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Understanding the driving forces and nature of intraplate seismicity remains a major unsolved problem in
seismology. In the western Pyrénées, seismicity is concentrated in a narrow region that follows the boundary
between the Axial Zone and the North Pyrenean Zone. Despite the presence of a permanent network in the
region, the geometry of active faults, and their relationship with crustal structures, remain elusive, owing to
significant earthquake location uncertainties. Here, we exploit data recorded by a large-N nodal array deployed
in the Chainons Béarnais region during four weeks of 2022 in order to image crustal structures and characterize
active faults. We automatically detected and picked P and S waves with PhaseNet, resulting in a catalog of over
500 events, half of which are located beneath the temporary deployment. Tomographic images obtained from the
inversion of P and S arrival times provide detailed insight into the geometry of folds and thrusts in the sedi-
mentary cover, as well as the presence of a main fault in the basement which dips northward with an angle of 65°
(Chainons Béarnais normal fault). Seismicity relocation within the 3D model obtained by tomography shows that
earthquakes are concentrated along this main active fault, extending from the top of the basement to a depth of
approximately 16 km. These results demonstrate that passive imaging approaches can offer cost-effective al-
ternatives to traditional controlled source imaging for seismotectonic studies and natural resource exploration in
regions with active seismicity.

1. Introduction

The origin and distribution of intraplate earthquakes remain poorly
understood. However, as pointed out by Sykes (1978), intraplate
earthquakes tend to be concentrated along preexisting zones of weak-
ness. A global compilation of earthquakes occurring within continental
interiors revealed that intraplate seismicity is correlated with ancient
rift systems (Schulte and Mooney, 2005). The Pyrenees are located
within the Eurasia intraplate domain, far from the active plate bound-
ary, which is located to the south of the Iberian peninsula. In the western
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Pyrenees, this seismicity is concentrated along a linear pattern that
closely follows the southern boundary of the North Pyrenean Zone
(Fig. 1). The moment tensor solutions for recent significant earthquakes
in the Pyrenean domain have evidenced a predominant regime of
extension normal to the orogen (Chevrot et al., 2011). This result is in
good agreement with recent GPS studies which indicate a N-S extension
rate across the Pyrenees of about 0.1-0.4 mm/yr (Rigo et al., 2015;
Masson et al., 2019; Mazzotti et al., 2020), with no significant uplift in
the Axial Zone (Masson et al., 2019), in contrast with the western Alps
where it can reach up to 2.5 mm/yr (Nocquet et al., 2016). However, the
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processes driving this N-S extension and the present-day seismicity in
the Pyrenees remain largely elusive.

In the Mauléon Basin, a recent seismotectonic study combined with
local earthquake tomography has shown that the seismicity is located on
the Lakora Fault, a major thrust fault that is now reactivated as a normal
fault (Lescoutre et al., submitted). These results suggest that tectonic
inheritance is indeed a key factor controlling the localization of defor-
mation on major zones of crustal weakness. In this study, we focus on the
Chalnons Béarnais region, which corresponds to the eastern limit of the
Mauléon basin. This region is continuously active, in contrast to con-
ventional seismic cycle models. It is characterized by the highest and
most regular seismicity rate in the Pyrenees, as well as a lack of signif-
icant magnitude events (Sylvander et al., 2021). In fact, no earthquake
has exceeded local magnitude 4.1 over the last thirty years. Interest-
ingly, the M; = 5.5 Arette earthquake of 1967, the last fatal earthquake
to hit French territory, occurred on the western edge and outside this
spot of enhanced activity.

In order to identify the main active faults in that area and their re-
lationships to the geology, we have deployed a very dense array of ~100
three-component stations equipped with Stryde autonomous seismic
nodes, with a regular spacing of approximately 1 km over a 10 x 10 km
square area, complemented by a N-S profile with 100 stations spaced
~100 m apart (Fig. 2). This new generation of compact and low-cost
autonomous nodes (Dieulangard et al., 2022) could potentially pave
the way for local and regional deployments of thousands of sensors, a
number that dwarfs conventional regional broadband deployments by
several orders of magnitude. This experiment therefore provides an
excellent opportunity to evaluate the potential of these low-cost nodes in
a foothill environment for seismicity and passive imaging studies.

The paper is organized as follows. In section 1, we briefly describe
the geological context of our study region, summarizing the recent
geological knowledge of the Cretaceous rift system which was inverted
during the Pyrenean orogeny. In section 2, we present the Arette passive
acquisition which involved 600 one-component autonomous seismic
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nodes, recombined to get 200 three-component sensors. These nodes
recorded ground acceleration for 28 days, from May 21 to June 18,
2022. Section 3 describes the workflow based upon PhaseNet (Zhu and
Beroza, 2019), a deep convolutional neural network that automatically
detects and picks P and S phases from local earthquakes. During the
experiment, we were able to detect and locate 550 events. The resulting
catalog was then used to perform a local earthquake tomography with
PStomo (Tryggvason et al., 2002). The tomographic method and the
resulting model are described in section 4. Finally, we present geological
interpretations of our tomographic images, and discuss the relationships
between seismicity and the active faults imaged with tomography.

2. Geological and tectonic contexts

The Pyrenean belt is the result of the convergence of the Iberian and
Eurasian plates during the Santonian to Oligocene (Puigdefabregas and
Souquet, 1986; Olivet, 1996; Angrand et al., 2020). Continental collision
led to the formation of a double-vergent E-W orogenic belt characterized
by different structural domains: from south to north, the south-Pyrenean
Zone, the Axial Zone, the north-Pyrenean Zone and the Aquitain fore-
land basin (Choukroune, 1976). The Axial Zone corresponds to imbri-
cated Paleozoic units that overlap the South Pyrenean Zone while the
North Pyrenean Zone comprises a system of inverted Mesozoic rift ba-
sins overlapping the Aquitaine foreland basin (Mouthereau et al., 2014;
Teixell et al., 2016; Espurt et al., 2019). In the study area (Fig. 1),
located in the western Pyrenees, the North Pyrenean Zone is represented
by the inverted Mauléon basin. This basin developed in the Lower
Cretaceous in response to hyperextension of the continental crust that
lead to mantle exhumation (Jammes et al., 2009; Lagabrielle et al.,
2010, 2020; Masini et al., 2014; Saspiturry et al., 2019; Lescoutre et al.,
2019; Lescoutre and Manatschal, 2020). The basin formation was
controlled by the concomitant development of a N120° longitudinal
detachment system (Masini et al., 2014; Saspiturry et al., 2021) and
N20° transverse faults (Canérot, 2017), the most important of which is
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Fig. 1. (A) Map of Bouguer gravity anomalies in the Western Pyrenees showing a negative anomaly in the Axial Zone (AZ) and a positive anomaly in the Mauléon
basin (Mb), which is delimited by the Barlanes Transfer Zone to the east. (B) Structural map of the Mauléon basin with its flanking thrust faults (Location shown in
Fig. 1A). Main north-vergent and south-vergent thrust faults are shown in purple and red, respectively. Ur: Urdach lherzolites; CBR: Chainons Béarnais Range; NPFT:
North Pyrenean Frontal Thrust; LaT: Lakora Thrust; MaT: Mail Arrouy Thrust; SaT: Sarrance Thrust; LqT: Licq Thrust; TZ: Tranfer Zone. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A) Geological map and (B) geological cross-section of the study area from Labaume and Teixell (2020). From south to north: Ogeu syncline, Mail Arrouy
ridge, Barescou syncline (Bas), Sarrance ridge, Lourdios syncline (LoS), and Layens ridge. NPFT: North Pyrenean Frontal Thrust; MaT: Mail Arrouy Thrust; SaT:
Sarrance Thrust; LqT: Licq Thrust; LaT: Lakora Thrust. The Stryde sensors are shown with black circles, and the Broadband stations (Giiralp CMG40-T sensors) with
red stars. The permanent broadband station Arette (ATE) of the French national network is shown with a purple star. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

the N20° Barlanes lithospheric Transfer Zone (BTZ) (Fig. 1) (Saspiturry
et al., 2022, 2024). The relics of this rifting phase are still visible today.
Indeed, the western part of the Mauléon basin coincides with the large
positive Labourd Bouguer gravity anomaly, which is bounded to the east
by the BTZ (Fig. 1). Recent passive imaging studies (Wang et al., 2016;
Lehujeur and Chevrot, 2020; Chevrot et al., 2022) and joint gravimetric
and magnetic 2D forward modeling (Saspiturry et al., 2024) have linked
this anomaly to the presence of exhumed subcontinental mantle pre-
served in the former hyperextended rift domain. Thus, the BTZ repre-
sents a syn-collisional lithospheric transfer zone delimiting a western
domain where the mantle is preserved at shallow depth from an eastern
domain where the Pyrenean compression succeeded in bringing the

mantle back to depth and thickened the continental crust (Lehujeur and
Chevrot, 2020; Saspiturry et al., 2024).

The orogenic segment of the Chainons Béarnais, the eastern coun-
terpart of the Mauléon basin, is characterized by a succession of south-
verging thrusts and folds oriented N120° (Fig. 2). In this part of the belt,
the Axial Zone is separated from the North Pyrenean Zone by the south-
verging Lakora thrust (Teixell, 1998; Teixell et al., 2016). To the north,
the Chainons Béarnais are separated from the Axial Zone by the Bedous
Triassic unit delimited to the north by the sub-vertical Licq fault (Fig. 2)
(Labaume and Teixell, 2020). The Chainons Béarnais consist of a system
of Jurassic to Lower Cretaceous carbonate antiformal/thrust ridges of
diapiric origin (Mail Arrouy, Sarrance and Layens ridges), which are
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separated by thick syn-rift salt-controlled mini-basins (Ogeu, Barescou
and Lourdios synclines) (Fig. 2) (Canérot, 1988; James and Canérot,
1999; Canérot et al., 2005; Labaume and Teixell, 2020). Shortening of
this sedimentary cover during the proto-collisionnal stage caused
folding and diapir squeezing (Labaume and Teixell, 2020). To the north,
the Chainons Béarnais straddle the Aquitaine foreland basin along the
North-Pyrenean Frontal Thrust (Angrand et al., 2018; Issautier et al.,
2020, 2022; Ortiz et al., 2020, 2022). In the study area, the North-
Pyrenean Frontal Thrust is blind and marked at the surface by the
Oloron anticline (Fig. 2) (Labaume and Teixell, 2020).

The Chainons Béarnais area has an unusual seismicity, characterized

®
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by its continuous and regular occurence. Fig. 3 shows earthquake lo-
cations extracted from the Observatoire Midi Pyrénées catalog
(Sylvander et al., 2021). Due to significant location uncertainties and the
lack of surface fault traces (Lacan and Ortuno, 2012), the identification
of active faults associated with this seismicity remains uncertain. Pre-
vious studies (e.g., Rigo et al., 2005) have concluded that the seismicity
is not correlated with a hypothetical North Pyrenean Fault that would
mark the boundary between the Axial Zone and the North Pyrenean
Zone. Instead it would be associated with other poorly constrained
crustal structures affecting the North Pyrenean Zone. For these reasons,
all faults depicted on the geological map (Fig. 2) are generally
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Fig. 3. Long-term seismicity in the Chainons Béarnais region recorded by permanent networks. Events are from the catalog of Sylvander et al. (2021) encompassing
the 1989-2019 period and updated to 2021. Only hypocenters of quality “A” on a 4-grade scale are represented, i.e. 2032 events. The estimated horizontal and
vertical uncertainties are of the order of 2 km. (A) Map view, with event size proportional to magnitude, and colour related to focal depth. Dashed lines correspond to
the positions of the cross-sections. (B) S/N cross-section. (C) E/W cross-section. In both cross-sections, the scale is the same for distance and depth, and the projection

width is +£3 km.



S. Chevrot et al.

considered as potentially active (Rigo et al., 2005; Dubos-Sallée et al.,
2007; Lacan and Ortuno, 2012). However, they are not all of equal
importance and therefore should not represent the same seismic risk.
Indeed, some of them are considered as significant thick-skin structures
such as the BTZ deeply rooted in the upper lithosphere (Saspiturry et al.,
2024) and the Lakora thrust and the North-Pyrenean Frontal thrust
which affect the basement (Teixell, 1998; Teixell et al., 2016; Labaume
and Teixell, 2020). On the other hand, the Licq, Sarrance and Mail-
Arrouy structures are considered more superficial and only affect the
sedimentary cover (Fig. 2) (Labaume and Teixell, 2020). Therefore,
identifying which of these structures are active and comprehending their
geometry remains crucial for assessing seismic hazard in this region,
which is regularly hit by moderate-sized earthquakes.

3. The Arette acquisition

The Arette experiment involves a new type of sensor coming from the
field of active seismic, and hitherto little used in seismology. These are
single-component autonomous nodes from the Stryde company
(Ourabah et al., 2021). Each node weighs 150 g and has a cylindrical
dimension of 13 x 4 cm (Fig. 4A), making it easy to transport and deploy
hundreds of them in difficult-to-access terrains such as the Pyrenees.
Each node is equipped with a GNSS system for synchronization and
positioning, and has a sealed waterproof container with no connector
point, which is useful for withstanding harsh weather conditions. The
sensor inside the node is a piezo-electric accelerometer with a flat
response between 1 and 125 Hz, although frequencies from 0.5 to ~200
Hz are captured. These nodes can also be used to record shear waves if
installed horizontally (Ourabah et al., 2021). We took advantage of this
specification and combined three of these nodes at each measurement
site to emulate a three-component sensor. The two “horizontal” sensors
were coupled at 90° by a metal support. The vertical sensor was left free
so that it could be moved a few centimeters around the horizontal
support during the planting process, depending on the requirements of
the terrain (Fig. 4B). The nodes were activated at the time of deployment
but put into sleep mode. Using the calendar function available with this
system, the recording was programmed to start after the expected last
deployment day so that the entire network would start recording on the
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same date.

The acquisition (Fig. 2 combines two different deployments, each
comprising around ~100 stations. The first deployment consists of a
regular rectangular grid, with an inter-station distance of around 1 km.
The second deployment is a more or less linear south-north transect,
mainly along low-traffic roads, with a spacing of 100 m. The topography
of the terrain presented a first challenge. Indeed, the study area is
characterized by a rugged relief, composed of several anticlinal and
synclinal folds roughly oriented east-west, intersected by two valleys
oriented north-south (to the west the Lourdios valley and to the east the
Aspe valley). Altitudes range from 200 m to 1500 m. The positioning of
the 2D grid is the result of a compromise to take account of this
topography and maintain a regular grid geometry. It was not possible to
find a configuration that would allow all the nodes to be installed, and
two locations had to be abandoned because their theoretical locations,
on a steep ridge, were inaccessible under reasonable safety conditions.
The point located in the north-western corner of the grid was also not
installed, as access to it would have required disproportionate travel
time compared to the marginal interest of this location for tomography.
Actual field conditions meant that the final positions of the stations
varied by a few dozen meters from the initial regular grid (62 m on
average, maximum deviation 235 m, 82 % of points less than 100 m
from their theoretical location). This regularity was one of the experi-
ment’s prerequisites, as it guarantees greater efficiency in detecting and
locating earthquakes, as well as in local earthquake tomography.

For the transect, the sinuosity of the roads also had to be taken into
account. For faster deployment, it was decided, unlike the 2D grid, to
stay along existing roads without deviating from them by more than a
few meters. The transect was designed by projecting points spaced 100
m apart on a straight line oriented N13 (according to the azimuth of the
main road). The regularity of the deployment can be measured by the
distance between two successive stations. The average of these distances
is 128 + 60 m. Fig. 2 shows the profile finally obtained, which roughly
follows this N13 azimuth. The soils in which the instruments were
installed were fairly homogeneous, with almost everywhere on the 2D
grid a layer of soil sufficient to plant the vertical sensor by a few cen-
timeters, and cover the horizontal sensors with a thin layer of soil.
Moisture conditions, on the other hand, were highly variable: while

Fig. 4. The Stryde autonomous nodes used in the Arette acquisition (a). At each site we deployed three mono-component units to simulate a three component

sensor (b).
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most soils were relatively dry, they could be very wet in the woods,
occasionally affecting the GNSS performance of the nodes. Along the
transect, a large proportion of the nodes were placed in road embank-
ments, made up of unconsolidated and dry gravel. Deployment was
completed in seven working days, in four shifts. Some points on the grid
required several hours’ walking, while the entire profile was installed in
a single day. The device recorded for 28 days, from May 21 to June 18,
2022, at 500 samples per second. The data were converted from SEG-
rev3 to miniseed format, and resampled at 100 samples per second.
The final total volume of useful data is 413 Gb.

A combination of very wet soil and deeper depth of burial of the
vertical component (compared to the horizontal ones) posed challenges
for GNSS synchronization on the vertical component for some of the
stations. This could be avoided if the survey was repeated, based on
lessons learned in the project. Nevertheless, data recovery was good for
the vertical channels (59 % for the grid, 70 % for the profile) and very
good for the horizontal channels (96.7 % for the grid, 97.4 % for the
profile), which performed much better due to their shallower burial
depth. Due to the loss of vertical components, which makes P-wave
picking more difficult, we modified the automatic picking procedure
performed with PhaseNet (Zhu and Beroza, 2019), as described below.
In addition to the Stryde nodes, we were also able to benefit from the
presence of permanent and temporary stations already in place in the
study area. The permanent stations belong either to the French RESIF-
EPOS permanent network (https://www.epos-france.fr/en), in which
case they are mainly equipped with broadband sensors and marginally
with accelerometric sensors, or to the RaspberryShake™ network
deployed by the Université de Pau et des Pays de I’Adour (UPPA) in the
central and western Pyrenees. In addition, a temporary mini-array of 6
stations (CMG40-T sensors) had been in place for two years at the time of
deployment. Data collected by these sensors during the Arette experi-
ment have been added to the dataset.

4. Automatic phase picking, phase association and preliminary
event location

Thanks to the density of our deployment, we can accurately detect
and locate events of very small magnitude (down to —1, and in favorable
cases, even lower), thus lowering the magnitude threshold by several
units compared with the catalog derived from the permanent seismic
network. Therefore, we have access to a much finer and more complete
characterization of the seismicity and active faults, and to a potentially
large catalog of P and S picks that can be exploited to obtain finely
resolved images of crustal structures with local earthquake tomography.

For the purpose of this study, and to process the large amount of data
generated by our temporary instrumentation (~1.4 x 10° s of re-
cordings), we used PhaseNet (Zhu and Beroza, 2019), a deep neural
network picker that automatically detects and picks regional Pg/Sg
phases. Trained on a large dataset of nearly 800.000 three-component
records of Californian earthquakes, PhaseNet has already demon-
strated its ability and efficiency to detect and pick local and regional
phase arrivals in different tectonic settings (Retailleau et al., 2022;
Ammirati et al., 2022; Garcia et al., 2022; Derode et al., 2023). By
calculating the time differences between manual picks made by seismic
analysts and PhaseNet automatic picks, these authors documented
arrival time pick variations of less than 0.15 s, which is comparable to
what is observed when comparing two different human analysts. In our
study, in order to test the sensitivity of our instrumentation and ensure
that as many seismic events as possible are recorded, we used a low 0.3
probability threshold in the PhaseNet algorithm for both P and S phases.
We performed an initial analysis of the complete dataset (6 temporary
stations ARE, permanent broadband station ATE, 15 Raspberryshake,
and 200 three-component nodes) with PhaseNet, retaining only those
stations for which all three components were available (80 % of the
stations from the linear profile, and 66 % from the regular 2D grid). We
then associated the 2.489.495 resulting P and S picks with REAL (Zhang
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et al.,, 2019). The REAL algorithm associates the P and S picks that
potentially belong to the same seismic event, using travel times
computed in the 1D Pyrenean velocity model of Pauchet et al. (1999). It
provides a rapid preliminary location and a subsequent refined location
by identifying optimal minima of residual times using the simulated
annealing method. To reduce the number of false detections due to the
low PhaseNet threshold of 0.3, we set the number of minimum P and S
arrivals for event detection to 10 and 5, respectively. After processing
the ~2.5 Mpicks previously identified, 52,995 were kept after associa-
tion, resulting in the detection of 590 events. Using these preliminary
hypocentral locations, we then rotated the horizontal components of
stations for which the vertical component was missing to obtain the
radial and transverse components. We then performed a second data
analysis with PhaseNet, using the radial component in place of the
vertical component where it was missing. This procedure provided
17.000 new picks, i.e. 32 % of the original number of picks. We relocated
all the events with NonLinLoc (Lomax et al., 2000) in the 1D model,
using the updated catalog which contain 33,124 P and 36,311 S picks.
We end up with a reliable catalog of 556 events displaying a mean re-
sidual of 0.05 s and a mean location uncertainty of 0.35 km. Fig. 5 shows
examples of automatic PhaseNet picks.

Magnitudes (M}, type) were calculated, for each event, by averaging
the maximum amplitude over the three-component displacement signals
(native or reconstructed) for the stations that recorded that particular
event. Although the absolute response of the Stryde nodes is known in
acceleration, it was possible to calibrate them by collocating certain
nodes with velocimetric stations with known response (permanent or
semi-permanent stations equipped with conventional hardware). The
attenuation law used is the one conventionally adopted for the Pyrenees
(Sylvander et al., 2021), which recalibrates the magnitudes to the most
stable scale in mainland France, that of the LDG-CEA (Duverger et al.,
2021).

5. Results
5.1. Local earthquake tomography

We performed local earthquake tomography (LET) to image crustal
structures beneath the temporary deployment, following the same
methodology as in our previous studies (see Lehujeur and Chevrot,
2020; Chevrot et al., 2022; Lescoutre et al., submitted). From the cata-
log, we selected events with at least 8 P picks and 4 S picks, with an
azimuthal gap smaller than 200°. Given the density of the array, this
ensures that all selected events are located with sufficient accuracy for
tomography. For inversion, we only select source-station paths for
which we have both P and S picks. The idea is to attenuate the differ-
ences in the Vp and Vs models that might result from a difference in ray
coverage. Applying these selection criteria, the dataset comprises 209
earthquakes and 14,673 P and S picks. On average, for each event, we
have more than 70 recording stations.

For the tomographic inversion, we use the code PStomo, based on
Benz et al. (1996), and modified by Tryggvason et al. (2002) to simul-
taneously invert P and S travel times. Travel time tables in the 3-D
models are calculated using the finite-difference code of Podvin and
Lecomte (1991) in the inversion grid, which has dimensions of
20x20x25 km. The tomographic method iteratively inverts the 3-D Vp
and Vs models and the earthquake locations, as advocated by Thurber
(1992). The P and S travel time tables are recalculated at the start of
each iteration for the current 3-D Vp and Vs models. The Vp and Vg
models are parameterized with homogeneous 600 m cubic blocks. We
perform different inversions, shifting these blocks by 0, 200, and 400 m
along the three dimensions, and calculate the mean Vp and Vs models
from these 27 different inversions. After averaging the 27 offset models,
we obtain Vp and Vs models with a discretization of 200 m. The starting
model used in the inversion is the 1-D velocity model used for earth-
quake location (Pauchet et al., 1999). The final 3D model was obtained
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event #3, A = 3.8km
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event #1, A = 5.8km
2022.06.09-09:53, depth = 11.0km, M, = 2.01
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Fig. 5. Examples of automatic P and S picks performed with PhaseNet on station J06. The 3 chosen events are plotted on the map in the upper left panel, (colored
circles), together with the recording station (red triangle); they cover a wide range of magnitudes (from —1 to 2) and depths (from 1 to 12 km). In red (resp. green)
the P (resp. S) PhaseNet picks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

after 10 iterations. The initial root-mean square (RMS) error of arrival
times was 0.116 s for P waves and 0.098 s for S waves, and the final RMS
was 0.076 s for P waves and 0.047 s for S waves. This represents a 57 %
reduction of variance for P-waves, and 77 % for S-waves. These numbers
suggest that the quality of the S picks is superior to that of the P picks.
This intriguing observation can be explained by the fact that we are
using accelerometers, which have a lower sensitivity compared to
classical velocimetric geophone nodes. Since we are exploiting very
small earthquakes, with magnitude below O for most of them, the less
energetic P arrivals may be less easily detected and picked by PhaseNet
than S waves.

The domain in which structures are well resolved is primarily
controlled by the distribution of seismicity. Since the deeper events are
found at about 20 km depth within a narrow north-dipping active fault
system, ray coverage is limited tp the upper 10-15 km of the crust. We
have performed checkerboard resolution tests which show that we have
a good spatial resolution down to at least 10 km depth (Figs. S1-S4).
Fig. 6 displays several N-S cross-sections in the final V» model. A similar

Figure showing the Vs model can be found in the supplementary ma-
terial (Fig. S5). At first order, the velocity model shows two domains
with contrasting velocities, approximately separated by the isovelocity
5.4 km/s for P waves (and 3.3 km/s for S waves). Low seismic velocities,
below 5.4 km/s, are observed above this interface, which corresponds to
the structural detachment level of the Chainons Béarnais folds, known as
the Upper Triassic salt unit, thus materializing the basement/sedimen-
tary cover interface. The depth and geometry of this decollement are
consistent with previously published crustal-balanced cross-sections of
the Chainons Béarnais (Dubos-Sallée et al., 2007; Teixell et al., 2016;
Labaume and Teixell, 2020). Therefore, the thickness of the Chainons
Béarnais sedimentary cover ranges from 2 km in the south, to up to 3.5
km in the north. It corresponds to salt-controlled sedimentation in the
former hyperextended rift domain of the early Cretaceous eastern
Mauléon basin, now shortened and preserved in a pop-up (Labaume and
Teixell, 2020). Isovelocity lines for Vp below 5.4 km/s are folded and
correspond fairly well to fold structures of the Chainons Béarnais
recognized on the surface. Large synclines are represented by velocity
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values below 4.8 km/s (Lourdios (LoS) and Barescou (BaS) synclines on
Fig. 6), while tight anticlines are associated with Vp between 4.8 and 5.2
km/s (Sarrance (SaA) and Mail Arrouy (MaA) anticlines on Fig. 6). These
velocities are consistent with the nature of the sedimentary rocks, which
correspond to Jurassic to Lower Cretaceous platform carbonates in the
anticlines and thick Cretaceous flysch in the synclines. The south-
verging thrusts bordering the Layens, Sarrance and Mail-Arrouy anti-
clines are rooted at depth on the basement/sedimentary cover interface
(isovelocity 5.4 km/s for P waves), as the latter does not appear to be
displaced by these structures.

Beneath the sedimentary cover, we document compressional veloc-
ities ranging from 5.4 to 6.4 km/s. These seismic velocities are charac-
teristic of Hercynian basement rocks. On the north-south cross-sections,
we identify several north-dipping structures that separate blocks with
different seismic velocities. Among these, a fault, referred to hereafter as

Tectonophysics 892 (2024) 230531

the Chainons Béarnais Normal Fault (CBNF), shows a particularly clear
and strong signature in the velocity model, which can be followed
laterally along the different sections. The CBNF plunges steeply north-
wards at an angle of around 65°. It is interpreted to affect at depth the
former North Pyrenean Frontal Thrust although the velocity model does
not allow us to precisely constrain the geometry of this north-verging
thrust. The CBNF seems to be reactivating the Sarrance thrust, as sug-
gested by the apparent offset of the sediment/basement interface, which
is particularly clear in the westernmost section (Fig. 6A). On the E-W
cross-sections (Figs. 6F-I), we observe an almost vertical boundary
(parallel dashed lines) located slightly east of the dense N-S transect,
coinciding with the Barlanes Transfer Zone, and the signature of the
CBNF, which is slightly oblique to these sections.
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Fig. 7. Probability density function for the location of the magnitude 0.17 May 21, 2022 event. The blue and red dots show the 50,000 scatter samples drawn from
the octree search for the locations in the 1D and 3D models, respectively. The green triangles show the stations that provided P and/or S picks. The 1D and 3D
hypocenter locations have a vertical shift of 800 m, well above the ~200 m vertical confidence interval for both 1D and 3D locations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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5.2. Relocation of seismicity in the 3D model with NonLinLoc

The 3D Vp and Vs models obtained with local earthquake tomogra-
phy have been used to relocate the complete catalog of seismicity with
NonLinLoc (NLL) (Lomax et al., 2000), an importance sampling method
that explores the entire space of source parameters (Tarantola and
Valette, 1982). The main advantage of this approach is that it allows us
to determine confidence regions for these source parameters and avoids
the errors induced by linearization of the source location problem
(Pavlis, 1986). We first create a 40 x 40 km grid centered on a reference
point located at 43.075°N and — 0.64°W, going from 3 km above the sea
level down to 20 km depth. The P and S velocity models are discretized

®
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with 0.2 km cubic blocks. The code first computes the P and S travel time
grids in the 3D models for each station of the array with the finite-
difference method of Podvin and Lecomte (1991). Using these pre-
computed travel time tables, NonLinLoc then performs an oct-tree
Monte Carlo search to sample the posterior density function (pdf) of
source parameters (origin time and 3D hypocenter location).

Fig. 7 shows the 50,000 samples of the PDF obtained from the NLL
oct-tree search for the magnitude 0.17 earthquake of May 21, 2022, in
both 1D and 3D models. This event, located from the 77 P and 77 S picks
obtained at the stations represented by the green triangles in Fig. 7, is
representative of the population of earthquakes that were recorded
during the experiment. The 1D (blue dots) and 3D (red dots) sampled
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Fig. 8. Effect of the 3D model on earthquake locations. a) Map showing the epicenters (colored circles) located in the 1D model, stations (white triangles), and
relocation vectors (black arrows), pointing from 1D to 3D locations. The size of the circles scales with the magnitude and the colour code indicate the depth of the
events. White hexagons are identified quarry blasts. The dashed lines show the positions of the E-W and N-S cross-sections. b) E-W vertical cross-section showing the
hypocenters and relocation vectors, projected on the vertical plane. ¢) same as b) but for the N-S vertical cross-section. In both cross-sections, the scale is the same for

distance and depth, and the projection width is +3 km.
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pdfs show limited dispersion around the maximum likelihood solutions,
materialized by white (1D) and black (3D) stars. The horizontal and
vertical uncertainties, derived from the 68 % confidence interval, are
around 600 m and 200 m, respectively. In our example, the 1D and 3D
locations are relatively close, being separated by only about 800 m.
However, the 3D hypocenter is clearly located beyond the 200 m vertical
confidence interval of the 1D location. These simple observations sug-
gest that statistical errors derived from probabilistic location methods
should not be taken at face value. They merely reflect the uncertainties
resulting from measurement errors made when P and S phases are
picked on seismic records. The bias resulting from using inacurrate

®
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velocity models is usually much greater. Our results are in line with
synthetic experiments which have shown that locations using 1D ap-
proximations of 3D models lead to systematically biased solutions and
that the confidence region usually does not include the “true” location
(Pavlis, 1986; Wittlinger et al., 1993; Lomax et al., 2000).

Fig. 8 shows the variations in hypocenter location resulting from
using the 3D local earthquake tomography model described above. The
relocation vectors, represented by black arrows pointing from 1D to 3D
locations, show that events beneath the array are pulled towards the
surface while events located outside the array tend to be drawn towards
the center of the deployment. For outside events located more than 8 km
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Fig. 9. Effect of source-specific station travel time corrections and inter-event waveform coherence on earthquake locations. a) Map showing the epicenters (colored
circles) located in the 1D model, stations (white triangles), and relocation vectors (black arrows), pointing from 3D to 3D SST-Coherence locations. The size of the
circles scales with the magnitude and the colour code indicate the depth of the events. White hexagons are identified quarry blasts. The dashed lines show the
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b) but for the N-S vertical cross-section. In both cross-sections, the scale is the same for distance and depth, and the projection width is +3 km.
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deep in the 1D model, the 3D locations tend to be shallower, whereas for
those located less than 8 km deep, the 3D locations tend to move to
greater depths. This simple and coherent pattern can be explained by the
effect of the low-velocity sedimentary cover, which is not accounted for
in the 1D model. We also note that 3D hypocenters relocated at super-
ficial levels (depths less than 4 km) tend to follow the detachment level
at the base of the sedimentary cover, whereas deeper earthquakes tend
to concentrate along a single north-dipping fault (the CBNF) that can be
followed to a depth of around 16 km, which presumably corresponds to
the brittle-ductile transition. Consequently, these observations suggest
that 1D hypocenter locations may be significantly biased, even if the
seismicity is recorded by a dense array deployed on top of it. For robust
and precise earthquake locations, using a high-resolution 3D model is
thus mandatory.

Tectonophysics 892 (2024) 230531

5.3. Relocations using source-specific station terms and inter-event
waveform similarity

We now relocate the complete catalog using 3D source-specific sta-
tion travel-time (SSST) corrections and inter-event waveform coherence
(Coherence). For a detailed description of this refined location proced-
ure the reader is referred to Lomax and Savvaidis (2021). In a first step,
the algorithm estimates the SSST corrections for each source-event path.
A Gaussian spatial smoothing is applied to these corrections, progres-
sively and iteratively reducing the smoothing length of the smoothing
kernel, following a similar approach as in Lin and Shearer (2005). In a
second step, the algorithm exploits waveform similarity in order to
improve relative location accuracy. The idea is that if two earthquakes
have similar waveforms at a given station, then this implies that their
relative distance is small compared to the dominant seismic wavelength.
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The waveform coherence between two events is quantified by the
maximum normalized cross-correlation coefficient obtained by consid-
ering all the stations. The cross-correlations were computed over a 10 s
time window that contains both P and S arrivals after filtering the re-
cords between 4 and 20 Hz. The rather high upper frequency limit is
justified by the small magnitudes of the events recorded during the
Arette experiment. For each target event, we compute a normalized
stack of the pdfs corresponding to the events which have a normalized
correlation coefficient above 0.5. This allows a precise relative location
of events that belong to the same seismicity cluster.

®
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Fig. 9 shows the variations in hypocenter locations after applying the
NLL-SSST-Coherence location procedure. For most events, the relocation
vectors are very small. This suggests that the SSST corrections have little
effect on hypocenter locations, presumably because the 3D effects are
already properly accounted for in the travel time tables computed in the
tomographic model. Nevertheless, a number of events have their loca-
tions significantly impacted by accounting for waveform coherence, and
are brought within small clusters of events with presumably similar
waveforms.

Fig. 10 shows the final earthquake locations obtained with the NLL-
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Fig. 11. Focal solution computed from P-wave polarities for the strongest event of the catalog (2022.06.07-09:31, M; = 2.1). (A) Map view, with event size
proportional to magnitude, and colour related to focal depth. White hexagons are identified quarry blasts. The SE/NW oriented dashed line corresponds to the
position of the cross-section B. (B) Cross-section perpendicular to the strike of the fault planes. (C) Details of the possible focal planes, and individual P-waves
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SSST-Coherence method, in map view and along two vertical cross-
sections oriented E-W and N-S. On the N-S cross-section (Fig. 10B), we
can clearly see that the seismicity roughly aligns with the north-dipping
fault imaged by LET. This fault maintains an almost constant dip
throughout the upper crust. It does not seem to be rooting in a flat
detachment level that typically marks the transition from brittle to
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ductile regimes. Seismicity is unevenly distributed on the fault, forming
small clusters located at varying depths, and within a damaged zone
several hundred meters wide surrounding the main fault. The distribu-
tion of seismicity and the tomographic model also suggest subsidiary
deformation, forming a horsetail mesh in the hanging wall beneath the
sedimentary cover. Such deformation, common in competent low-
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Fig. 12. Relocation of artificial events from the Asasp-Arros limestone quarry. (A) Map view. Dashed lines correspond to the positions of the cross-sections. The plain
line outlines the quarrying zone. Triangles are seismological stations. Blue circles are locations performed with PhaseNet P and S picks, and green hexagons with P
only. Empty symbols correspond to the 1D case, full symbols to the 3D case. (B) S/N cross-section. (C) E/W cross-section. (D) Example of automatic P and S picks
performed with PhaseNet on a shot recorded at station B06, 1 km from the quarry. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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porosity rocks like metamorphosed basement, can produce permeable
conduits that can concentrate topographically-driven fluid circulation
(Sibson, 2000). If this interpretation is correct, then our results imply a
high-permeability flow system extending to at least 12 km depth,
potentially affecting the entire upper crust. Shallow seismicity located
beneath the Mail Arrouy Thrust (MaT), represented with open hexagons,
is actually related to quarry blasts (see below). On the E-W section,
despite the continuous expression of the main north-dipping fault, we
observe a marked contrast in the distribution of seismicity across the
BTZ. To the west of the BTZ, where recent tomographic studies revealed
the presence of serpentinized mantle (Lehujeur et al., 2021), earth-
quakes are fewer and more sparsely distributed. This difference suggests
that part of the deformation west of the BTZ might be accommodated by
aseismic slip in the weak serpentinized mantle.

5.4. Focal mechanisms

The low magnitudes of the events recorded during the experiment
imposed first-motion polarities as the defacto choice for calculating focal
mechanisms. We therefore used the FOCMEC package (Snoke, 2003),
applied to the first motion of P-waves. A first difficulty was to succeed in
reading polarities on the Stryde accelerometers, which was generally
only possible after integrating twice to switch from acceleration to
displacement, and only for very energetic signals. In addition to these
reading problems, determining focal mechanisms proved to be a difficult
task due to the malfunction of many of the vertical components of the
instruments, the small aperture of the network, and the relatively large
depths of the earthquakes relative to this aperture. Fig. 11C illustrates
this difficulty. If we were able to obtain the focal mechanism of the
strongest event in the catalog (magnitude 2.1) with satisfactory accu-
racy, it was largely thanks to readings from permanent monitoring sta-
tions located several tens of km from the hypocenter. Without this
control from remote stations, and therefore for the majority of earth-
quakes too small to generate impulsive signals at reasonable distances, it
was impossible to determine focal planes with a good degree of confi-
dence. Nevertheless, the focal solution of this strongest event fits
perfectly into the structural scheme revealed by the seismicity. The
faulting is undoubtedly normal, as it should be for the CBNF, and pro-
jection of the seismicity onto a plane perpendicular to the strike (62°) of
the focal planes allows good discrimination between the two (Fig. 11B)
via the dip angle (39°).

6. Discussion
6.1. Quarry blasts: discrimination, S phase picks, and locations

The preliminary identification and elimination of quarry blasts from
seismicity catalogs is crucial for the identification of active faults and the
assessment of seismic hazard. In our preliminary catalog, we identified
several shallow events located beneath the Mail Arrouy thrust, which,
after visual inspection, turned out to be quarry blasts. Fig. 12D shows a
typical record of a quarry blast, in this case a shot in the Asasp-Arros
quarry recorded by nearby station B06. A strong surface wave train
arrives about 0.5 s after the P wave, instead of the more impulsive S
wave usually observed on natural earthquake records. Nevertheless,
although PhaseNet was only trained to detect and pick P and S waves on
(Californian) earthquakes, it detected and picked surface wave arrivals
from quarry blasts, wrongly identifying them as S waves. The over-
estimated S—P delays lead to overestimated hypocentral depths. The
effect of the poor quality of S picks on this type of event becomes clear
when we compare 1D and 3D NLL locations using either P and S picks or
P picks only (Fig. 12A-C). The 1D locations (open blue circles) using
both P and S picks show epicenter locations offset by about 1 km to the
north of the quarry (black solid line in Fig. 12), and with poorly resolved
hypocentral depths, ranging from over 1 km above the surface down to
3.7 km depth. The 3D locations (filled blue circles) are slightly
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improved, with epicenters moved closer to the quarry, and hypocentral
depths regrouped between 1 and 3 km depth. After discarding the S
wave picks, the 1D locations (open green hexagons) move to a position
much closer to the quarry, both vertically and laterally. The 3D locations
(filled green hexagons) move even closer to the quarry. These simple
observations highlight the detrimental effect of poor S picks for the
location of quarry blasts, a conclusion already drawn by Gomberg et al.
(1990) for natural earthquakes. We note that the catalog of pyrenean
seismicity also contains shallow events beneath the Mail Arrouy (Fig. 3),
which probably correspond to quarry blasts that should be removed
from the catalog.

6.2. Influence of the 3D velocity model and waveform coherence on
earthquake location

Fig. 7 shows that, for most events, statistical location errors are
small, of the order of a few hundred meters, and that the location biases
resulting from using an inadequate velocity model can be considerably
larger. This suggests that the statistical error locations derived by the
Monte-Carlo search should not be taken at face value. Nevertheless, it is
interesting to explore more systematically the distribution of location
errors and 1D—3D relocation vectors. Fig. 13A-B shows the horizontal
and vertical 3D relocation distances as a function of the number of picks.
Events with a small number of picks (typically less than 10) systemati-
cally show significant (up to several tens of km) vertical and horizontal
differences between 1D and 3D locations. A similar trend can be seen in
Figs. 13C-D, showing horizontal and vertical errors, respectively, as a
function of the number of picks. These events correspond to very low
magnitude earthquakes recorded by a very small number of stations,
which means that the position of the epicenter and depth of the hypo-
center are poorly constrained. Several events have large 3D relocation
vectors and/or large location errors, even though they were located with
a very large number of P and S picks (up to several hundreds). These
events are well recorded by a large number of stations, but because of
their great distance from the array, they are also poorly located. For
events located outside the array, but close to it, the 3D locations are very
good. Note that, in general, the change in hypocenter location is greater
horizontally than vertically (Fig. 13A, B).

To first order, the number of picks seems to be a good indicator of the
quality of the earthquake locations. We found no correlation between
the azimuthal gap and location errors, except when the latter is greater
than 320°, i.e. for events located far from the array. We also observe no
clear correlation between the travel time rms and the number of picks,
except when this number is low (typically less than 10). This is simply
due to the fact that it is easier to find source parameters that provide an
excellent fit to the observed travel times when the number of picks is
small.

These results suggest that in our experiment the accuracy of hypo-
center locations is remarkable, particularly for events located within the
array and which have been well recorded by a large number of stations.
Fig. 14 presents a statistical analysis of travel time residuals, horizontal,
and vertical errors resulting from the 1D, 3D, and 3D SST-Coherence
location methods, respectively. Histograms of travel time residuals
(Fig. 14A) shows that for most events, the travel time residuals are quite
small, of the order of 0.05 s, and follow very similar distributions.
However, the SSST-Coherence method provides travel time residuals of
less than 0.05 s for about 25 % of the events. These extremely small
residuals are probably the result of improved location of events
belonging to waveform-coherent clusters. Horizontal and vertical errors
show similar behaviors. The 3D locations show slightly reduced travel
time residuals as well as horizontal and vertical errors compared with
1D locations. Finally, we note that horizontal errors are larger than
vertical ones. In general, these errors are of the order of a few hundreds
meters, about an order of magnitude smaller than typical statistical er-
rors reported in seismicity studies based on coarser permanent regional
networks (e.g., Husen et al., 2003; Theunissen et al., 2017).



S. Chevrot et al.

400 A A
2'5'
3501 &
B .
2
A
3001 ¢ °:
o
2504 ¥,
(%) AL TN
X Y K
o 2
a
£ 200 A . .
=2
150 - :
100 .
50
0 i . e . = T T
10 15 20 25 30
Ah (km)
400 - C
L
3509 ¢
-
¢
3001 3
250 4
9 i
L &
[a r
2004 %°
o] Qe
=2 g.
1501 % : )
8.
..
L.
1004 .- -
] .
50 4
0 T T I' :... .I' = .I. = T T .
0 5 10 15 20 25 30
Err_H (km)

Tectonophysics 892 (2024) 230531

400 - B
-
3501 ¥
V. o .
o
T
3004 % .-
n 2501
S BRI
[ £
200 e .
o) o o .,
= w L ..
150 : :
100 ]
50 A
0- R . —
10 15 20 25
Az (km)
400 - D
i.
3501 .
..
&
-3
3009 o° ..
W
w2509 & °
S (I
o 7 :
o 2004 W
o) L LRCTN
=z % .
1504 4% 0 . :
*y Po
100 .
50 A
0' : T = : T T
4 6 8
Err_Z (km)

Fig. 13. Influence of the 3D velocity model on hypocenter locations. Horizontal (A) and vertical (B) distance between 1D and 3D hypocenter locations versus number
of picks. Horizontal (C) and vertical (D) statistical errors in the 3D model versus number of picks.

6.3. Active faults and implications for seismic hazard

An important issue for seismic hazard is related to the size and seg-
mentation of active faults. In the continental crust, the seismogenic zone
is confined to the top 10-20 km, depending on the depth of the brittle-
ductile transition. The lateral dimensions of active faults is variable and
poorly constrained in complex tectonic settings such as the Pyrenees.
However, it is a key factor in determining the size of the largest earth-
quakes that can strike a given region.

Our results point to a main active fault, the Chainons Béarnais
Normal Fault (CBNF), in the Chainons Béarnais region. This fault, which
affects the Hercyninan basement, appears continuous across the
Barlanes Transfer Zone, and may be connected to the Sarrance thrust
(SaT) which crosses the sedimentary cover and reaches the surface.
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However, the seismicity appears to be sparser and more diffuse to the
west of the Barlanes Transfer Zone, a segment of the fault on which the
1967 Arette earthquake probably occurred. In contrast, the segment of
the fault east of the CBNF has not experienced any earthquake with
magnitude larger than 4 during the last decades. This may suggest that
the continuous but small intensity seismicity may prevent large stress
accumulations on that fault segment.

Several earthquakes are located close to the detachment, in partic-
ular to the south of the CBNF, suggesting that part of the deformation
may also be accommodated along this weak interface, which connects to
the Licq thrust (LqT) at the surface. We do not find any evidence of an
active, deeply rooted, fault beneath the Mail Arrouy, as proposed by
several authors (Alasset and Meghraoui, 2005; Dubos-Sallée et al., 2007;
Lacan and Ortuno, 2012). Search for surface expression of active faults
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Fig. 14. Histograms of travel time residuals (A), horizontal (B), and vertical (C) errors derived from the 68 % confidence ellipsoid.

in this area should thus focus on the Licq and Sarrance thrusts.

The nature and origin of the deep fault affecting the basement -
whether newly formed or inherited - are still uncertain and certainly
require further research. Nevertheless, it is interesting to note that the
CBNF coincides with a steep variation of crustal thickness, between the
thick crustal root of the Axial Zone and the thin North Pyrenean Zone
crust (e.g., Chevrot et al., 2022). Recent thermochronological data
revealed a Miocene phase of rapid exhumation between 11 and 9 Ma in
the Axial Zone, followed by a post-orogenic phase of exhumation that
started around 10 Ma (Fillon et al., 2020). The regional isostatic
compensation of the post-orogenic rebound (Lacan and Ortuno, 2012;
Genti et al., 2016) could therefore explain normal faulting localized on
the CBNF. Similar conclusions were drawn by Lescoutre et al. in their
analysis of the seismicity in the western Pyrenees, beneath the Mauléon
basin.

7. Conclusions

Our study demonstrates that single-component accelerometric nodes
can be recombined to produce three-component records of sufficient
quality to record local seismicity in the 2-20 Hz frequency range.
Although PhaseNet, a deep neural network, has been trained on
broadband earthquake recordings in California, it is capable of suc-
cessfully detecting and picking P and S waves of regional earthquakes at
distances ranging from less than one kilometer to several tens of kilo-
meters on accelerometric node recordings. The small inter-station
spacing of approximately 1 km in our experiment enabled us to detect
local events with magnitudes as small as around —1. Such small events
could not have been detected or localized with the permanent network,
which has a typical inter-station spacing of a few tens of kilometers. For
many of these small events, multiple stations within an epicentral dis-
tance less than the hypocentral depth reported both P and S picks,
allowing precise determination of the source parameters, particularly
hypocentral depth. These events can therefore be utilized for local
earthquake tomography, yielding crustal models with a resolution of a
few hundred meters, approaching the resolution of active source imag-
ing. Tomographic images reveal folds and thrusts in the sedimentary
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cover, in excellent agreement with surface geology, as well as a deeply
fractured Hercynian basement. A principal north-dipping fault is clearly
delineated, extending from the base of the sedimentary cover to
approximately 16 km depth, along which the majority of deep seismicity
aligns. These findings present promising avenues for crustal imaging and
characterization of active faults using dense deployments of affordable
and easily deployable sensors.
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