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SUMMARY

Metropolitan France is a region of slow tectonic deformation with sparse seismicity. On 11
November 2019, the My, 5.4 Le Teil earthquake became the largest seismic event recorded
in the last 16 yr. This event was recorded by the national seismic networks and also by a
wide variety of other geophysical techniques including infrasound and InSAR measurements.
These complementary technologies offer the opportunity to investigate in detail the earthquake
source characteristics and the associated ground motion attenuation. Both seismic waveform
inversions and InSAR interferogram reveal a shallow rupture on a reverse fault with an
associated moment magnitude of 4.8-4.9. Infrasound signals also provide fast evidences
pointing towards the area of ground surface displacements, which coincides with La Rouviere
fault, in the Cévennes fault system, known as a formerly active normal fault during the
Oligocene. The very significant amount of seismic records also helps towards validating the
GMPE laws available for the region. This multitechnology characterization documents the
kinematics of this rare example of shallow intraplate fault reactivation.
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1 INTRODUCTION

The rate of damaging earthquakes in Slowly Deforming Continen-
tal Regions (SDCR) is low (e.g. Fenton ez al. 2006; Camelbeeck
et al. 2007; Mazzotti 2007; Calais et al. 2016). However, these
rare events locally expose the population and industries at close
distance from seismogenic sources to strong ground motion (e.g.
England & Jackson 2011; Liu & Stein 2016). The assessment of
the seismic hazard requires precise estimates of the depth of the
seismic sources and quantifications of the strong ground motion
at the vicinity of the faults, two parameters rarely well resolved
(e.g. Atkinson 2015).

Resolving those unknowns is crucial and could benefit from
multitechnological approaches involving a combination of seismo-
logical, geodetical and infrasound measurements. Indeed, previous
studies (e.g. Le Pichon ef al. 2003, Pilger et al. 2019) demonstrated
that the combination of these geophysical techniques was particu-
larly efficient at capturing the complexity of seismological sources
for some of the largest earthquakes (Kunlun 2001, Sumatra 2006,
Tohoku-Oki 2011 and Sulawesi 2018).

Metropolitan France is a typical SDCR affected by strain rates
around 1-2 x 107° yr~! (Masson et al. 2019; Mazzotti et al. 2020)
where fault slip-rates remain associated with large uncertainties

(e.g. Jomard et al. 2017; Vallage & Bollinger 2020) and low to
moderate seismicity rates (Cara ef al. 2015; Manchuel et al. 2018).

On 11 November 2019, at 10:52 UTC an earthquake with a local
magnitude (M) 5.4 occurred in close vicinity of Le Teil which was
severely damaged (epicentral intensity VII to VIII EMS98) by the
main shock (Figs 1 and 2). Despite its moderate size, this seismic
event is the largest earthquake recorded in metropolitan France in
the past 16 yr; the last larger event (M 5.4, M,, 4.9) occurred in
Rambervillers on the 22 February 2003 (Sebe ef al. 2018).

In this paper, we investigate the earthquake source using three
different, yet complementary, technologies: seismic, InSAR inter-
ferometry and infrasound.

2 SEISMOTECTONIC CONTEXT

The My 5.4 earthquake was recorded and analysed by the CEA/LDG
(Laboratoire de Détection et de Géophysique), which is in charge
of rapidly locating M3.5 + earthquakes in the metropolitan terri-
tory and informing the national authorities, and also operates as the
French national data centre in the frame of the CTBTO (Comprehen-
sive nuclear-test-ban treaty organization). Local and regional data
helped locate the event (Fig. 1). An automatic location (44.52°N,
4.74°E) at the origin time 10:52:45.3 UTC and a magnitude M, of
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Figure 1. Geophysical networks in France used to characterize the My, 5.4 Le Teil earthquake.

5.4 calculated from the records of 34 stations were published 12
min after its occurrence time. Later, a manually revised solution
using 145 regional stations (306 P- and S-wave picks) from CEA,
RESIF and foreign networks, locates the event ~8 km westward to
its automatic position (44.54°N, 4.65°E, at the origin time 10:52:46
UTC), near the town of Le Teil (Fig. 2). The location of the main
shock falls in the vicinity of the Rouviére fault, a ~5-km-long fault
segment that belongs to the Cévennes fault system.

In the epicentral area, upper Cretaceous formations of the
Ardéche palacomargin, mostly composed of marls and shales, are
from time to time intercalated with limestone horizons, forming
the strongest elements of the local relief (Elmi et al. 1996; Fig. 2).
These rocks are affected by a 10-km-wide fault-and-fold system

trending NE-SW, which runs between the Cévennes and Marsanne
faults (Fig. 2, e.g. Jomard et al. 2017).

The geology at depth can be extrapolated from the rock bedding
and from fault azimuths and dips reported on local geological maps,
and complemented by observations from a 4489 m deep borehole
drilled at Valvigneres in 1963 by the SNPA (Société¢ Nationale
des Pétroles d’Aquitaine, VAL on Fig. 2, http://infoterre.brgm
.fr). The borehole was drilled down to the basement. It mostly
exposed a 400-m-thick Triassic formation overlaid by a 4-km-thick
series of Mesozoic rocks (mainly marls and clays). These marls and
clays successions sandwich a 150-m-thick rigid Tithonian recifal
limestone (i.e. made of Kimmeridgian to Berriasian limestones)
reached between —766 and —927 m in the borehole.
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Figure 2. (a) Local geological setting showing the regional faults and the different Le Teil epicentres discussed here. (b) Cross-section view of the fault zone
responsible for the My, 5.4 Le Teil earthquake. See Fig. S1 for more information regarding the cross-section.

The surface mapped faults dip rather steeply (40-80°) to the
southeast. They expose a cumulative normal offset of several hun-
dreds of metres, mostly attributed to an extensional phase during
the Oligocene West-European rifting (Bergerat 1987). The struc-
tural style of the fault system is similar to what was observed
southward, along the Ardéche boundary cross-section documented
in the Deep Geology of France (DGF) program by seismic lines,

scientific boreholes and balanced cross sections, which de-
scribed curved or listric normal faults (Bonijoly er al. 1996).
These normal faults progressively flatten at depth, proba-
bly rooting on a decollement level within the marls and
clays of the Jurassic, by analogy to what has been docu-
mented southward along the Ardéche transect of the DGF

(Fig. 2).
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3 SOURCE CHARACTERISTICS

The source characteristics are investigated using three different, yet
complementary, technologies: seismic, InSAR interferometry and
infrasound.

3.1 Seismological characterization

The focal mechanism of the main shock is determined using time-
domain deviatoric moment tensor inversions (TDMT_INVC, Dreger
2003, see Text S1) based on 10 three-component CEA and RESIF
seismic stations, up to 310 km from the revised epicentre (Figs 1
and 3). Velocity records are deconvolved with instrument responses,
integrated to displacement and then filtered between 12.5 and 33 s
period. This frequency band constitutes the best compromise per-
mitting a point-source approximation for the waveform inversion
at all the selected stations. To constrain the source parameters, in-
versions are calculated between 0.5 and 20 km depth using a point
source assumption at the revised epicentre and the LDG 1-D veloc-
ity model composed of three layers and used at the LDG for routine
earthquake locations in France since 1975 (Fig. S2). Fig. 3(b) reveals
that a very shallow (~0.5-2 km depth) source is well defined, with
a confidence level reaching 83 per cent of variance reduction (VR,
100 per cent meaning a perfect fit between observed data and syn-
thetics). Given the similar waveform fits between 0.5 and 2 km depth
(Fig. 3b) the solution at 1 km depth is preferred to describe the seis-
mic source based on its highest double-couple component. Fig. 3(a)
shows the event’s reverse focal mechanism. Its strike (N47°) and
dip (65°) agree with the Rouvicre fault characteristics. Strike and
dip directions are given following the Aki & Richards (2002) con-
vention. This M,, 4.8 reverse source is confirmed when performing
a Jackknife statistical test (Fig. S3 and Table S1) and when using a
moment tensor grid search approach and the same 10 stations (Fig.
S4). Furthermore, the best solution of the grid search locates the
event on the fault zone (Fig. 2).

In addition, teleseismic data from 48 well-distributed broad-band
stations are used to estimate the 20-s period surface wave magnitude
(M) of 4.2 £ 0.3 following the approach defined by Vanek et al.
(1962). This M; value is in agreement with the M value published
by the International Data Centre of the Comprehensive Nuclear-
Test-Ban Treaty Organization (CTBTO), and with more complex
MSVMAX measurements (Bonner et al. 2006). See Text S1 and
Fig. S5 for details regarding the M, calculation.

Finally, the Le Teil hypocentre lies at (or immediately below)
the bottom limit of the top layer of the LDG velocity model (i.e.
0.9 km, Fig. S2). Given the characteristics of the two crustal layers,
an average shear wave velocity (Vs) of ~2.8 kms™! can be estimated
for the rupture plane for a bulk density of 2700 kgm™. These
values are consistent with velocities and densities of limestones (e.g.
Carmichael 1984). A resulting mean shear modulus of ~21.1 GPa
will be used to compare the seismological and geodetical solutions
for the sake of consistency.

3.2 InSAR characterization

Sentinel-1 C-band SAR images from four tracks (two descending
and two ascending) are used (https://scihub.copernicus.eu/) to pro-
duce coseismic interferograms (Table S1). All interferograms are
processed with the SNAP software (https://step.esa.int/main/toolbo
xes/snap/). Based on this conventional Differential SAR Interferom-
etry (DInSAR), a significant phase signal of surface displacement
is observed in the vicinity of the M| 5.4 Le Teil 2019 earthquake

(Figs 4b and S7). The selected interferograms are not affected by
significant atmospheric effects. A clear phase discontinuity can be
followed over ~5 km suggesting that the rupture reached the sur-
face. The trend of the derived rupture trace shows an azimuth of
N45°.

This InSAR data set, including ascending and descending tracks
and different incidence angles, is used to invert InSAR surface
displacements following Barnhart & Lohman (2010) and Barnhart
et al. (2014). The geodetic inversion is performed in order to help
constrain the dip, rake and slip distribution along the fault plane.
The strike value is fixed at N45° as stated by the main surface
rupture trace while fault width and length are respectively fixed
at 4 and 7 km. The InSAR data inversion is tested with dip angle
values ranging from 30° to 80° every 10°. The best fitting model
is obtained with a dip angle of 60° and a mean rake angle value of
108°. The mean rake angle remains around 108° whatever the dip
angle used in the inversion. Fig. 4a shows that the corresponding
focal mechanism is in very good agreement with the solution of the
seismic moment tensor inversion.

The slip distribution (Fig. 4c) extracted from ‘best-fitting model’
(Figs S8 and S9) matches well the InSAR observation with RMS
misfits ranging between 0.28 and 0.48 cm. The residuals between
InSAR data and predicted displacements are larger close to the
surface rupture mainly due to our choice of a simplified linear fault
geometry in the slip inversion. The slip distribution derived from
our best fitting model shows that most of the slip occurred at 1 km
depth with a maximum slip value of 27 cm. Rake angle values
indicate a nearly perfect reverse slip at depth and a reverse plus
right lateral slip at surface.

Along strike, close to the surface, slip values range between 2 and
25 cm (Fig. 4c) in good agreement with measurements made in the
field (Ritz et al. 2020). If adopting the same seismological shear
modulus value of 21.1 GPa, the equivalent earthquake moment
magnitude M, is 4.9.

3.3 Infrasound characterization

The sudden ground motion in the epicentral area was large enough
to generate infrasound signals that were detected by a four-element
infrasound array, of 1 km aperture, installed at the Haute-Provence
Observatory (OHP). Due to the shallow depth of the earthquake
and the fact that the earthquake ruptured the surface, part of the
infrasound could originate from the seismic energy evanescently
coupling phenomena as shown by Evers et al. (2014). Located at
a distance of 107 km in the geometrical shadow zone, this station
recorded signals of amplitude 0.035 Pa (zero-to-peak) at a dominant
frequency of 1 Hz.

When adding wind perturbations induced by naturally occurring
gravity waves, which are not fully resolved by the European Centre
for Medium-Range Weather Forecasts (ECMWF), Integrated Fore-
cast System (IFS) atmospheric specifications (cycle 38r2), parabolic
equation and normal mode propagation simulations (Text S4) pre-
dict at OHP partial reflections from stratospheric altitudes at about
30 km. Considering realistic wind perturbations (Fig. S11 and Text
S4) as measured by lidar sounding (Le Pichon et al. 2015), the
transmission loss (attenuation) is estimated to be 70 £+ 5 dB with
respect to a reference distance of 1 km from the source.

The geographical source locations of the ground-to-air coupling
regions and peak surface pressure (PSP) are calculated from the
measured arrival times, backazimuth and signal amplitude at OHP
by applying the inverse location procedure described by Hernandez
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Figure 3. Moment tensor solutions using 10 regional CEA and RESIF seismic stations between 95 and 310 km from the revised epicentre. (a) Waveform
comparison between observed data (black) and synthetics (dashed red line) for the preferred solution at 1 km depth. (b) Depth effect on the variance reductions
(VR) of the moment tensor solutions between 0.5 and 20 km depth. The inset shows the solutions between 0.5 and 3 km depth both in terms of VR (by the
beachball mechanisms) and double-couple (DC) components (green triangles). The best solutions are found between 0.5 and 2 km depth.

etal. (2018) and recalled in text S3. This leads to the mapping of the
coupling region shown in Fig. 4(d). Back-projecting the infrasound
measurements at OHP using the predicted attenuation and assuming
a geometrical spreading of the pressure wave radiating from the
reference distance of 1 km surface to the observation distance R,
sound pressure level (SPL) values of 120 £+ 5 dB are inferred
(Fig. 4d). PSP (in Pa) is related to SPL (dB) via the following
relationship: SPL = 20 log(PSP/2 x 10~°). The resulting PSP values
20 Pa here.

4 GROUND MOTION PROPAGATION

The Le Teil earthquake provides the opportunity to measure rela-
tive strong ground motions over large distances in such intraplate
domain. Data from multiple networks across the country were
collected: back-projected infrasound measurement made at the
OHP, the French permanent broad-band network (RESIF-RLBP)
composed of three-component velocimeters, the French perma-
nent strong motion network (RESIF-RAP) composed of three-
component accelerometers, some three-component accelerome-
ters installed along the southeast Mediterranean railway by the
French National Railway Company (SNCF) and the CEA/LDG net-
work composed of a combination of three-component and vertical-
component velocimeters (Duverger et al. 2021). Peak ground accel-
erations (PGA) are measured on a total of 307 stations of these net-
works. A total of 850 seismological records and one back-projected
infrasound measurement made for the event is noteworthy for a sin-
gle metropolitan France earthquake. Moreover, the distance range
of the measurements (Fig. 5), from 5 to 1000 km, gives us the
unseen opportunity to work on near-field moderate-to-strong mo-
tion in France and to compare observations with attenuation laws
over a large distance range. Causse ef al. (2021) also proposed to
compare quantitative ground accelerations estimated from in situ
observations of displaced objects and numerical predictions, within
a radius of a few kilometres around the Rouviere fault source.

Before extracting PGA on every available record, velocimetric
data are converted into accelerations. PGA values are plotted in
Fig. 5 as a function of epicentral distances to Le Teil earthquake. Dif-
ferent attenuation curves based on several attenuation laws adapted
for the French context are estimated using the magnitudes of Le Teil
earthquake (i.e. Ms, My and M,, inverted values) and its hypocentre
location fixed at 1 km depth. Site condition is fixed at standard rock
and source parameters (style of faulting, etc.) are taken into account
when needed to express the Ground Motion Prediction Equations
(GMPEs) formula. Those correspond to the laws established by
Berge-Thierry ef al. (2003) named BTO03 in the following, Marin
et al. (2004) or Ma04, Drouet & Cotton (2015) or DC15, and Ameri
et al. (2017) or Am17. Parameters and description of these four
GMPEs are further detailed in the Text S7.

Fig. 5 shows that BT03 and Ma04 overvalue most of the records.
The two other GMPEs seem coherent with observations at least
for their magnitude- and distance-range domains suggested by their
authors (Table S3). The behaviour of the DC15 curve clearly differs
from others with a much stronger attenuation beyond 200 km even
if such pattern appears outside its domain of validity. We can also
point that DC15 and Am17 laws predict lower PGA at short distance
(<10 km) than BT03 and Ma04 do, which seems in agreement
with back-projected infrasound measurement made at the OHP. We
computed H/V ratios at PGA for all three-component stations and
the average value is very close to the 3/2 factor (Text S7 and Fig.
S13), which is a common constant coefficient and most simple
approximation applied when no horizontal data are available (RFS
2001-01) for engineering purpose.

5 DISCUSSION ON THE
MULTITECHNOLOGY COHERENCY

The different technologies considered here provide valuable results
that help better constrain the source characteristics of this event of
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the ground surface.

interest, as well as highlight features such as ground motion usable
for seismic hazard studies.

5.1 Source mechanism

Two independently derived focal mechanisms using (1) seismic data
and (2) InSAR data (Fig. 4a) show a similarity nearly reaching 85 per
cent following the method of Rivera & Kanamori (2014). This high
quality resolution of the source is remarkable given the parameters
considered in both inversions: different data type, frequency band,
earth model, type of inversion (i.e. double-couple and deviatoric),
etc.

It has to be noted that the InSAR inversion provides a larger slip
and seismic moment release at depth. Even though the event mag-
nitude difference between the two data solutions is rather small (i.e.
My, 4.9 versus 4.8), the moment release difference between the two
results is of 8.23E + 15 Nm (i.e. M,, 4.54). The slight discrepancies
in the source parameters (M,, strike, dip, rake) inverted from the
InSAR and seismic data remain mostly within uncertainties of each
method (See Text S1 for a discussion regarding the uncertainties in
the moment tensor solution).

Such differences could be explained by local geological effects
and methodology uncertainties. In addition, seismic data and InSAR
data are not sensitive to the same parameters. InNSAR data images

the ground displacement at the surface within the line of sights of
the satellite. The slip inversion at depth on the fault plane does in-
corporate a displacement integrated over a few days (Table S2). The
dip value of 60° towards the SE could be consistent with the aver-
age dip value of the listric fault, from 70° within the first hundreds
of metres to ~40° at the hypocentral depth (Fig. 2). The seismic
inversion, on the other hand, makes assumption of a temporal and
spatial point source given the inverted wavelength and the simple
earth model considered, without imposing the fault strike. However,
the rupture of Le Teil main shock lasted ~35 s over a finite fault
and triggered a strong vibration of the Tithonian recifal limestone
(Fig. 2b). One can make the hypothesis that the larger moment re-
lease inverted by InSAR resulted from a very shallow, and partly,
aseismic slip through the clays and marls in the subsurface.

This study shows that the two approaches bring quality infor-
mation about the source mechanism, which could be lost when
performing a joint inversion.

5.2 Multitechnology ground motion comparison

The PSP spatial distribution (Fig. 4d) inferred from infrasound ob-
servations can be compared to the surface displacement calculated
from InSAR (Fig. S10b). It is noteworthy that regions with the max-
imum PSP coincide with the fault orientation where the maximum
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surface displacement occurred (Figs S10a and S10b). The displace-
ment inverted from InSAR has been resampled to the PSP map,
which is less resolved, giving 961 measurement points. The offset
between the barycentre of the two measurement maps is less than
2 km. After compensating this offset, the Spearman correlation co-
efficient (Spearman 1904) between these two quantities values 0.79
(Text S6). This coefficient does not impose a linear relationship be-
tween the quantities. The null hypothesis of independence between
the variables can be rejected with a probability greater than 1 x 1077,
confirming the visually good agreement observed on Figs 4(c) and
(d). One can observe a quasi-symmetry in the southwest—northeast
direction in both PSP and satellite observations. This symmetry
reflects a bilateral source directivity consistent with the effects of
the rupture directivity on ground shaking. The maximum PSP cov-
ers regions where the surface reached the maximum displacement
(~5-8 cm, Figs S10a and b).

On the other hand, to relate PSP to peak ground acceleration
(PGA), the spatial distribution of the measured PGA is discretized
into a grid of adjacent source elements (circular pistons) of radius Rp
using the procedure described in Walker et al. (2013) as explained
in text S3. The equation obtained is: PSP(x,y) (Pa) = 31.8 PGA(x,y)
(ms?)

where x,y are the coordinates of the considered surface element.
In doing so, PSP values at Le Teil, obtained following the method
described in Section 2.3, yield a maximum vertical acceleration
ranging from 0.35 to 1.1 ms2. It is noteworthy that PGA estimated
from infrasound back-projection falls within range of PGA values
extrapolated at an epicentral distance of 5 km (Fig. 5).

These findings, supported by the comparison with empirical
amplitude—magnitude scaling relation, indicate that the infrasound
amplitude, corrected for propagation effects, is primarily driven
by the seismic magnitude (Fig. 6). The deviation observed for the
shallow Le Teil and deep M7.3 China earthquakes, suggests that,
beyond the seismic magnitude, infrasound may also provide infor-
mation about focal depth.

6 CONCLUSIONS

The M 5.4 Le Teil earthquake is unusual in several aspects, start-
ing with the observation of surface ruptures for such a moderate
earthquake. It is also the first time that an earthquake occurring in
metropolitan France is examined with such amount of state-of-the-
art and different technologies. Its location has been revised with a
large number of phase picking at local and regional seismic sta-
tions. Different types of magnitudes (M 5.4, Ms 4.2 + 0.3 and
M,, 4.8-4.9) calculated using regional and teleseismic data are pro-
vided. Moreover, its source focal mechanism is highly constrained
by seismic data and InSAR measurements separately. Infrasound
and InSAR data tend to agree on the event’s ground deformation.
Altogether, the multiple approaches showed here helps providing
an outstanding reading of the main shock despite its moderate mag-
nitude. By investigating the resemblances and the discrepancies in
the results one can point out their physical meanings, for example
in terms of slip pattern and/or resolution differences.
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Figure 6. Relation between earthquake surface wave magnitude (M) with depth and wind-corrected amplitudes of infrasound signals observed from shallow
to deep earthquakes (stars adapted from Mutschlecner & Whitaker 2005; diamonds from Le Pichon ez al. 2006). The Le Teil event is reported along with its
corresponding uncertainties. The linear scaling relation (black dashed line) is the best fit of this dataset: y = 0.57x —3.94. The normalized infrasound amplitude

is well correlated to the ground motion strength for a wide range of magnitudes.

Results obtained from seismic and InSAR data illustrate the dif-
ferent processes captured according to the involved technology.
Long period seismic data highlight the coseismic rupture of a rigid
0.5-1.5 km deep geological layer on a suspected flattening fault. In
contrast the InSAR data captures the integrated deformation over
several days and up to the surface, on a shallower and steeper part
of the fault in soft geological material.

Furthermore, although the existing infrasound network is not
favourable to capture details in the event’s radiated pressure waves,
analysis of the signals recorded at one single station helps to re-
construct both the geographical coverage and the surface shaking
intensities in the epicentral region. Such observation complements
the ones obtained by satellite imagery and seismometers. Our re-
sults show that this technique provides information on the surface
rupture location even for a weak event and faster than the return
period of SAR satellites. Considered in addition to seismic data,
it would be useful before starting early fieldwork investigations. A
PSP threshold above which one could expect surface rupture should
also be defined in the future.

The different results obtained from the three technologies used
here give complementary, but yet independent, information to eval-
uate the severity of shaking, even for such a moderate earthquake.
The unprecedented amount of ground motion measurements for
metropolitan France will also provide key parameters to further
work on motion propagation and future attenuation law implemen-
tation in seismic hazard assessment models. All the techniques
agree on the re-activation as a thrust of a former normal fault,
which is often the case in intraplate regions. Such opposite mo-
tion reactivation highlights the complexity of modelling faults
impact on seismic hazard assessment when only relying on old
and inherited sense of deformation in regions of low deformation
rates.
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1. Zoom on Figure 2.(b) in order to allow the reader to
better see all the details of the geological cross-section with the
Valvigneres borehole superimposed.

Figure S2. LDG 1-D velocity model used for seismic event locations
and moment tensor analysis at the CEA.

Figure S3. Jackknife test solutions showing the stability of the
moment tensor inversion in terms of focal mechanisms, moment
magnitude (Mw) and variance reduction (VR) when 9 (left-hand
panel), 8 (middle panel) and 7 (right-hand panel) stations out of 10
are used. The solution obtained using the entire pool of data (10
stations) is shown in red. The horizontal axes show the number of
combinations used for each case.

Figure S4. Moment tensor grid search applied to the Le Teil earth-
quake. The yellow star shows the revised location. The red triangles
show the CEA stations while the RESIF stations are shown by the
blue triangles. The beachballs obtained at each point of the grid are
colour-coded (and sized) by the variance reduction (VR). The point
sources are spaced every 0.2° in latitude and longitude and forced
at 1 km depth, except within a radius of about 96 km centred on the
source where the spacing is 0.1° in latitude and longitude. The best
solution of the grid search is found at 0.1° from the source location,
with a comparable source mechanism (top right-hand side) that the
one obtained at the epicentre (top left-hand side).

Figure SS. Map of the 48 broad-band seismic stations (triangles)
used for the calculation of the surface wave magnitude (MS) of the
Le Teil event (red star). The colour of the triangles indicates the MS
values measured at each station.

Figure S6. Selected surface wave records of Le Teil event observed
between 22° and 90°. The traces are ordered by epicentral dis-
tances. The MS value corresponding to each of them is given. The
green area indicates the time period during which, the maximum
amplitude is determined. It is based on the 3-D velocity model of
Ritzwoller and Shapiro (2002). SNR means signal-to-noise ratio.
Figure S7. Sentinel-1 wrapped coseismic interferograms with dif-
ferent look directions. The black dashed line represents the inverted
fault surface trace.

Figure S8. Downsampled unwrapped interferograms with different
look direction, (middle line) synthetics for the best-fitting single-
fault model, and (bottom line) residuals between data and model.
Black box represents the surface projection of the inverted fault
geometry.

Figure S9. RMS misfit plot for various fault dip angle models. The
red circle shows the best fit dip model shown in the Figs 4 and S6.
Figure S10. (a) Vertical displacement amplitude with the horizontal
displacement arrows. (b) Absolute displacement (b), compared to
the peak surface pressure (PSP) map (c) already shown in Fig. 4(d).
Figure S11. Parabolic equation (PE) simulations at 1 Hz to derive
the attenuation of the acoustic energy at OHP, ~110 km away from
Le Teil (taken at reference of 1 km from the source). (a, d) Vertical
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profile of the effective sound speed (black solid line) with (a) and
without (d) the perturbation by one gravity wave realization (red
solid line) of the (modified) Gardner et al. (1993)’s model with
perturbation amplitudes multiplied by two (see text S4 for details).
The vertical dashed line marks the sound speed at the surface. (b,
e) Attenuation of the acoustic energy as a function of the distance
to Le Teil corresponding to the meteorology (a) and (d), respec-
tively. Light grey lines represent the predicted attenuation from the
ground level to a level of 2 km, with the dark grey lines indicating
the maximum amplitude. (c, f) Acoustic energy attenuation through
the atmosphere with ray paths superimposed (grey lines). The atten-
uation is colour coded (in dB) and the OHP station indicated (green
triangle).

Figure S12. Modelled infrasound waveforms using normal modes
(bottom) with gravity wave perturbations (13 realizations, see text
S4) added to the ECMWF wind and temperature profiles. Synthetic
signals are compared to that of the observed one (blue box at the
top). The x-axis indicates the corresponding celerity values and the
y-axis the absolute (top) and normalized (bottom) amplitudes.
Figure S13. H/V ratios measured over metropolitan France for Le
Teil earthquake. (a) Map of H/V ratio per station. Colour is propor-
tional to H/V. (b) H/V ratios as a function of epicentral distance in
log-log scale. H/V is estimated considering the mean PGA over the
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2 horizontal components for all 3-component stations. The mean of
H/V ratios is 1.49 (dashed blue line), which is extremely close to
3/2. H/V ratios follow a lognormal distribution (histogram and red
curve). The normal distribution fit of the logarithm in base 10 of
the data gives = 0.15 (dashed red line) and o = 0.15 (dotted red
lines).

Table S1. Uncertainties in the focal mechanism and magnitude
estimation of the Le Teil earthquake following the Jackknife test.
The optimal solution using 10 regional stations is shown in Figure
3.

Table S2. Description of the Sentinel-1 interferograms used in this
study.

Table S3. Domains of validity in magnitude and in distance in-
dicated by the authors for the four GMPEs presented in Fig. 4.
BTO03: Berge-Thierry et al. (2003), Ma04: Marin et al. (2004),
DC15: Drouet & Cotton (2015) and Am17: Ameri et al. (2017). M,
surface magnitude; M, local magnitude; M,,, moment magnitude.
Riypo, hypocentral distance; Ry, epicentral distance.

Please note: Oxford University Press are not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the paper.
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