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The Rhône River Valley in France, a densely populated area with many industrial facilities
including several nuclear power plants, was shaken on November 11th 2019, by the Mw 4.9
Le Teil earthquake. Here, we report ﬁeld, seismological and interferometric syntheticaperture radar observations indicating that the earthquake occurred at a very shallow focal
depth on a southeast-dipping reverse-fault. We show evidence of surface rupture and up to
15 cm uplift of the hanging wall along a northeast-southwest trending discontinuity with a
length of about 5 km. Together, these lines of evidence suggest that the Oligocene La Rouvière fault was reactivated. Based on the absence of geomorphic evidence of cumulative
compressional deformation along the fault, we suggest that it had not ruptured for several
thousand or even tens of thousands of years. Our observations raise the question of whether
displacement from surface rupture represents a hazard in regions with strong tectonic
inheritance and very low strain rates.
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n 11 November 2019, a Mw 4.9 surface-rupturing earthquake occurred in Le Teil, near the city of Montélimar
within the Rhône River Valley, a densely populated area
in southern France with numerous industrial facilities, including
several nuclear power plants. The earthquake caused signiﬁcant
damages (epicentral intensity VII to VIII EMS98) in the villages
of Le Teil, Saint-Thomé, and Viviers, ﬁssuring thick walls and
falling roof tiles, chimneys, and window frames from houses.
Locally, the ﬁrst two villages were especially affected with the
partial collapse of several cobble stone masonry buildings. In
total, more than 900 houses and buildings have been seriously
damaged in Le Teil, and declared at risk of worsening status or
even collapsing. The economic loss from the earthquake could
reach 50 M€. The Le Teil earthquake corresponds to the most
destructive and the strongest earthquake ever felt in France since
the Arette (Pyrenees) earthquake in 1967 (ML 5.3, MSK
VII–VIII,)1,2. Before this event, the level of instrumental seismicity in the Rhône River Valley was low, and a few damaging
historical earthquakes had been documented.
Preliminary seismological analysis indicate a reverse-faulting
focal mechanism (FM) along a NE–SW trending fault located
within the northeastern termination of the Cévennes Faults system
between the Massif Central and the Southeastern basin, with a
focal depth between 1 and 3 km (https://www.emsc-csem.org/
Earthquake/earthquake.php?id=804595#map). This shallow hypocenter and its proximity to a large limestone quarry raised the
question of the possible relationship between the mass of rock
extracted and the triggering of the earthquake3. This also suggested
that the rupture could have reached the surface, which is
uncommon for both such a magnitude and for the region.

In this paper, we present the ﬁrst seismological and geodetical
data that helped discover tenuous surface ruptures over a length
of about 5 km, and then describe the observations performed in
the ﬁeld. Our study brings new highlights on shallow earthquakes
that can occur in stable continental regions, and raises important
questions in terms of seismic hazard analyzes, and also in terms
of the tectonic processes which are at the origin of this event.
Results
Structural and seismotectonic setting in Le Teil region. The
epicenter of the Le Teil earthquake is located at the northeastern
part of the Cévennes fault system (CFS) (Fig. 1) in the immediate
vicinity of the NE–SW trending La Rouvière fault (LRF)4. This
fault was not identiﬁed as a potentially active fault in the French
Active Fault database (BDFA)5. Only the two main bounding
faults of the CFS, called the Cevennes Fault (CF) and the Marsanne Fault (MF) (see Fig. 1), were considered as potentially
active left-lateral strike-slip faults, based on preliminary interpretations of offset geomorphic markers or variations of thickness
in quaternary deposits (see ref. 5 and references therein).
The CFS is a major structural boundary between the Massif
Central crystalline basement and the sedimentary basin of
southeastern France bordering the Alps mountain range, which
represents a part of the European continental paleomargin of the
Mesozoic Tethys Ocean6. The so-called “Ardèche paleomargin”
(Fig. 1b) has been extensively studied via seismic reﬂection
proﬁles, boreholes, gravity modeling, structural modeling, and
ﬁeld observations (e.g. refs. 7–9). The present-day structure of this
region results from several tectonic episodes during which faults
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Fig. 1 Structural and seismotectonic setting of the 11 November 2019 Le Teil earthquake. a Seismotectonic map of the Rhône River Valley where
occurred the 11 November 2019 Mw 4.9 Le Teil earthquake (44.518°N and 4.671°E). The black and white sphere indicates the reverse-faulting focal
mechanism; red and purple circles are instrumental and historical seismicity, respectively; the green ellipse corresponds to the Tricastin swarm; black lines
are faults from the Aubenas geological map4 with the La Rouvière Fault (LRF) in red. CF Cévennes Fault, MF Marsanne Fault. The shaded DTM is from BD
ALTI 25 m (IGN); MC and Al in the inset are Massif Central and Alps, respectively. b Simpliﬁed geological map of the western boundary of the
Southeastern Basin (modiﬁed from refs. 7,44). A: Plio-Quaternary volcanism; B: Miocene–Pliocene sediments; C: Oligocene sediments; D: Mesozoic
sediments; E: Paleozoic crystalline basement (Massif Central); F: major faults (NE termination of the Cevennes fault system (CFS) in red, CF and MF for
Cévennes Fault and Marsanne Fault, respectively). Black dots indicate main population centers.
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were reactivated with different kinematics, typical of the MesoCenozoic evolution of the western European continental
domain10. During the early and middle Jurassic, several normal
faulting episodes partly reactivated large NE–SW-trending strikeslip structures inherited from the Variscan orogeny, and
controlled the development and the deepening of the northern
Tethyan margin toward the East11. Then, Late Cretaceous to early
Eocene N–S-oriented shortening related to the Pyrenean orogenesis led to folding and local reactivation of the CFS as a sinistral
strike-slip fault12. During Oligocene–early Miocene times, the
easternmost segments of the CFS were reactivated as normal
faults and accommodated the opening of the Mediterranean
Sea13. Finally, the easternmost faults of the Ardèche paleomargin
have been partly inverted during the late Miocene–Pliocene E–W
to NW–SE Alpine compression7,14. This complex history led to a
structural pattern with ~100-km-long inherited faults, striking
NE–SW and dipping to the southeast (Fig. 1). These faults display
listric geometries, with some high-angle shallow segments (down
to 1–2 km depth), and are rooted at 3–5 km depth in a relatively
ﬂat basal detachment into the Carboniferous–Triassic formations
or in the early Jurassic strata7,8.
In situ stress measurements in boreholes and FMs show that the
region is located within a NW–SE compressional regime14,15. This
is conﬁrmed by a recent analysis of geodetic data that also suggests
a maximum NW–SE compressional strain rate of 0.7 × 10−9 yr−1
(ref. 16).
Seismicity recorded on the ReNaSS [Réseau National de
Surveillance Sismique: https://renass.unistra.fr/les-derniers-seismes/
page/25] and LDG [Laboratoire de Détection et de Géophysique du
Commissariat à l'Energie Atomique: http://www.dase.cea.fr/
evenement/evenements.php?type=bulletin&type_bulletin=&identiﬁant=20191111-105246&lang=fr] seismic networks included 39
earthquakes between 1962 and 2018 within a radius of 20 km
around Le Teil village, all having magnitude ML lower than 2.9

ARTICLE

(Fig. 1a). Focal depths for these events are estimated between 5 and
24 km with large uncertainties since the nearest station is located
~30 km away. Potentially several earthquakes could then have been
caused by structures in the bedrock, beneath the decollement levels.
The distribution of epicenters does not show any particular pattern
that could highlight the activity of a given fault, considering their
potential dip relative to informed earthquake depths (Fig. 1a).
Twenty kilometers southward from Le Teil village, on the eastern
bank of the Rhône River, a very shallow seismic swarm (the so-called
Tricastin swarm17) occurred over several months in 2002–2003 with
no corresponding fault at the surface (Fig. 1a). Historical archives
report shallow earthquakes (focal depth <5 km) in the same region
south of Le Teil18, with macroseismic intensities up to MSK VII
between January and April 1773, between July and August 1873, and
in May 1934 (Fig. 1a). An earthquake was located at Le Teil, on 26
November 1923, with Io IV (MSK) with an equivalent Mw of 3
(ref. 18). The largest event among these regional historical earthquakes occurred on 8 August 1873, at the end of a 4 months seismic
swarm. The epicentral area was located 8 km southward from Le
Teil, near Chateauneuf-du-Rhône, and its equivalent moment
magnitude was estimated at Mw 4.1 ± 0.4 with a depth of ~3 km18.
No surface ruptures were reported for these historical earthquakes.
Seismological data—FM. The local magnitude of the 2019 Le
Teil earthquake varies from ML 5.2 (ReNaSS) to ML 5.45 (LDG).
The moment magnitude is Mw 4.9 (this study) and the maximum
epicentral intensity is VIII (EMS98) with a wide region (15 km
diameter around Le Teil) impacted by at least an intensity VI
[BCSF: Bureau central Sismologique Français: http://www.
franceseisme.fr/donnees/intensites/detailsseisme.php?IdSei=930].
We beneﬁted from the data of four additional seismological stations located less than 25 km away from the epicenter. Epicentral
solutions were mapped by using a non-linear exploration scheme,
inverting exclusively the P and S wave arrival times of these four

Fig. 2 Result of the waveform inversion. a Map with stations used (green triangles) and the focal mechanism corresponding to the best solution found.
b Plot of focal mechanism solutions in an RMS versus depth graph. c Waveform ﬁt, in displacement (cm) bandpass ﬁltered between 0.03 and 0.08 Hz.
Observed records are in gray and computed in red. For each station the three components are displayed (N, E, Z), and “vel” or “acc” (blue labels) means
that the original record was in velocity (broadband) or acceleration (strong motion), respectively.
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Fig. 3 First interferogram (wrapped phase) obtained using Sentinel-1 synthetic-aperture radar data. Pre-earthquake image is from 31 October 2019;
post-earthquake image is from 12 November 2019 (12 days baseline). The black lines correspond to faults after the Aubenas geological map4. The white
line deﬁnes the ~5-km-long northern section of the La Rouvière Fault (LRF) matching with the InSAR discontinuity.

closest stations. In this process, we tested many different 1D
velocity models accounting for the uncertainty in the crust
properties. Doing so, we could estimate the uncertainty on the
absolute location of the epicenter, which resulted to be <1 km.
We determined the double-couple point source FM of the main
shock by waveform inversion (FMNEAR method19) using the
nearest regional unsaturated broadband and strong-motion
records (Fig. 2). The inversion has been carried out using a
combination of grid search and simulated annealing, allowing an
extensive exploration of the parameters space. We selected
solutions to minimize the normalized root-mean-square (RMS)
misﬁt function of the waveforms (Fig. 2c). We repeated the
inversion for various ﬁxed source depths. In Fig. 2a, only the best
solution is shown, but a group of FM solutions has been retrieved
with similarly low root-mean-square misﬁt values, indicating that
strike can vary between 45° and 65°, and that the dip angle can
vary between 45° and 50°. The best solution corresponds to a
strike, dip, and rake of 50°, 45°, and 89°, respectively. Several
inversions with different velocity models resulted with 1 km as
the best source depth, meaning that the shallow character of the
earthquake is a robust characteristic (Fig. 2b). The corresponding
moment magnitude is Mw = 4.9.
Geodetic data—distribution of the vertical displacement. The
surface deformation associated with the Le Teil earthquake was
revealed by using synthetic-aperture radar (SAR) images from the
Sentinel-1 satellite. We computed a ﬁrst interferogram with
DIAPASON software20 using a master (pre-seismic) SAR image
4

from 31 October and a post-seismic image from 12 November
(12 days baseline) (Fig. 3). This ﬁrst result showed a very shallow
rupture over a length of ~5 km in the NE–SW direction,
matching with the northern half of the LRF, an ~10-km-longfault that runs from Saint-Thomé village to the southwest up to
Le Teil village to the northeast (Fig. 1a). The interferogram
suggested the uplift of the SE block with respect to the NW one
along a southeastern-dipping reverse fault. The number of wellexpressed InSAR fringes (5) indicated the expected vertical fault
offset might reach ~15 cm.
Using 6-day-baseline master products, we computed two more
accurate interferograms using the ESA SNAP Sentinel-1 Toolbox
processing software on the Geohazards TEP (Supplementary Table 1
and Notes), from which we extracted the vertical component of coseismic displacement from the unwrapped interferogram ascending
track (Fig. 4a). This allowed us identifying the largest displacement
gradient lines, which we interpreted as likely surface breaks. Those
gradient lines cross a hilly landscape of Cretaceous terrains dipping
gently (~10°) northwestwards with a topography incised by the close
Rhône River-related drainage. Elevation decreases eastward from
350 to 50 m (Rhône valley). There are sporadically thin layers of
Pliocene to Quaternary soils and deposits (alluvium, colluvium)
related to this ﬂuvial history. The displacement gradients are almost
entirely located along the inherited LRF between contrasting
lithologies (Fig. 4b). We also extracted elevation changes along 14
proﬁles cross-cutting perpendicularly a projection line following
the NE–SW general trend of the gradient lines (see locations on
Fig. 4a). Those proﬁles allowed estimation of the total deformation
produced by the earthquake at the surface (Supplementary Data 1,
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Fig. 4 Map of vertical displacements from InSAR data and map of the main geological formations in the region affected by the Teil earthquake.
a Vertical displacement associated to the 11 November 2019, Mw 4.9 Le Teil earthquake inferred from the unwrapped InSAR interferogram (ascending
track) draped over a satellite image of the area; maximum gradient on this map allows tracing the surface rupture; the epicenter of the event is represented
by its focal mechanism; thin black lines correspond to extracted proﬁles across the rupture to determine the vertical displacement and the width of the
deformation zone. b Simpliﬁed geological map (modiﬁed from BRGM) of the Le Teil region highlighting the sharp correspondence between the co-seismic
rupture trace inferred from InSAR (in red) and the La Rouvière Fault in black. PCF (CF) Pontet-de-Couloubre Fault (Cevennes Fault), LRF La Rouvière Fault,
BRRF Bayne-Roche-Renard Fault, BSAF (MF) Bayne-Saint-Alban Fault (Marsanne Fault), BCS Bayne-Couijanet Syncline.

Supplementary Fig. 1). From the proﬁles, we reconstructed the
distribution of the vertical component of co-seismic slip along the
rupture that we compared to the width of the deformation zone
(Fig. 5). We observe that the deformation is larger and more
localized in the southern part of the rupture, with a principal
rupture vertical displacement of 22.5 cm, and a total deformation
zone width (TDZW) between 50 and 400 m. In contrast, the
northern part displays a wider accommodation zone (TDZW
between 400 and 800 m) and lower principal rupture displacements
(12–3 cm). A detailed analysis of the proﬁles shows that the highest
gradients are located on the surface trace of the LRF for most of the
rupture length (proﬁles 2–13). Notable exceptions to this trend
appear on proﬁles 10, 11 and 12, where deformation is transferred
to unmapped faults to the SE (see Fig. 4).
Based on this analysis, we obtain a “detectable surface rupture
length”21 of 5.16 km. There is no major along-strike change
between the lithologies juxtaposed by the fault (Fig. 4b), suggesting
that this along-strike evolution of vertical fault displacement vs the
accommodation width is mainly controlled by source processes,
and likely reﬂects variations of slip along the fault plane.
Surface rupture observations. We performed ﬁeld investigations
to search for surface rupture within 48 h after the earthquake. The
preliminary InSAR analysis (see Fig. 3) was crucial to guide
surface rupture investigations as has been demonstrated in similar
studies22–24. Given the high density of vegetation that covers a
large part of the area, we ﬁrst focused on roads and paths crossing
the InSAR discontinuity and found spot evidences of surface
rupture. To complement our observations and image the continuity of the rupture below the forest cover, we carried out an
airborne LiDAR survey.

The documented surface ruptures generally correspond to open
ﬁssures with an NE–SW orientation (see Supplementary Fig. 2,
Supplementary Data 2). In a few cases, we observed compressional
features such as small folds or reverse faults with the southeastern
block systematically thrusting over the northwestern one (Figs. 6 and
7). In total, we observed evidence of surface rupture at 17 separate
locations distributed over 4.5 km along the InSAR discontinuity. In
order to accurately quantify the subtle deformation of the ground
surface, we surveyed the best locations with a terrestrial laser scanner
(Faro X330). The measured vertical uplift of the SE compartment
is comprised between 2.7 and 13 cm (Figs. 6 and 7), which
corresponds to ~45% of the displacement estimated from the InSAR
analysis. Overall, this suggests that at surface more than 50% of the
deformation is distributed off-fault in a 100–800 m wide zone.
We estimated the equivalent moment magnitude using
measured rupture parameters and the equation Mw = 2/3log
(Mo)−6.1 (refs. 25,26), with Mo = μLWD, where μ is the shear
modulus, L the surface rupture length, W the rupture width at
depth, and D the average surface displacement expressed in SI
units. We used the following rupture parameters:
– L = 4600 (length determined visually from interferograms) to
5200 m (detectable length from the analysis of InSAR proﬁles).
– W = 1400 to 2800 m (considering a focal depth of 1000 ±
500 m, a fault dip of 45°, and assuming that the rupture
extended over 500 m in depth from the hypocenter).
– D = 0.10 m (mean vertical displacement from Fig. 5) to 0.14 m
(accounting for a 45° rupture dip).
– μ = 2 × 1010 to 2.5 × 1010 Pa, accounting for the shallowness of
the rupture and determined from density and shear wave
velocities in the stratigraphic layers surrounding the hypocenter
(Cornou, personal communication).
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Fig. 5 Distribution of the vertical co-seismic slip and width of the deformation associated with the Le Teil earthquake. a Co-seismic slip distribution and
width of the deformation zone inferred from InSAR data, along the projection line indicated in Fig. 4a. This graph is based on 14 across fault proﬁles that
were traced at key locations where we observed deformation features in the ﬁeld. Those proﬁles allow the estimation of vertical displacement across the
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PRW) where most of the vertical offset is concentrated with the highest gradient. See Supplementary Notes for more information.

This yields a geological equivalent moment magnitude Mw
between 4.7 and 5.0, which is consistent with the moment
magnitude estimated from the seismological data.
Figure 8 shows the location of the 17 surface rupture
observations plotted on a 25-cm-resolution bare-earth digital
elevation model (DEM) obtained from a lidar survey that we
carried out 10 days after the earthquake. A detailed analysis of the
point cloud did not yield new evidence of surface rupture to
complement ﬁeld data. We interpret this as the combination of
small offsets, dense vegetation cover (and conversely sparse
ground data points), soft forest soil that distributes the
deformation and intense rainfall between the time of the
earthquake and the time of the Lidar survey. Overall, we can
observe that 10 observations—among which the four main
evidences numbered 1, 2, 5, and 7 shown in Figs. 6 and 7—are
located upon the inherited Oligocene normal fault LRF, which
deﬁnes a clear and continuous topographic scarp in the DEM.
Relationships between the rupture and the ancient LRF Fault.
In the ﬁeld, the fault scarp associated with the LRF exhibits
several normal fault planes in competent lower Cretaceous
(Barremian) carbonates exhumed by agricultural land use and/or
differential erosion where carbonates are juxtaposed to marl-rich
units (Fig. 4b). These fault planes strike mainly N30–40°E and dip
between 45 and 60°E, with steep slickenlines indicating in a few
places an unambiguous normal cumulative movement with a
slight left-lateral component. As already pointed out from the
InSAR analysis, these observations show that the Le Teil
6

earthquake rupture occurred along the ancient Oligocene normal
LRF, but with reverse-faulting kinematics. Moreover, we could
not ﬁnd yet, in the ﬁeld or after the DEM analysis, any clear
evidence of previous cumulative reverse-faulting activity prior to
Le Teil event such as recent reverse-fault scarps, even diffuse. The
morphology of the LRF fault zone, when it is preserved from
anthropogenic activity, corresponds to that of an ancient cumulative normal fault scarp that has undergone differential erosion
through time.
In order to analyze the relationship between reverse-faulting
during the 11 November 2019 earthquake and the Oligocene
inherited normal faults located in the epicentral area, we
performed a geological cross-section along the InSAR-derived
vertical displacement proﬁle no. 8 (see Fig. 4 for location and
Supplementary Notes), that encompasses the earthquake epicenter (Fig. 9). The different faults of the northern CFS correspond to
ancient listric normal faults as observed along a seismic proﬁle 20
km further to the southwest8. This listric geometry is consistent
with the slight northwestwards tilt of the Mesozoic units (~10°
NW). The depth of the earthquake (1.0 ± 0.5 km) suggests that
the rupture initiated below, or at the boundary with, the shallow
massive Barremian limestones (~700-m-thick), within the
Valanginian marls and limestones unit (~1700-m-thick). The
earthquake hypocenter aligns with the projection of the surface
trace of the LRF at depth considering a dip range of 45–60°SE.
This strongly suggests that the 11 November 2019 Le Teil
earthquake nucleated on the LRF at depth, which is consistent
with our analyses of the InSAR and surface rupture observations
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Fig. 6 Examples of surface ruptures and associated deformation measurements. a, d Field photographs showing surface ruptures affecting an asphalt
road and a dirt path (evidences #1 and #5, respectively, see location Fig. 4). Red arrows point to the rupture. Equipment visible in a is a laser scanner
used in the following. b, e Ultra-high-resolution (1 mm) laser scans at the same locations. Red arrows point to the same locations as in ﬁeld photographs.
c, f Topographic proﬁles extracted from laser scans, showing the vertical components.

showing that the co-seismic deformation is localized with the
geological surface trace of the LRF.
Discussion
Our observations show that the very shallow Mw 4.9 Le Teil
earthquake is associated with the reactivation of the LRF, an

ancient fault belonging to the CFS characterized by a strong
tectonic inheritance. One of the peculiarities of the event is its
remarkable surface rupture. At the worldwide scale, such a lowmagnitude event has a low probability (<10%) of rupturing the
surface27, but the extreme shallowness of the Le Teil event
explains its occurrence. Similar events have been described in
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Fig. 7 Examples of surface ruptures and associated deformation measurements. a, d Field photographs showing surface ruptures affecting an asphalt
road (ﬂat pop-up structure) and a dirt road (extrados-ﬁssures) (evidences # 7 and # 2, respectively, see location Fig. 4). b, e Ultra-high-resolution (1 mm)
laser scans at the same locations. Blacks arrows in b correspond to proﬁles shown in c; red arrows in e points to N090–N100°E trending ﬁssures (the two
northeastern are those shown in d). The thin black lines correspond to the four topographic proﬁles shown in f. Note the position of cracks on top of what
we interpreted as a 5 m long bulge affecting the dirt road. c, f Topographic proﬁles extracted from laser scans, showing the vertical components (the red
dotted line in f corresponds to the suspected reverse-fault rupture controlling the bulge of the dirt road).
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Fig. 9 Geological cross-section showing the possible relationship between the Oligocene inherited normal La Rouvière fault (LRF) and the reverse
11/11/2019 earthquake rupture (red). Thickness, dip, and location of geological formations are from the Aubenas geological map4. Elevation is from
Google Earth extraction. PCF Pontet-de-Couloubre Fault, LRF La Rouvière Fault, BRRF Bayne-Roche-Renard Fault, BSAF Bayne-Saint-Alban Fault, BCS
Bayne-Couijanet Syncline.

normal and strike-slip environments as well, for instance in Peru
(1986 Mw 5.2 Cusco28), in Ecuador (2010 Mw 4.9 Pisayambo23),
in the western French Alps (1995 ML 5.3 Epagny29), or in Grece
(2011 Mw 4.8 Siamo30), respectively. Furthermore, noticeable
earthquake ruptures with reverse mechanisms broke the surface
in very active (e.g. 1983 M 4.5 Nunez, California) or stable
continental regions like Australia with the 1970 Mw 5 Calingiri
and 2007 Mw 4.7 Kataning earthquakes24,31.
The LRF was not previously identiﬁed as potentially active5
given that it does not display noticeable instrumental seismicity
or geomorphologic expression that would suggest measurable
tectonic activity since the Oligocene. Differential erosion of geological formations and structures as well as human activity (i.e.
numerous agricultural terraces) favor the expression of the
NE–SW structural fabric associated with the Oligocene extension
as the main geomorphological pattern in the landscape. The
absence of geomorphologic evidence for reverse faulting before
the Le Teil earthquake along the LRF pointed out during our
preliminary observations suggests that the fault has not broken
for a long time (i.e. several thousand or even tens of thousands of
years). This may be due to the very low NW-SE maximum
compressional strain rate for the region (i.e. 0.7 × 10−9 yr−1
(ref. 16)), and the likely very long associated earthquake recurrence intervals during which evidences of surface deformation
may be erased from the landscape. If this low strain rate is distributed regionally across different segments of the CFS (Figs. 1
and 4b), such effect would be ampliﬁed. In such conditions, the
preservation of geomorphological markers such as tenuous fault
scarps seems improbable, especially considering the millennialscale denudation rates obtained for the Massif Central region (i.e.
between 40 and 80 m/Ma32).
Our observations and inferences raise several important
questions for seismic hazard analyses in stable continental
regions. The ﬁrst of these questions is to ask whether faults or
fault segments composing the northern CFS (including LRF) have
broken in the recent past, and what are their seismogenic
potential? Deep geophysical imaging surveys should assess the
crustal nature of these structures, their dimensions and potential
to produce Mw 6+ earthquakes while paleoseismological studies
should help deﬁning the timing of such events. These upcoming

studies will hopefully allow improving the existing fault model
used in site-speciﬁc (e.g. ref. 33) or regional scale (e.g. ref. 34)
Probabilistic Seismic Hazard analyses, by specifying earthquake
recurrence (if any), slip rates, and inferring expected large
magnitudes.
Increasingly, surface rupture hazard is considered a signiﬁcant
threat for widespread lifelines, infrastructures, and critical facilities. In France and surrounding intraplate areas, this hazard is
rarely taken into account although it exists, as the Le Teil
earthquake case strikingly shows. To date, this hazard is essentially analyzed based on empirical approaches to anticipate the
location and amplitude of localized slip along the surface trace of
an active fault. Avoidance zones can be deﬁned around the
expected earthquake fault (e.g. refs. 35,36). All those empirical
approaches suffer the scarcity of datasets, in the low-to-moderate
magnitude range of events, rendering poorly constrained hazard
assessment. This issue is being addressed by an international
initiative of data collection37 that will be enhanced by Le Teil
case study.
There are also questions regarding the NW–SE compression
invoked as the “long term” (i.e. several 100 ka) tectonic process
responsible for the earthquake. The epicentral region is characterized by low strain rates (e.g. refs. 16,38), and tectonic loading
as the main driving mechanism for seismicity has recently been
questioned for such regions (e.g. ref. 39), putting forward the
possible one-off character of such earthquakes (such as in Australia24). Genti et al.40 suggest that the present local stress ﬁeld
could be related to the uplift of the Massif Central and the Alps
induced by erosional and/or post-glacial rebound processes (see
also refs. 41–43). Addressing those geodynamic issues will mobilize
a series of large-scale geological and geophysical data and modeling approaches, well beyond the scope of this paper.
In conclusion, the 11 November 2019 Mw 4.9 Le Teil earthquake is a historically unprecedented earthquake in France and
surrounding region. Firstly, because it displays very low magnitude and shallow surface-rupturing characteristics, and secondly
because comprehensive seismological, geodetical, and surface
rupture observations could be performed with modern techniques. For those reasons, the Le Teil earthquake represents a
unique opportunity and a turning point to better deﬁne the
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seismicity to consider for hazard studies. Indeed, the risk of
surface-rupturing events in France or similar stable continental
regions is until now considered to be negligible in most regions
due to the very low strain rate measurements.

17.

18.

Methods
The different methods we used in this work are integrated into the description of
the results and detailed in the Supplementary Information ﬁles.

Data availability
InSAR Sentinel data are accessible on the ESA website: https://scihub.copernicus.eu/dhus.
The seismological data used and analyzed during the current study are available at: https://
doi.org/10.15778/RESIF.FR, https://doi.org/10.15778/RESIF.RA, https://doi.org/10.18715/
GEOSCOPE.G, https://doi.org/10.12686/alparray/z3_2015. The terrestrial laser scans of
surface deformation (Data set) associated with the 11/11/2019 Mw 4.7 Le Teil earthquake
(SE France) at https://zenodo.org/record/3928606#.Xv7j7-dBpaQ. Geological (surface
ruptures evidences) and InSAR data generated or analyzed during this study are included in
this published article (and its Supplementary Information ﬁles).
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