data points from BGI, big black circles are drill-holes from BSS used in this study. MF: Machecoul
Fault. EA: Les Essarts Accident.

estimated that most stations have to be closer to the epicentre than
two times the depth value to get a reliable hypocentral depth, which
is not the case for the MACHE network because of its small extent
(see electronic supplements for uncertainties). The 58 earthquakes
were attributed coda magnitudes between 0.5 and 3.2 and local

magnitude between 0.3 and 3. We estimate the completeness mag-
nitude of the MACHE network probably around ML = 1.

Among the 58 earthquakes located, only ten fall within the
network. The epicentres distribution is diffuse and widespread.
However, the projection of the hypocentres on cross sections normal
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Figure 10. Neogene to quaternary sedimentary thickness obtained from onshore drill-holes data (BSS) and seismic profiles from RETZ1 and RETZ2 cruses
(Le Roy et al. 2016; Kaub et al. 2017).

to the fault system show that most of the seismic activity could be
located in the vicinity of the Machecoul Fault system (Fig. 11c). The
deepest hypocentre fall around 30 km below the surface, revealing
an unusually deep seismic activity. The hypocentres depth distri-
bution (Fig. 11c) is bifid: a first maximum between 5 and 15 km
depth, and a deeper one at about 20–25 km depth. The focal mech-
anisms that are determined for the eight events with the smallest
azimuthal gap and best polarities fall into two regimes: either strike-
slip with plane solution E–W or N–S and a strong dip angle (n◦46
and 53, Fig. 11b), or a NE–SW extensional regime in the Marais
Breton (e.g. n◦23, Fig. 11b and electronic supplements for focal so-
lutions). The NE–SW extensional orientation is consistent with the
delineation of the Marais Breton and Baie de Bourgneuf basin, south
of the WNW–ESE slope break of the Machecoul Fault and associ-
ated fault system. Focal solutions in the central zone of the Marais
Breton basin could be connected to a microseismic activity on an-
tithetic faults of the Machecoul Fault in the basin. The recorded
seismicity at the Machecoul Fault footwall could be connected to

the accident of Les Essarts, a fault supposed to dip southwest-
ward (Fig. 11). We interpret a possible flattening of the fault with
depth from the hypocentres distribution. Interpretation of the ‘Ar-
mor 2 South’ deep seismic reflection line suggests the existence
of subhorizontal shear zones at several depth levels beneath the
studied area, the most evident one being at 10–12 km (Bitri et al.
2010). Those possible decoupling levels, probably bounding the
main thrust units from the inner variscan belt south of the SASZ,
are shallower than the depth of our recorded seismicity. However,
the same data also image deeper flat-lying levels, notably around
20 km. Admittedly, our seismic database is not enough substantial
nor constrained to go further in this interpretation. The stress inver-
sion from the 8 focal solutions results into a dextral–transtensional
to extensional regime. The σ 3 direction is relatively well constrained
with a small plunge (N35–N50, 15◦–30◦) and σ 1 and σ 2 are oblique
and distributed along a plane normal to σ 3. This may illustrate a ten-
dency for σ 1 and σ 2 permutation (see Appendix Fig. C1 for stress
inversion).
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Source of the M6 1799 Bouin earthquake 2049

Figure 11. (a) Spatial distribution of earthquakes collected between 2011 July and 2017 October in the Marais Breton and Baie de Bourgneuf area (error in
depth equal or less than 10 km). Colours represent catalogues of the three different networks (location of stations are represent on the onset map: VENDE
network (green), LRYON network (blue) and MACHE network (pink); see electronic supplement for catalogue and uncertainties). MF: Machecoul Fault. NF:
Noirmoutier Fault. EA: Les Essarts Accident. (b) Representation of the eight focal mechanisms determined for internal events of the MACHE (2016–2017)
network. Colours depending on quality (A black, B orange, C red, see electronic supplement for focal solutions). (c) Cross section normal to the surface
expression of the Machecoul Fault. Hypocentres in a 10 km wide area on both sides of the cross-section are projected with error bars (depth and epicentral
location, see electronic supplement for catalogue and uncertainties).

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/225/3/2035/6149459 by Ifrem

er, Bibliothèque La Pérouse user on 30 M
arch 2021



2050 C. Kaub et al.

6 D I S C U S S I O N

6.1 Machecoul Fault Neogene activity

We provide evidences of the Plio-Quaternary activity of the
Machecoul Fault based on (i) the recent and probably Pliocene
incision of the Machecoul Fault footwall relief and (ii) the Plio-
Quaternary depocentres distribution onshore and offshore.

The homogeneous relief of the Machecoul Fault footwall might
be a Pliocene preserved abrasion surface because of its 45 m alti-
tude in agreement with sea level curve of this geologic time period
(Fig. 5d, Barbaroux et al. 1983; Haq et al. 1987). The low values
of incision of the footwall could either indicate a recent incision,
supporting the interpretation of a Pliocene preserved palaeosurface
(e.g. Telbisz et al. 2013), or very low activity rates of the Machecoul
Fault (Fig. 6a). However, this abrasion surface is not observed in
the hangingwall. Eocene deposits locally preserved in small basins
in the footwall (Fig. 3, north of La Bernerie-en-Retz), could in-
dicate an infilling of partly inherited depressions (e.g. Guillocheau
et al. 2003). Considering the absence of Miocene deposits in coastal
Vendée, we interpret the Machecoul Fault Neogene activity from the
Plio-Quaternary depocentres distribution. As detailed hereafter, this
infilling is not homogeneous and present onshore a maximum thick-
ness of 25 m along the fault, suggesting a link to the Machecoul
Fault system (Fig. 10). Offshore, those deposits are preserved in
the Machecoul Fault fault controlled palaeovalley system but their
potential syntectonic character needs to be examined.

Onshore, the few exploitable drill-holes in the Marais Breton
limit the determination of the full basin geometry and infilling. The
top of the basement cannot be considered as an isochronous palaeo-
surface, but provides information on the maximum depth of erosion
prior to sedimentary filling, which corresponds to the basin geom-
etry. The Plio-Quaternary deposits distribution is heterogeneously
constrained (Fig. 10) but the sediment pile appears to be thicker to-
ward the west both in the Marais Breton and the Baie de Bourgneuf.
This could indicate in both cases a westward-increasing syn-tectonic
subsidence of the hangingwall along the related Machecoul Fault
segments.

In the vicinity of the Machecoul Fault, river incisions in the land-
scape potentially result from several erosional events of a ‘smooth’
Mio-Pliocene palaeotopography (Brault et al. 2004), integrated on
the long term, probably since the late Eocene to the early Pleis-
tocene. The strong incision of the main epigenic Tenu river of the
area without any perturbation of the longitudinal river profile indi-
cates the antecedence of the Tenu river from the fault escarpment
and that erosion rate balance the uplift rate associated with a tectonic
activity of the Machecoul Fault (Snyder et al. 2000; Montgomery
& Brandon 2002).

In the offshore part (Baie de Bourgneuf), thanks to the dense
coverage of our seismic reflection data, the palaeovalley system and
the Plio-Quaternary thickness are better mapped. In the same way
to other studies along the Atlantic coast, the Baie de Bourgneuf
bedrock morphology is expected to influence the current sedimen-
tary dynamics of surface formations and the formation of sedi-
mentary patterns at shallow depths, with the effect of local hydro-
dynamic agents (swell, waves, tide, e.g. Cattaneo & Steel 2003;
Chaumillon et al. 2008, 2010; Tessier 2012). Even if the palaeo-
valley morphology of the Baie de Bourgneuf is ancient, both its
position and morphology appear to be strongly controlled by the
bedrock lithology and tectonics, especially for the Machecoul Fault.
The most significant surface erosion at the top of the undifferenti-
ated substratum unit, affected by several faults and most probably

Eocene in age, can be interpreted as the result of the combination
of regional tectonic activity and fluvial incision (e.g. Proust et al.
2001). The absence of deposits at the footwall which is only consti-
tuted by the rocky substratum suggests that the recent deformation
is observable only on the hangingwall. The seismic reflectors of the
U3a unit show a fan geometry with a thickening close to the fault
escarpment. The superficial deposits (e.g. U3b unit) show progra-
dations which could be linked to the tidal banks setting up in the
channelized area of the Baie de Bourgneuf due to the scarp ori-
entation (‘rocky-coast valley-fill’ model, Chaumillon et al. 2008).
This suggest that the deposits were not necessarily initially horizon-
tal and does not guarantee the tectonic origin of the tilting. These
tidal structures could be associated with steeply inclined reflectors
of limited lateral extension, locally preserved on the hangingwall
against the Machecoul Fault scarp (Fig. 8 profiles RETZ2 44, 76
and RETZ1 12 002). The wedge-shaped geometry of the U4 unit
and its location in the Pierre Channel lead to interpret this unit as a
tidal bar induced by the accentuation of the tidal currents due to the
constriction of the channel (Fig. 7). This unit developed by lateral
accretion from the fault plane and filled up partially the channel.
Consequently, a significant part of the deposits corresponding to
U4 unit are against the Machecoul fault scarp and not affected by
the fault (Fig. 8 profile RETZ2 76). Locally, when the channel gets
wider, the upper part of U4 unit displays extended subhorizontal
reflectors sealing the fault (Fig. 8 profile RETZ2 44).

However the deepest reflectors (e.g. U3a unit) showing a low
angle dip and a wide lateral extent suggest that there is not solely
a tidal origin and could imply a tilting that may have be recorded
during the establishment of several sequences (Fig. 8, main palaeo-
valley on the profile RETZ2 44). The setting up duration of these
sequences is not well constrained. Some erosional surfaces (as the
latest limiting the superficial unit) could be interpreted as a tidal
ravinement surface concomitant with the last transgression without
being sequence limits associated with a sea-level fall. Neverthe-
less, the comparison of these structures from the Baie de Bourgneuf
with studies from the Loire estuary suggests that those sequences
could be assimilated as fourth order sequences associated with 100
ka glacial-interglacial cycles (Proust et al. 2010). The preservation
of several depositional sequences is quite rare within palaeovalleys
networks previously studied along the Atlantic and Channel proxi-
mal continental shelves (Chaumillon et al. 2010). It implies a fault
motion during several sequences, at least during the last 200 ka, and
allowing the preservation of deposits by significant tectonic sub-
sidence. Moreover, other fault controlled Cenozoic shallow basins
and channel systems were also imaged by seismic in the Channel
as in the Ecrehous basin (Estournes 2011), along the Dover straight
(Garcia Moreno 2017), in the Hurd Deep or Western Approaches
(Lericolais 1997; Le Roy et al. 2011) or Baie of Concarneau in
South Britanny (Menier 2004). Nevertheless, evidence of Quater-
nary tectonics remains difficult for all these systems and potential
fault offsets remain mostly below the metric resolution of the single-
channel seismic-reflection data. The syn-tectonic potential of the
tilted sedimentary record against the Machecoul Fault is limited by
the resolution of our seismic reflection data.

Numerous previous studies along the inner continental shelves
of French Atlantic and Channel have shown that preservation of
sediment bodies in palaeovalley fills are mainly controlled by tidal
hydrodynamics amplified by local constrictions of the incised val-
leys (Chaumillon et al. 2010). Thus, despite the combination of
several complementary data and methods, none of the approaches
definitively attests or discriminates the tectonic origin of the Plio-
Quaternary infilling of the Marais Breton and Baie de Bourgneuf.
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6.2 Machecoul Fault present-day activity

Since 2011, the earthquakes located in the vicinity of the Machecoul
Fault show no spatio-temporal organizations, except for the Chal-
lans swarm (2012). The Marais Breton seismicity is then conform
to the diffuse Massif Armoricain seismicity. However, the event
depth ranging from 5 to 30 km were unexpected in this area. In the
Armorican Massif, lithological crustal heterogeneities inducing rhe-
ological anisotropy may affect seismicity distribution (Mazabraud
2004; Arroucau 2006). In the Marais Breton, most of the events
are located in between 12 and 15 km, that is within the expected
seismogenic upper crust (Mazabraud et al. 2005; Perrot et al. 2005)
but part of the 2012 Challans swarm and of our new recorded addi-
tional events are on average as deep as 24.2 ± 2.3 km deep and 26.3
± 7.2 km deep, respectively. The maximum depth of earthquakes
has long been be used to constrain the seismogenic thickness of
the upper part of the lithosphere (e.g. Meissner & Strehlau 1982).
It is a good indicator of the brittle–ductile transition which may,
in turn, give insight into the geothermal gradient in the crust (e.g.
Sibson 1982; Lamontagne & Ranalli 1996; Albaric 2009). The seis-
mogenic thickness can reciprocally be roughly estimated from the
geotherm (e.g. Vigneresse et al. 1988). Considering the low surface
heat flow measured in coastal Vendée (<50 mW m–2, Jolivet et al.
1989) and a crust thickness around 30 km (e.g. Grad et al. 2009),
a temperature of 300 ◦C could be reached between 15 and 25 km
depth (Vigneresse et al. 1988), the upper bound of quartz disloca-
tion creep (e.g. Sibson 1982). Such temperature is consistent with a
brittle lower crust and thus with the around 25 km focal depths ob-
tained in our study. The coastal Vendée seismogenic crust appears
to be thicker than in the whole Armorican Massif, at least locally in
the Marais Breton. Our focal solutions being not well-constrained
partly because of the poor azimuthal coverage of the stations in
the Armorican Massif, the extensional and strike-slip solutions are
usually equiprobable. Furthermore, while nodal directions are com-
patibles, our events have small magnitudes, so are therefore difficult
to link with surface trends and major crustal faults as the Machecoul
Fault or the Les Essarts accident. Neotectonic structures have been
described in western Vendée and associated with a quaternary ex-
tensive tectonic activity of the Machecoul Fault (Baize et al. 2002).
Among them, we measured a set of small-scale tension-shear joints
and dip-slip normal faults (see Fig. 3 and Appendix Fig. D1) which
were previously described by Baize et al. (2002). Those syn- or
post-sedimentary small structures affect units of pebbles of uncon-
strained Pliocene to Quaternary age at the footwall of the MF, along
the cliffs NW of La Bernerie-en-Retz ( Figs. 3 and D1). Those minor
faults, parallel to the offshore Machecoul Fault, are mechanically
compatible with the overall trend of σ 3 given by the inversion of the
focal mechanism (see Appendix Fig. C1). Although we only could
extract eight focal solutions, the minimum subhorizontal stress we
computed (σ 3 striking ∼N30–N45, Fig. C1) is in good agreement
with previous regional study (Nicolas et al. 1990; Mazabraud et al.
2005).

6.3 Could the Machecoul Fault system generate the Bouin
1799 event?

Limasset et al. (1992) proposed that the 1799 seismic rupture would
be associated with an assumed extension to the east of the Noir-
moutier fault, which is located west of the Marais Breton/Baie de
Bourgneuf basin. This extension of the fault seems unlikely given
the surface and subsurface geology of the area. Moreover, the Noir-
moutier Fault is dipping southwest. An hypocentre on this fault, at

the brittle–ductile transition would lead to an epicentre significantly
south of the Noirmoutier Fault trace (i.e. much farther the epicentre
area as determined by Baumont & Scotti 2011). This is unlikely
given the absence of accounts of high macroseismic intensities fur-
ther kilometers south of the Noirmoutier Fault. We therefore favour
instead a scenario involving the rupture of the Machecoul Fault.
Indeed, this scenario would be consistent with the occurrence of a
precursor felt only at Machecoul, in the vicinity of the eponymous
fault a few hours before the main shock. In addition, several geo-
logical indices, including neotectonic structures (Baize et al. 2002)
and the thicker Plio-Quaternary deposits at the toe of its escarp-
ment, as well as the presence of a mid-crustal seismicity suggest
that the Machecoul Fault could be active. All of these arguments
lead us to propose the Machecoul Fault to be at the origin of the
1799 Vendée earthquake. The magnitude previously associated with
the 1799 earthquake from Mw 5.41 to 6.64 are values compatible
with rupture of fault segments of about 5–15 km length. Our work
shows that some of the Machecoul Fault segments lengths (which
range from 2 to 15 km length) are consistent with the occurrence
of a magnitude 6 earthquake. As discussed earlier, a brittle–ductile
transition at depths around 20–25 km in the fault vicinity is possi-
ble. Such depth is both consistent with those of the microseismicity
and of the 1799 macroseismic field (Baumont & Scotti 2011). An
earthquake nucleating at ∼20–25 km on a 60◦ dipping normal fault
and breaking the surface would rupture a very large fault surface
(given the aspect ratio of a rupture zone in Wells & Coppersmith
1994). Only the scenarios associated with the largest magnitude for
the event are likely to propagate a rupture up to the surface. The
probability that the 1799 earthquake ruptured the surface along one
of the fault segments of the Marais Breton is therefore low. How-
ever the existence, both onshore and offshore, of a decametric-scale
scarp and the possibility that the Machecoul Fault was active since
several million years could indicate that past earthquakes of larger
magnitudes or shallower depths occurred in the past probably with
very large inter-seismic periods.

Indeed, assuming that the sediment deposition along the fault
exactly compensates the depositional space created by the fault ac-
tivity during the Plio-Quaternary, we obtain a cumulative vertical
displacement between 20 and 25 m (for onshore and offshore esti-
mates respectively). This yields a vertical slip rate between 0.005
and 0.01 mm yr−1, depending on the age of the base of the Pliocene
considered (5–2.5Ma). Considering a fault dip around 60◦, the ex-
tension and slip rates fall in similar value ranges. M5+ (or M6+)
earthquakes accommodating 10 cm (or 1 m) of coseismic slip on
a given Machecoul fault segment may then have a recurrence of
10 000 (or 100 000) yr. These results are based on the initial hy-
pothesis, rather conservative given the significant transgressions
and regressions that happened in the region since the Pliocene.
However, the values we obtain are roughly compatible with the
present N–S extension rates for eastern Brittany estimated after two
decades of geodetic measurements at 0.3–0.7×10–9 yr−1, a value
still associated with relatively high uncertainties, requiring that the
slip on the fault do not exceed 0.1 mm yr−1 (Masson et al. 2019).

The seismogenic potential of the faults in metropolitan France is
still associated to very large epistemic uncertainties. In most SHA
study, the instrumental and historical seismicity remains associated
to large seismotectonic zones (e.g. Marin et al. 2004; Drouet et al.
2020) where the individual faults are rarely taken into account. It
is particularly true along the western coast of France, where the
active fault potential is difficult to evaluate (e.g. Baize et al. 2013;
Jomard et al. 2017). Despite remaining uncertainties about an elu-
sive surface rupture on the Machecoul Fault, following some early
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propositions by Baize et al. (2013) and Jomard et al. (2017), our
study documents new arguments suggesting that this fault is a likely
source for the 1799 earthquake, but it still lacks direct offset mea-
surements and a potential to estimate accurate slip rates. Further
studies, involving subsurface geophysics, neotectonics and palaeo-
seismological surveys are required in order to eventually demon-
strate the relation between the fault and earthquake, as well as to
quantify the rate of slip along the fault and the return period of the
surface rupturing.

7 C O N C LU S I O N

This study is a first tentative effort to document the geology and the
geomorphology in the vicinity of the epicentre of the 1799 damaging
historical Vendée earthquake in western France with a pluridisci-
plinary approach in order to better estimate the seismic hazard in this
region. We provided various data set of marine geophysics (40 km2

of high-resolution bathymetry data and more than 700 km of seis-
mic reflection profiles acquired simultaneously with single-channel
streamer and sub-bottom profiler) and seismology (temporary mi-
croseismicity experiment) jointly analyzed with pre-existing data to
benefit from a better knowledge of the coastal Vendée geology and
tectonic activity.

We tried to highlight the fault activity on a broad timescale cou-
pling historical and instrumental seismicity with geological set-
ting and long term evolution (studying basins with drilling, seis-
mic, gravity and morphotectonics). Holocene activity along the
Machecoul Fault trace can not be firmly demonstrated but the new
data obtained in the framework of this study are far from being
contradictory with this interpretation, all the more so as we have
highlighted a seismic activity of the Machecoul Fault at depth. To
better understand the local seismicity, there is a need for larger
events than those recorded these last few years, with better con-
strained focal solutions and magnitudes compatible with not only
fracturation but fault surface rupture. Thus, given the low seismic-
ity rates, we have continued to monitor the local seismicity with
our dedicated seismological network. Besides, further investiga-
tions should be carried out in the vicinity of the Machecoul Fault
like offshore infilling dating to constrains the age of the deposits
and better estimate the deformation rates, and near-surface onshore
geophysical survey to better constrain the fault and basin geometry
as well as the sediment thickness.
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Fr., 182(5), 451–463.

Le Roy, P., Kaub, C. & Geoffroy, L., 2016. RETZ1 cruise, RV Haliotis,
doi:10.17600/16013000.

Lee, W.H.K., Bennett, R. & Meagher, K., 1972, A method of estimating
magnitude of local earthquakes from signal duration, US Department of
the Interior, Geological Survey.
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B O U RG N E U F

Figure A1. Sparker raw data for the representative samples of interpreted seismic profiles of RETZ1 and 2 cruises, with a 10-times vertical exaggeration (see
Fig. 4 for profiles location and Fig. 8 for interpretation).
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Figure A2. Chirp echo sounder raw data for the representative samples of interpreted seismic profiles of RETZ1 and 2 cruises, with a 10-times vertical
exaggeration (see Fig. 4 for profiles location and Fig. 8 for interpretation).

Figure A3. Description of the different acoustic units and facies encountered on Sparker seismic reflection profiles of RETZ1 and RETZ2 cruises (see Fig. 8
for profiles interpretation and Figs. A1 and A2 for raw profiles).
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A P P E N D I X B : E X T E N D E D S T U DY O F
B O U G U E R A N O M A LY I N T H E
V I C I N I T Y O F T H E M A C H E C O U L FAU LT
U S I N G G R AV I T Y M O D E L I N G

In the Marais Breton, the Bouguer anomaly values are quite ho-
mogeneous (Fig. B1a). South of the Machecoul Fault, the negative
gravity anomaly of about 5 mGal is similar to anomalies found in
other tertiary basins of NE Armorican Massif, ranging from 5 to 10
mGal (Wyns 1991; Jaeger 1967). One of them presenting a 12 mGal
anomaly, has a 330 m thick of sediments deposited on the crystalline
basement (Wyns 1991; Barbaroux et al. 1983). For others basins,
Jaeger & Corpel (1967) estimate from modeling and slightly more
severe anomalies that their infilling is about 500 m (Wyns 1991).
According to the drill-holes data, the overall sediment thickness
of the northern part of the Marais Breton is about 40 m, which
is eight times less important than those basins, while the gravity
anomaly of the Marais Breton (5 mGal) is only two times less (12
mGal). Considering the measurement points density provided by
the BGI and therefore the Bouguer anomaly resolution, the signal
of these small sedimentary thicknesses (up to 40 m) is likely too
weak for the current heterogeneous coverage to record.

That is why we used a gravity modeling approach to study the
consistency between the local infilling and the Bouguer anomaly in

the vicinity of the Machecoul Fault (Fig. B1b). In order to do that
we constructed a 2-D density structure model of a fault-controlled
sedimentary basin, constrained by the 05076X0005/SLM3 drill hole
of the BSS database (Fig. B1c). The Machecoul Fault is represented
as a vertical interface, separating two different nature blocks, with
the NE compartment (footwall) consisting of crystalline basement
(density of 2.8) and SW a sedimentary basin deposited on the base
(density ranging from 1.53 to 2.1). The topography has also been
taken into account in the upper part of the model to represent the
slope fault. Then we computed its gravity response (Blakely (1995)
method) and compared it to our Bouguer anomaly observed along a
profile perpendicular to the fault (Fig. B1b). This profile extends to
10 km on either fault side, and the sampling rate is becoming lower
near the fault (ranging from 1 km to 10 m, Fig. B1a).

Thus, even if the signal is very weak (around 5 mGal), its long-
wavelength are compatible with the synthetic data computed with
our 2-D model (Fig. B1c). There is therefore a good correlation with
the infilling thickness found in the BSS drill holes considered in the
vicinity of the Machecoul Fault. However, our reductive 2-D model
cannot explain the very short wavelengths gravity signal along the
profile, as well as the lateral variations along the fault. Indeed, these
features are probably related to small subsurface heterogeneities.

Figure B1. (a) Zoomed map (see Fig. 9 for the same map but bigger size) of complete Bouguer anomaly interpolation calculated from the free air anomaly
provided by the BGI around Machecoul Fault. A slight white mask is applied to the offshore interpolation, considering the lack of data offshore. Small black
circles are gravity data points from BGI, big black circles are drill holes from BSS used in this study. Red line is the profile and encircled small black circles
are projected data points represented on the profile. (b) Profile. Small black circles are gravity data points from BGI. Calculated complete Bouguer anomaly
response of our model (red dots) and observed complete Bouguer calculated from BGI data (black line). (c) 2-D density structure model of the Marais Breton
and the Machecoul Fault in the considered area. The depths and densities of each layer were constrained by the 5076X0005/SLM3 drill hole (BSS) visible in
(a).
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A P P E N D I X C : A D D I T I O NA L C O N T E N T A B O U T T H E T E M P O R A RY L O C A L
S E I S M O L O G I C A L E X P E R I M E N T M A C H E

Figure C1. Stress inversion from fault plane solutions (Fig. 11b, except the n◦27 focal mechanism) using the Vavryčuk (2014) method. (a) Mohr’s circle
diagram, (b) Histograms of the shape ratio R, (c) P/T axes and (d) Confidence limits of the principal stress directions.
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Source of the M6 1799 Bouin earthquake 2059

A P P E N D I X D : N E O T E C T O N I C S T RU C T U R E S I N W E S T E R N V E N D É E

Figure D1. Illustrations of the corresponding outcrop and zoom on the small-scale purely dip-slip normal faults with throws and tension-shear joins, displacing
a boulder level of unconstrained Pliocene to Quaternary age (white dashed line). Panel (b) corresponds to the zone framed in (a).
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