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Abstract The 2020 Alex storm in southern France led to localized extreme rainfall exceeding 600 mm in
less than 24 hr. In the 100 days following the storm, a series of small earthquakes swarm occurred beneath the
Tinée valley, a region characterized by a low background deformation. To gain insight into the mechanisms
controlling swarm evolution, we used an enhanced seismic catalog to detect 188 events. These events exhibited
magnitudes comprised between —1.03 and 2.01, and 78 of them were relocated using relative locations at an
average depth of 3—4 km. Additionally, we estimated the directions and velocities of seismicity migration. Our
analyses reveal multiple episodes of hypocenter expansion and migration within a fluid-saturated fault system.
Observations provide evidence of a bi-directional seismicity migration marked by dual velocities within a
swarm. The northward seismicity migration aligns with velocities indicative of aseismic slip (~130 m/hr), while
the southward migration corresponds to velocities associated with fluid pressure diffusion (~5 m/hr). This
migration pattern underscores the interplay of multiple physical mechanisms in both triggering and driving
earthquakes. A stress-driven model based on rate-and-state friction successfully explains the overall evolution
of observed seismicity, whereas a fluid-driven model fails to reproduce the data. Our observations and models
suggest that fluid pressure changes resulting from intense rainfall caused aseismic slip in the shallow portion of
the crust. We hypothesize that aseismic deformation serves as the driving force for the earthquake swarms,
coupled with the invasion of pressurized fluid due to diffusing rainfall.

Plain Language Summary On 2 October 2020, the Alex storm caused extreme rainfall, exceeding
600 mm in less than 24 hr, in southern France. Subsequently, 188 earthquakes were recorded, and 78 of them
were precisely relocated at depths of 3—4 km beneath the Tinée valley in the 100 days following the storm. Such
increased seismic activity is unusual in this region characterized by low deformation (<1 mm). Using seismic
data, we identified two directions of seismicity migration marked by dual velocities within swarms—one
indicative of aseismic slip, and the other corresponding to fluid pressure diffusion. A purely fluid-driven model
fails to accurately reproduce the temporal evolution of seismicity, while observed data are effectively modeled
based on intermittent stress changes resulting from a slow aseismic slip. Our investigations lead us to attribute
earthquake activity to aseismic deformation, acting as the driving force for the swarms, coupled with the
invasion of pressurized fluid due to infiltrating precipitation.

1. Introduction

Most of the time, earthquakes typically originate from geological processes. These earthquakes are caused by
tectonic stresses that load a fault until the accumulated elastic energy is suddenly released in a seismic rupture
(Reid, 1911; Scholz, 2019). Additionally, fluids diffusing in the crust can also induce stress variations, impacting
the faults directly (Cappa et al., 2019; Hainzl, 2004; Miller, 2013; Scholz, 2019). Previous studies have unveiled
crustal deformations linked to hydraulic forcing in diverse tectonic settings. For instance, in the Matsushiro
volcanic area in Japan, Cappa et al. (2009) successfully demonstrated the correlation between upwelling fluid
sources and swarm activity. Independently, Bollinger et al. (2007) and Johnson et al. (2017a, 2017b) showcased
the role of seasonal variations in rainfall in modulating seismicity rates along plate boundary regions in Nepal and
California. Globally, the influence of increased fluid pressure or surface hydrological loading on the triggering of
the intraplate seismicity has been explored, as evidenced by studies such as those by Costain (2017) and Craig
et al. (2017). These observations underscore that deformations induced by variations in surface loads, the
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infiltration of water into the ground or ascendent fluid intrusions, have the capacity to disrupt the stress conditions
and fluid pressure within subsurface fault systems, leading to seismicity.

Compelling evidence exists for seismic activity associated with climatic forcing (Wilson et al., 2022), which can
cause stress variations on crustal faults that in some conditions can facilitate the occurrence of earthquakes,
depending on the level to which the external stress perturbations align with the background tectonic stress regime.
It has been reported that surface processes, such as ice and snow load, heavy rainfall, atmospheric pressure, and
surface temperature, seasonally modulate seismic activity in the crust (Bettinelli et al., 2008; Costain & Bol-
linger, 2010; Hsu et al., 2021; Johnson et al., 2017a, 2017b; Montgomery-Brown et al., 2019). For instance,
relationships between intense rainfall and earthquakes have been previously studied to evaluate the triggering and
seasonal modulation of seismicity by meteorological conditions at local and regional scales (Bollinger
et al., 2007; Chmiel et al., 2022; Christiansen et al., 2007; Costain et al., 1987; Hainzl et al., 2006, 2013; Husen
et al., 2007; Miller, 2008; Rigo et al., 2008). Studies have found that in regions dominated by extensively
fractured and permeable rocks, typically karst geological settings, if enough rain permeated the ground and
increased thickness of the water table, it could change the stress on critically stressed faults and hence trigger
earthquakes (D’ Agostino et al., 2018; Hainzl et al., 2006; Husen et al., 2007; Kraft, Wassermann, & Igel, 2006;
Rigo et al., 2008; Roth et al., 1992; Perrochet et al., 2023). In these scenarios, the time lag between the peak
rainfall and the onset of increased seismic activity can be hours, days or weeks. For instance, Husen et al. (2007)
documented a series of earthquakes in Central Switzerland triggered in August 2005 at the end of a 3-day period
of exceptional heavy rainfall. Montgomery-Brown et al. (2019) also documented a series of seismic swarm events
in the upper few kilometers of the crust near Long Valley Caldera in California, which coincided with peak stream
flows following snowmelt, showing an average delay of 3—4 weeks.

However, the connection between seismic activity and water forcing due to rainfall is subtle and does not sys-
tematically appear. The scarcity of data frequently results in ambiguous interpretations (Wilson et al., 2022). In
most cases, the seismicity evolution associated with rainfall occurs as a swarm (i.e., small magnitude earthquakes
without mainshock) (Costain & Bollinger, 2010; Kraft, Wassermann, Schmedes, & Igel, 2006). There is no
evidence that large, destructive earthquakes are induced by rainfall. However, periods of heavy rainfall might
affect the stability of active fault systems. Important questions remain on the physical mechanisms involved, such
as understanding whether and how rainwater can directly change stress on faults located at several kilometers
below the earth's surface to the depths where most earthquakes occur, and how the faults respond.

Here, we focus on earthquake swarms in the Tinée valley, Southern French Alps, following the extreme rainfall
caused by the devastating Alex storm, which occurred on 2 October 2020 (Carrega & Michelot, 2021; Chmiel
et al., 2022). This very intense storm lasted for less than 24 hr, and generated up to 600 mm of rain locally. In the
Tinée valley, the spatial coincidence between the seismic sequences and the maximum rainfall of the Alex storm
(Chmiel et al., 2022) provides a unique insight into the physical mechanisms involved. In this paper, we study the
interplay between fluid infiltration, stress perturbation, and seismic activity. First, we used seismological data to
examine the spatio-temporal evolution of multiple earthquake swarms over a 100-day period following the storm,
while also examining focal mechanisms in conjunction with the geological context. Then, to investigate possible
processes triggering and driving the swarm sequences, we model the temporal evolution of seismicity using stress
changes due to rainfall and from a slow aseismic slip event using a stress-driven model based on rate-and-state
friction. Finally, we discuss the causal relationship between extreme rainfall, fluid pressure diffusion from water
infiltration, intermittent stress perturbation from slow slip and swarm seismicity associated with this extreme
meteorological event.

2. The 2020 Extreme Rainstorm in the Southern French Alps

On 2 October 2020, an extreme meteorological event, known as the “Alex storm” struck the French southwestern
Alps, with a particular impact on the lower Tinée valley. Originating in the northern part of the Atlantic Ocean,
this storm exploited a convergence of favorable meteorological conditions in the Mediterranean Sea, intensifying
its rainfall front over the region (Carrega & Michelot, 2021).

In less than 24 hr, certain areas experienced more than 600 mm of rainfall, marking the highest daily precipitation
since 1997 (i.e., the beginning of the regional rainfall measurements) and exceeding the annual average (Chmiel
et al., 2022). This unpreceded torrential rainfall resulted in widespread flash floods and landslides, leading to
numerous casualties and damages, particularly in the Tinée valley (Figure 1). The intensity of this storm was not
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Figure 1. A simplified geological map of the studied area (source from http://infoterre.brgm.fr/, 2023), with the surface traces
of main faults in the lower Tinée valley, located in the southern French Alps. The map incorporates blue isolines denoting the
quantity of rainfall recorded during the 2020 Alex storm. The thickest line corresponds to 500 mm, with dashed lines
indicating 100 mm-decreasing quantity of rainfall (e.g., 400, 300 mm, etc.). The positions of meteorological and
seismological stations are also indicated. Pink squares refer to villages with abbreviations indicating specific locations:

S = Saint-Sauveur-sur-Tinée, R = Rimplas, B = La Bolline, C = Clans, T = La Tour.

expected, given its rarity in the region, as evidenced by a long return period. Carrega and Michelot (2021)
calculated some recurrence intervals ranging from hundreds to thousands of years, underscoring the exceptional
nature of this event.

The extreme nature of this meteorological event stems from the convergence of a substantial amount of rainfall
(>600 mm) over a short period (<24 hr). In comparison, two previous rainfall events occurred in the same region
in 2015 and 2019, with only localized rainfall exceeding 100 mm in less than 3 hr (Brigode et al., 2021).
Noteworthy, in South of France, is the occurrence of extreme floods during a “Cevenol episode” in September
2002 in Nimes, in similar meteorological conditions (~600 mm in 28 hr) (Delrieu et al., 2005). The severity of the
Alex storm becomes even more apparent when compared to other recent global flood events over the world.
Notable examples include unusual rainfall of 240 mm in the Tokyo region on 12 October 2019, associated with
the typhoon Hagibis (Li & Otto, 2022), hourly rainfall accumulation reaching up to 400 mm associated with the
cyclone Gabrielle in the northern island of New-Zealand, resulting in destructive floods (Harrington et al., 2023),
and 900 mm recorded in 72 hr in Vietnam in December 2018 (Wang & Nguyen, 2023).

Despite a limited number of intense rainfall in France, Ribes et al. (2019) draw attention to an “infensification of
the most extreme events over the last decades” in the French Mediterranean area, encompassing factors such as
frequency, intensity, extent and precipitated volumes. More recently, in September 2023, torrential rainfall
followed by destructive floods successively affected Spain, Greece, Bulgaria and Libya in the Mediterranean
region, capturing the interest of the scientific community.
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3. Seismotectonic Setting of the Southwestern French Alps

The southwestern French Alps present a diverse tectonic inheritage (Larroque et al., 2021) shaped by a succession
of distinct tectonic phases. Following a Mesozoic period characterized by rifting and spreading phase, the
convergence of the European plate and the African plate developed during the late Cretaceous. This convergence
led to the successive subduction of the Tethys Ocean, followed by the northern margin, and finally the collision of
the Adriatic microplate and European paleomargins (Dercourt et al., 1986; Handy et al., 2010; Stampfli
et al.,, 1998). The crustal shortening started around 50 Ma (Eocene) and ended up 3 Ma (Pliocene) as the
deformation of the chain propagates from the inner part of the chain toward the external part. This shortening was
maintained by successive orogenic phases (Coward & Dietrich, 1989; Dumont et al., 2022), marked by Miocene
and Plio-Pleistocene extension within the inner part of the chain (Sue & Tricart, 2003). In the southernmost part of
the chain, the Ligurian oceanic basin opened during late Oligocene-early Miocene times as a back-arc basin
generated from the southeastward roll-back of the Apennines-Maghrebides subduction zone (Gattacceca
et al., 2007; Jolivet et al., 2008). This results in a fan-shaped geometry of the chain, adapting the anticlockwise
rotation of the Adria microplate. The more recent south-westernmost section of this microplate is concurrently
accommodating both the Neogene Apenninic slab roll-back and the Ligurian basin opening (Eva et al., 2020).

In spite of the end of its orogenic phase, the southwestern part of the Alps remains a seismically active region,
exhibiting low deformation rates of less than 1 mm of convergence per year (Calais et al., 2002; Eva et al., 2020;
Larroque et al., 2009; Nocquet, 2012). Recent GNSS strain rate measurements and stress inversion analyses have
revealed a broad spectrum of stress values and orientations within the area (Masson et al., 2019; Walpersdorf
et al., 2018).

Despite the relatively low rates of tectonic deformation in the region, the seismicity is considered as moderate, as
indicated by historical events and instrumental records (Larroque et al., 2021). Notably, several earthquakes with
magnitude ranging from 4 to 6 have occurred at depth of less than 20 km, particularly in proximity to densely
populated areas in the southwestern Alps and the Ligurian coast. A diversity of seismic behaviors is observed,
each attributable to distinct driving processes (Larroque et al., 2021). Fluids play a crucial role in these processes,
contributing, for instance, to the migration of high fluid pressure front in the Sampeyre swarm (Godano
et al., 2013). In some cases, fluids combine with other physical processes such as coseismic stress transfer, fluid
pressure diffusion and distant stressing, to trigger an aftershock sequence, as observed in the Ubaye region in 2014
(De Barros et al., 2019). Notably, fluids may also explain a portion of the seismicity in the Argentera Massif, north
of the Tinée valley, where Baietto et al. (2009) presented a complex conduit system involving fault-valving
mechanisms.

In this study, we focus on the Tinée valley, located 35 km north of the city of Nice. Rising in the Argentera-
Mercantour massif, the Tinée river flows for 70 km. In its lower part, the valley, oriented N170°, cuts through
the Eocene/Cretaceous/Jurassic sedimentary layers (Figure 1), known for a historically low seismic rate. Between
2014 and 2020, only 138 events, with local magnitudes ranging from 0.28 to 3.39 were recorded in this region
(https://sismoazur.oca.eu). However, in the hours following the flash flood caused by the Alex Storm, there was a
significant increase in the seismic activity. Over the subsequent 2 months, the permanent seismological network
detected 23 earthquakes, with magnitudes ranging from 0.6 up to 2.01—a notably unusual seismicity rate for the
region since 2014. Additionally, Chmiel et al. (2022) identified 91 additional events using template matching.
They used the initial 23 events as templates, and scanned the continuous signal of the MVIF station (Figure S1 in
Supporting Information S1) on the October—December 2020 period.

4. Seismicity Data and Methods
4.1. Seismological and Meteorological Data

The seismic activity in the southwestern French Alps is recorded by the French (RESIF, 1995) and Italian
(University of Genoa, 1967; Istituto Nazionale di Geofisica e Vulcanologia (INGV), 2005) (permanent seis-
mological networks). Since 2014, the seismicity is permanently monitored by the seismological observatory of
Observatoire de la Cote d’ Azur hosted by the Géoazur laboratory, utilizing the SeisComP3 system (seiscomp3-
jakarta-2018.327, Hanka et al., 2010). Earthquakes are automatically detected using the short-time average—
long-time average (STA/LTA) routine integrated in the module SCAUTOPICK of SeisComP3 (signal filtered
between 4 and 10 Hz and STA/LTA ratio of 1/30). The P- and S-waves of the events are then manually re-picked
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with a webpicker developed internally in Geoazur laboratory (available at https://gitlab.oca.eu/cheze/webpicker),
and the events are subsequently located in IASP91, using LOCSAT through the webpicker. Earthquakes are then
listed in the Sismoazur data set that contains more than 7,600 earthquakes, with local magnitudes M,, ranging
from —0.73 to 5.03 (estimated by SCMAG from SeisComP3).

This study utilizes 14 seismological stations from both the French (CALF, ENAUX, ESCA, ISO, JAUF, MVIF,
SALSA, SAOF, SPIF, SURF, TRIGF, TURF) and Italian (ENR, STV) networks (Figure S1 in Supporting In-
formation S1). These stations were selected based on their favorable azimuthal gap concerning seismicity (47°—
163°) and their proximity to the seismic events (2-75 km). The stations predominantly consist of high-gain
seismometers, with sampling rate of 100 Hz. All the stations were installed prior 2014, and have continuously
recorded seismic activity since that time.

Furthermore, rainfall data in the lower Tinée valley are recorded through rain gauges. Due to availability
consideration, open-source data from the rain gauge operated by the Nice Meteo 06 association, particularly the
Clans station, have been used. This station, operational since 16 January 2016, stands at an elevation of 665 m on
top of an 8-m pole. It is the closest (<3 km) to the areas experiencing the heaviest rainfall (>600 mm), and is
located less than 1.5 km from the epicenters of the main seismic activity observed in the days following the Alex
storm.

The Clans station is a Davis Instruments Vantage Pro 2 Plus weather station, equipped with a tipping bucket for
rainfall measurements, along with other meteorological sensors for humidity, wind, and temperature. It provides
measurements every ~20 s, with a precision of +5% for rainfall intensities up to 250 mm/hr. The rain-catching
surface, measuring 214 cm?, allows the reservoir to capture up to 762 mm per hour before tilting to discharge the
water and returning to its initial position. Data collected every minute by a Raspberry Pi and the Weewx software
are automatically transmitted to the Nice Meteo 06 database.

4.2. Seismicity Detection

A comprehensive examination of seismic clusters in the lower Tinée valley, including their location, geometry,
and temporal activity, is developed to (a) precisely understand how the seismicity activated following the Alex
storm aligns with the seismotectonic context (i.e., faults, geological layers), and (b) understand if some of these
clusters may have links with the intense rainfall. To achieve this, the creation of an exhaustive catalog of seis-
micity covering an extended period with highly precise location data is essential. To this aim, as a first step,
template matching was employed for the period between 2014 and mid-2022. This initial phase aimed to detect
additional low-magnitude earthquakes that might have been overlooked by the STA/LTA method, thereby
expanding the Sismoazur data set.

The template matching (e.g., Gibbons & Ringdal, 2006) is a widely used method to detect low magnitude
earthquakes in continuous seismological recordings. In this study, we use the following approach. Template
matching is only performed on the vertical component of the recordings to decrease the processing time. Data are
bandpass-filtered in the 540 Hz frequency range to remove low and high frequency noises. Template windows
include both P- and S- waves, with the beginning time taken 0.3 s before the P-wave onset and the ending time 3 s
after the S-wave onset. Each template is cross-correlated with the daily recordings of the three nearest (mean
distance between the stations and the seismicity: ~15 km) seismological stations (MVIF, SPIF, ISO) over the
period from 1 January 2014 to 15 August 2022. An overlapping sliding window of 25% of the template window is
used to scan the continuous data. When the cross-correlation coefficient between the template and the window of
continuous signal is greater than, or equal to, 0.6, a new detection is defined. We have chosen this threshold value
of 0.6 to detect events slightly different from the templates (Chmiel et al., 2022), while avoiding too many false
detections. The local magnitude of a new detection is estimated from the ratio between its maximum amplitude
and the maximum amplitude of the template with which it best correlates, as follows:

e Adetec
Mietec — loglo(loML P % _max ) (1)

temp
Amax

Within the study zone (longitude 7.00-7.25; latitude 43.90-44.13), 138 earthquakes have been listed in the
Sismoazur data set since 2014 (referred to hereafter as the “original data set”). Some of these earthquakes exhibit
similar waveforms, suggesting nearby location with slightly different focal mechanisms and closely aligned
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raypaths. Utilizing them as templates could result in redundant detections. To speed up the execution of the
template matching procedure, we classify the 138 events in clusters using waveform similarity criteria. The
classification methodology is detailed in Supporting Information S1 (Text S1, Figures S2 and S3). Finally, a total
of 86 templates are designed as the maximum magnitude event within each cluster (26 templates), plus 60
remaining isolated earthquakes (not classified into any cluster).

4.3. Seismicity Location

The original data set, along with the newly detected earthquakes, are precisely located using the double-difference
method and the HypoDD software (Waldhauser & Ellsworth, 2000). This location process is performed using
data from the 14 closest stations within the French and Italian networks. Prior to initiating this location, some
preliminary steps are required.

First, P- and S- waves picking of the original data set have been carefully re-evaluated to enhance precision,
resulting in mean manual picking uncertainties of P ~ 0.03 s and S ~ 0.07 s.

Subsequently, the original data set, initially localized by Sismoazur using the iasp91 Earth model (Kennett &
Engdahl, 1991), is relocated with a more suitable regional velocity model (Eva et al., 2001). This 8-layer 1-D
model is designed for depths up to 80 km. For further details, the entire model is available in Supporting In-
formation S1 (Table S1). This relocation step is crucial to improve the accuracy of the location of the original data
set, which then serves as the initial location for the subsequent double-difference relocation step (see below). The
relocation is executed using the NonLinLoc software (Lomax et al., 2000, 2014).

HypoDD software enables the use of P- and S- delays computed by cross-correlation for pair of events (cross-
correlation times). This prior requires defining cross-correlation windows encompassing P- and S-waves for each
earthquake at each station. This is straightforward for the original data set since the P- and S- arrival times are
already known. However, for the new detections, the determination of P- and S- arrival time is required to
correctly set correlation windows. The quantity of events detected by template matching (515) makes tedious the
manual picking of P- and S-waves. Therefore, this step is achieved by using the automatic picker General seismic
Phase detection (Woollam et al., 2022) as described in Supporting Information S1 (Text S2; Figure S4). Next, the
length of the cross-correlation window is set for the P-wave as 1.3 s (0.6 s before the arrival time and 0.7 s after)
and for the S-wave as 2.5 s (0.5 s before the arrival time and 2 s after). Lastly, the double-difference relative
location is carried on.

For the original data set, P- and S- delays of manual picking between pairs of events (catalog times) and P- and S-
cross-correlation times are both used in the location determination. For new detections, only cross-correlation
times are used. The initial location of new detections is set as the location of their best templates. To enhance
accuracy, the double-difference location is also performed in the regional velocity model of Eva et al. (2001). The
details of parameters set for the location are described in Supporting Information S1 (Text S3; Table S2).
Following the approach of Waldhauser and Ellsworth (2000), the double-difference location uncertainties are
assessed by a bootstrap resampling method of residual times arising from the final locations. Earthquakes are then
relocated with these sampled data. This process is repeated 200 times and the 95%-distribution of the cumulative
bootstrap relocations gives an estimation of the relative uncertainties in X-, Y-, and Z-directions.

4.4. Focal Mechanisms and Local Stress Inversion

In order to determine the geometry of the seismogenic structures, especially those activated after the extreme
rainfall of the Alex storm, focal mechanisms are calculated by inverting both P-wave polarities and S/P amplitude
ratios following the method of Godano et al. (2009, 2014). The main objective of the inversion is to retrieve the
best double-couple focal mechanism following a simulated annealing exploration of three parameters: the fault
plane azimuth, dip and rake angle. Uncertainties on the focal mechanisms are determined considering both the
uncertainties in events locations, and the uncertainties associated with the amplitude measurements. One hundred
new inversions are conducted, incorporating perturbations in amplitudes and event locations. These perturbations
are sampled from a Gaussian distribution with a standard deviation equal to the amplitudes and locations
uncertainties.

P-wave polarities and S/P amplitude ratios provided to the inversion are picked based on the following procedure.
The P-wave polarity is picked on the vertical component of the signal. For the P- and S-, the first motion
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amplitude is measured on the three components (N for north-south, E for east-west and Z for the vertical
component). P- and S- amplitudes are defined as the Euclidian norm of the first motion amplitudes measured on

the three components as A = 4 /(AfV +A125 +A%), with A the amplitude of P- or S-wave, and Ay, Ag, Az the

amplitudes measured on the three components of the signal for P- or S-wave.

Focal mechanisms have been calculated for the located events with the strongest magnitudes, ranging from 1.39 to
3.39. These events have the best signal/noise ratio to reduce the uncertainties in the polarities and amplitudes
picking process. Thirty-one focal mechanisms have been calculated from the new catalog over the 2014-2022
period, including eight mechanisms belonging to events occurring during the Alex storm. Using the Focal
Mechanisms Classification (FMC) from Alvarez-Gémez (2019), those mechanisms are then classified into seven
categories (normal, normal-strike-slip, strike-slip-normal, strike-slip, strike slip-reverse, reverse-strike slip,
reverse) depending on the value of their P, T, B Centroid Moment Tensor axes.

Lastly, a local stress tensor is then calculated based on the inversion of the focal mechanisms following the
MSATSI method from Hardebeck and Michael (2006) and Martinez-Garzon et al. (2014). Uncertainties in the
stress inversion are determined using the method of Baques et al. (2023). While Martinez-Garzén et al. (2014)
solely employ bootstrap resampling approach of the focal mechanisms to assess stress tensor uncertainties,
Baques et al. (2023) create 100 new subsets of focal mechanisms by randomly perturbating the original solutions.
Perturbations are drawn from a Gaussian distribution with standard deviation equal to the uncertainties of the
focal mechanisms. These new subsets are then inverted, and the dispersion of the principal stresses enables to
estimate their uncertainties.

5. Spatio-Temporal Evolution of Seismicity Following the Heavy Rainfall Associated
With the 2020 Alex Storm

5.1. Seismicity Over the Period 2014-2022

As previously mentioned in the seismotectonic context (Section 3), the lower Tinée valley exhibits a low seis-
micity rate, with only 138 events detected through permanent networks from 2014 to 2022. Employing the
template matching over an extensive 8-year period has detected additional earthquakes. Figure 2 shows the
resulting data set composed of 515 new events (those detected by template matching) with magnitude ranging
from —1.49 to 1.66, plus the 138 events of the original data set. Note the template matching has retrieved for the
period October—December 2020, the events initially detected by Chmiel et al. (2022). The seismicity is char-
acterized by the alternation of quiet (with on average 3 earthquakes/month) and more intensive seismic periods
like in 2016 and 2020-2021, with peak of almost 160 earthquakes per month in autumn 2020, following Alex
storm.

To ensure robust relative location accuracy, stringent criteria (Text S3 in Supporting Information S1) were
applied, resulting in the precise localization of 266 events out of the 653 detected. Horizontal and vertical double-
difference location uncertainties (i.e., uncertainties inside the cloud of seismicity) are estimated at X ~ 50 m,
Y ~ 80 m and Z ~ 125 m, respectively. Figure 3a presents these new event locations, with black dots indicating
the seismicity in the days following the heavy rainfall of Alex storm (from October to December 2020), while the
white dots represent all other events between 2014 and mid-2022. The seismicity predominantly impacts the left
riverbank of the Tinée, consistently situated 1-2 km eastward from the main stream. The overall trend of the
seismicity aligns N160°-N170°, sub-parallel to the main orientation of the valley. Examining the seismicity
distribution around the latitude 44.05, close to swarms C and D (Figure 3), a second orientation (~N70°) quasi-
perpendicular to the main orientation of the Tinée valley is visible. The seismicity from the right riverbank of the
Tinée river, located at latitude 44.03 and longitude 7.09 (Figure 3a), tends to align with La Bolline Valley, located
east of Rimplas.

Although the average depth of seismic activity post-Alex storm is situated around 4 km depth (Figures 3b and 3c),
an examination of the seismicity distribution from 2014 to 2022 along a longitudinal South-North cross-section of
the valley (Figure 3b) reveals a northward gradual increase in the focal depths from 4 to 10 km.

The primary types of focal mechanisms are mainly normal and reverse, with a minor strike-slip component
(Figures S5 and S6 in Supporting Information S1). The nodal planes globally exhibit bimodal strike with a
predominant N-S to NW-SE direction (N180°-N150°), and a secondary east-west direction (N70°-N90°). The
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Figure 2. Histograms of the seismicity: (a) Cumulated number of events
detected between 2014 and 08/2022, (b) Daily seismicity rate from 2014 to
08/2022, (¢) Cumulated number of events detected from 09/15/2020 to 01/
01/2021, (d) Daily seismicity rate from 09/15/2020 to 01/01/2021. Blue bars
represent the original seismicity of the Sismoazur data set, while the orange
bars denote the seismicity detected by the template matching. The
magnitudes associated to those events are indicated by circles. Swarms
identified in Figure 3 are labeled A, B, C, and D. Note: Only a limited
number of these events have been precisely relocated using double-
difference HypoDD method.

northwest-southeast normal-fault solutions systematically have a steep dip-
ping nodal plane (ranging from 63°-88°). The other focal mechanisms are
rather heterogeneous in dip and strike. Spatially, while a swarm active in
October 2016 between Clans and Rimplas villages shows a prevalence of N-S
to NW-SE normal-fault mechanisms, the other areas display a mix of focal
mechanisms. La Bolline valley, which crosscuts the Tinée valley at 44.05°N,
exhibits almost only reverse mechanisms, with nodal planes oriented N70—
90°. These results suggest the development of a N160—170°subvertical faults
network along the Tinée valley, crosscut by conjugate faults striking N70—
90°, like in la Bolline Valley.

Ultimately, the orientations of the local stress axis (6; ~ N165°, 6, quasi-
vertical, and o5 ~ N75°), derived from the inversion of the nodal planes
(Figure S7 in Supporting Information S1), are in good agreement with prior
studies (Baroux et al., 2001; Ritz, 1992). The strike-slip regime identified in
this area is consistent with the conceptual seismotectonic model proposed by
Eva et al. (2020), indicating right-lateral slip along NNW-SSE to WNW-ESE
high-angle faults associated with shortening in the southern external zone.

5.2. Focus on the Earthquake Swarms Following the Rainfall

The template matching conducted over the period 2014-2022 shows no ev-
idence of seismic swarm reactivation during the Alex storm period. There is
no detection of new events in the October—December 2020 period when
employing templates from periods preceding or following the Alex storm.

Consistent with the observations of Chmiel et al. (2022), the storm is followed
by multiple seismic sequences, evident in the histogram of the number of
detections through time (a total of 188 events detected (3 events detected
between 15 September 2020, and 185 events detected in the 100 days
following the storm) with magnitudes range from —1.03 to 2.01; Figures 2c
and 2d). A few events are detected 2 days after the storm, followed by a
substantial seismic sequence 6 days later. A multi-peaks sequence of seismic
activity is highlighted on 25th-27th October 2020, with a final sequence
occurring on 9 November 2020. Some sparse events also occurred within this
period; their quantity is not comparable to the swarm sequences.

Among the four main swarms depicted in Figure 2, which occurred shortly
after the Alex storm, denoted as swarms A (4th October 2020), B (8th October
2020), C (25th—27th October 2020), D (9th November 2020), we will focus
on swarm B (8th October 2020). This swarm, concentrated into a cluster near
the Clans village (Figure 3a) is of particular interest. Notably, we lacked a
sufficient number of located events for the remaining swarms (only 20 and 10
events for the two largest), on the 78 events relocated using double differ-
ences out of the 188 events detected, which precludes us for drawing
conclusive insights regarding their geometry.

The seismic sequence within swarm B, comprising 42 located earthquakes, is
trending ~N170° (Figure 4). The majority of seismicity is located at 3.6 km

depth. Examination of both the along-plane (N170°) and perpendicular-to-the-plane (N80°) cross-sections reveals

an apparent plane of seismicity measuring approximately 400 m long and 200 m high, with a steep dip to the east.
The optimal plane that best fits the distribution of seismicity is oriented at N150° with a dip angle of 75° in the
eastward direction. However, considering the vertical uncertainty of the relative location, which is approximately

125 m, comparable to the vertical extent of swarm B, we conclude that it represents a seismic lineament rather

than a distinct seismic plane. The strike of swarm B is consistent with the subvertical local fault network evi-

denced in the meso-cenozoic sedimentary cover of the lower Tinée valley (i.e., fault surface trace in Figure 1 from
field analysis). Additionally, its orientation is consistent with the direction of the major faults observed in the
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Figure 3. (a) Maps illustrating the distribution of seismicity in the lower Tinée valley, with its new precise double-difference
location and associated focal mechanisms. The isolines depicting rainfall from the 2020 Alex storm are also included. South-
north (b) and west-east (c) cross-sections of the seismicity of the whole valley are presented. White dots indicate the
seismicity over the 2014-2022 period, except the October—December 2020 seismicity shown in black. The red triangle
represents the position of seismological stations, while the blue square marks meteorological stations. Magenta squares
represent the main villages.
crystalline basement of the Argentera Massif, situated north of the Tinée valley, including the active Bersezio
fault (Larroque et al., 2001). The strike of swarm B is further in agreement with the main stress orientations
(61 =N166° + 27° dipping 39° £ 24°, 62 = N345° + 35° dipping 63° + 25°, 63 = N255° £ 15° dipping 7° £ 15°)
and the ~N165° subvertical nodal plane of the focal mechanism. Consequently, we interpret this seismic
alignment as the intersection between a subvertical fault striking at N170° and a second subparallel fault (or a
major lithological limit).
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Figure 4. Close-up view on swarm B triggered 6 days after the 2020 Alex storm (2nd October 2020) with its associated focal mechanisms. The red line represents a
surface trace of the fault identified in the field by geological observations. (a) North-south and (b) west-east cross-sections showing the seismicity migration within the

swarm.

5.3. Seismicity Migration

The locations of earthquakes of the post-Alex storm seismic sequence (October—December 2020) as a function of

time (top panel in Figure 5) clearly exhibits a northward successive activation of the swarms A, B, and C at an
approximate velocity of 500 m per day. This corroborates the observations previously discussed by Chmiel

etal. (2022). The first swarm is triggered in the area experiencing the highest rainfall levels (>500 mm, Figure 3),

and then swarms spread to areas receiving less than 500 mm of rainfall.
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Figure 5. Migration of the seismicity post the Alex storm relative to the 1st event. Top: Distance-time plot of all the seismic
sequences. (Bottom) Oriented close-up view on each individual swarm labeled A, B and C.
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The bottom subplots in Figure 5 are presented as distance-time plots along the strike. In this context, strike is
defined as the general horizontal direction of each swarm. These plots serve to emphasize any potential migration
of the seismicity. Upon closer examination, the A and C swarms, comprising 10 and 20 events, respectively, do
not show any clear migration patterns. For swarm A, a rapid northward migration (~340 m/hr) might be estimated
with the first 8 earthquakes, but the small number of earthquakes prevents reliable interpretation. Similarly, for
swarm C, the rapid apparent westward migration of ~150 m/hr could be an over-interpretation of the results due
to the small number of earthquakes.

A robust analysis can be conducted with swarm B, which consists of 42 located events. A bidirectional migration
is clearly depicted in subplot B of Figure 5. In the first ~300 min, the seismicity migrates northward at the velocity
of ~130 m/hr. Following this, a second migration with a slower southward velocity (~5 m/hr) becomes evident as
the seismicity is mainly activated south of the area of seismic initiation.

The velocities observed within this swarm can be linked to classical physical mechanisms governing seismicity
propagation. Velocities below 100 m/hr are compatible with the mechanism of fluid-diffusion (Chen et al., 2012),
while velocities ranging from 100 to 1,000 m/hr are more in line with the aseismic slip mechanism (Roland &
McGuire, 2009). In the case of swarm B, the bidirectional migration is noteworthy, where northward migration
could be indicative of aseismic slip, while the southward migration aligns with fluid-diffusion process.

This swarm is a good illustration of the potential interaction between multiple processes that initiate and sustain
seismicity. In areas characterized by low deformation rates, transient processes can be more easily identified, as
their associated deformations are not overshadowed by more pronounced tectonic deformations. The observed
interaction between fluid diffusion and aseismic slip are consistent with findings from prior studies (Cappa
et al., 2019; De Barros et al., 2020).

6. Modeling the Seismicity Evolution

The seismic observations following the 2020 Alex storm present a unique opportunity to investigate the intricate
interplay between rainfall infiltration and swarm mechanics. This section delves into modeling results to explore
the underlying processes driving the swarm and assess the relative contributions of extreme rainfall, fluid pressure
diffusion from water infiltration, and intermittent stress perturbation from slow aseismic slip in driving the
seismicity. We first outline the modeling strategy employed to calculate fluid pressure and stress changes
associated with rainfall, and the link with changes in seismicity rates. Next, we model the temporal evolution of
seismicity during the swarm sequence by comparing (a) a fluid-driven model and (b) a stress-driven model based
on rate-and-state friction formalism. We then discuss the disparities between the two models and explain how
they provide insights into the stress perturbations associated with slow aseismic slip. These perturbations, in turn,
contribute to sustaining the swarm activity over the 100 days following the storm.

6.1. From Rainfall to Fluid Pressure and Stress Changes

In the Earth's crust, faults in intraplate regions are generally considered in a critically stressed state (Townend &
Zoback, 2000). Consequently, small changes in fault loading conditions can trigger earthquakes that release
energy stored as tectonic strain. For instance, it has been shown that fluid pressure changes as low as 0.5 kPa and
stress changes as low as 0.07 kPa are sufficient for earthquake triggering (Wilson et al., 2022).

Here, to quantify the effects of rainfall on fault activation at the seismic nucleation depth, we calculated the stress
changes in response to time-varying surface loads using the Coulomb's theory in which the Coulomb stress
change (ACFS) is defined as (Jaeger et al., 2007):

ACFS = At + pAo, + uAP 2)

where the symbol A denotes a change, 7 is the shear stress on the fault (positive when increased in the direction of
fault slip), o,, is the total normal stress on the fault (positive for extension, i.e., when the fault is unclamped), p is
the friction coefficient of the fault, and P is the fluid pressure in the fault. A positive Coulomb stress change will
promote fault rupture, potentially seismic; conversely, a negative Coulomb stress change will tend to lock the
fault. Az and yAo, in Equation 2 denote the contribution of mechanical stressing, while pAP is the direct hy-
draulic contribution of the change in fluid pressure on the fault (positive indicates a pressure increase). Thus, fault
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slip may be induced by an increase in shear stress or fluid pressure, or by a reduction in normal stress or friction
coefficient.

The fluid pressure change (AP) develops in two ways (Chen & Talwani, 2001; Talwani, 1997). First, an
instantaneous response occurs to undrained loading (AP,) caused by the compression of the porous rock asso-
ciated with the weight of the water mass at the ground surface. Second, the diffusion of fluid pressure (AP,) from
the ground surface to the hypocentral location. So, the fluid pressure change (AP) is defined as follows:

AP = AP, + AP, ®3)
The instantaneous increase of fluid pressure (AP,) due to undrained effect (Skempton, 1954) is expressed as:
AP, = BG cy
where B is the Skempton's coefficient and the average change in the mean stress is:

(O'XX + Oyy + GZZ)
3

o=

©)

For a uniform circular load, the mean stress can be calculated from the vertical, radial and transverse horizontal
stresses estimated at depth (z) and distance (r) from the water mass at the ground surface as follows (Dura-Gomez
& Talwani, 2010; Liu et al., 2011):

3Fz3
* = "oms ©
F[(1-20) z (3R2Z)
=—|— (] ——-)=-
Y ( r) o] )
F 1 z z

where F is the concentrated force at the origin, F = pghA, his the height of the water column, A is the surface area of
the water mass, g is the acceleration of gravity (m/s%), and p is water density (kg/m>). v corresponds to the Poisson

ratio. The distance r is defined as r = 4/x2 + y2 + z2 and its horizontal projection R is defined as R = /x2 + y2.

For the fluid diffusion process (AP,), we assume that the change in groundwater level (AW) associated with
rainfall rate (Q) is coupled with the poroelastic response of the fluid saturated crust. Thus, the variations of
groundwater level depend on the rainfall history (Figure 6a) and the hydraulic properties of the rock formations.
Here, we consider a simple model where the groundwater level change is equal to the deviation of the rainfall
from the average precipitation rate (Hainzl et al., 2006, 2013). The groundwater load change over time can be
numerically considered as a succession of load changes caused by rainfall. Based on the estimated changes of the
groundwater level, we can calculate the fluid pressure changes at depth (z) assuming a 1-D diffusion process in a
porous medium (Miller, 2008). The solution of the 1-D diffusion equation (Hainzl et al., 2013; Roeloffs, 1988;
Simpson, 2001) is given by:

z

APy(z,t) = [(1 —a) f:rfc(\/zat

) + a]pgAW )

where t is the time (s), g is the acceleration of gravity (m/s%), a is a model parameter related to the Skempton
coefficient (B) and the Poisson ratio (v) as a = B(1 + v)/[3(1 — v)], p is water density (kg/m3), erfc is the
complementary error function, and D is the hydraulic diffusivity (m?). When the undrained effect is dominant, a
tends to one, while, when the drained effect is dominant, a tends to zero (Dura-Gomez & Talwani, 2010). By
convolution of the groundwater level changes with Equation 9, the fluid pressure change at depth is calculated in
response to the measure surface rainfall. Here, we ignore the hydromechanical effect of stress-dependent
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Figure 6. Time series of (a) daily and (b) cumulative rainfall, as well as (c) cumulated number of earthquakes. The gray
vertical line indicates the time window of the 2020 Alex storm. Rainfall is measured at the Clans station located in the
seismically active area (see Figure 1).
hydraulic diffusivity due to the inherent difficulties to constrain the distribution of rock and fault properties at
depth, and focus on the direct effects of fluid pressure changes. The interaction between rainfall and seismicity
was previously studied with similar models for the fluid pressure changes (Hainzl et al., 2006, 2013; Miller, 2008).
The tested values of these parameters are listed within Table 1. Here, we have tested a classic range of hydraulic
diffusivities, from 0.1 to 10 m%/s (e.g., De Barros et al., 2021), for the porous and permeable sandstone and
limestone layers observed in the studied area. The fluid pressure change was calculated from the ground surface to
a depth of 6 km, a depth below the location of observed seismicity to avoid numerical boundary effects.
6.2. From Stress Changes to Seismicity Rate Changes
Table 1

Model Parameters Used to Calculate Change in Fluid Pressure and
Coulomb Stress

Properties Value
Skempton coefficient (B) 0.5
Poisson ratio (v) 0.31
Hydraulic diffusivity (D) 0.1, 1, 5, 10 m?/s
Effective friction coefficient (p) 0.3,04, 0.5, 0.6
Water density (p) 1,000 kg/m?

Subsequently, we relate the change in Coulomb stress (ACFS) to the time-
dependent seismicity rate change (dR/dt) using Dieterich's seismicity rate
theory (Dieterich, 1994). We employed this approach for the two tested
models. First, we conducted a fluid-driven model for rainfall-induced fluid
pressure, and second, a stress-driven model for stress perturbations due to
aseismic slip transient.

The Coulomb stressing rate (7, time derivative of the Coulomb stress changes
defined in Equation 2) is used as input to the rate-and-state seismicity theory
originally proposed by Dieterich (1994), and then adapted by Segall and
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Lu (2015) and Heimisson and Segall (2018), to derive the evolution of seismicity rate. The seismicity rate is
calculated as:

dR —5<1—R> (10)

E_ta 7o

where R is the relative seismicity rate (i.e., the seismicity rate divided by the background seismicity rate r,
associated with tectonic loading), 7, is the background stressing rate, and t, is a characteristic time decay which
depends on a dimensionless fault parameter “a” (which quantifies the direct effect of rate-and-state friction
behavior of the fault) and the temporal evolution of normal effective stress o, (i.e., total normal stress minus fluid
pressure):

t, = - (11)

This model of seismicity rate is the simplest equation that both admits a steady state solution and also predicts
Omori-like decay following a rapid change in stress (Segall & Lu, 2015). A limitation of the model is that it does
not account for stressing due to interactions between earthquake sources.

The ordinary differential Equation 10 is solved using an explicit fifth-order Runge-Kutta algorithm with adaptive
time step (Fehlberg, 1969). The relative error tolerance is 10~® and the absolute tolerance is set to a very small
value so that error control is essentially only relative.

For the stress-driven model testing the effects of stress perturbations due to aseismic slip transient, we approx-
imate the stressing rate history with a series of seven pulse functions inferred from the seven main bursts of
seismicity visible on Figures 2¢ and 2d. This assumption is supported by previous studies indicating the imbri-
cated occurrence of intermittent discrete seismic ruptures of various amplitudes in a slowly slipping fault
(Lengliné et al., 2017). Before the onset of stress pulse, the background stressing rate is 7. During a seismic burst,
the stressing rate increases to 7 ; then, it returns to background. A single pulse is modeled with the Gumbel
function:

F:ww,zz exp<_t[;tp) (12)

where @ is an amplification factor of the pulse, f3 is a parameter controlling the pulse width, t is the time, and t; is
the starting time of the pulse.

6.3. Inversion Procedure

The stress-driven model based on stress perturbations due to aseismic slip is governed by 24 parameters (r, t,, and
7y in Equation 10, plus seven times , t, and § in Equation 12). In order to simplify the model, the values of 8 and
t,, are fixed relative to the duration of each seismic burst (Figures 2¢ and 2d). The background seismicity rate 1 is
estimated from the regional catalog before and after the seismic sequence associated with the Alex storm and is set
to 3 events per month. Then, the values of the 9 others free parameters are determined by solving an inverse
problem consisting in finding the optimal values that provide a theoretical cumulative number of earthquakes (i.e.,
integration of dR/df) best explaining the data. This approach was already used in previous studies (e.g., Heimisson
& Segall, 2020; Luu et al., 2022; Segall et al., 2006). It offers a larger data set for comparison with numerical
models than relying solely on daily earthquake counts for the seismicity rate.

This inverse problem is solved for 5 million of explored solutions using a simulated annealing algorithm
(Kirkpatrick et al., 1983). This algorithm is designed to make an efficient random exploration of the solution
space. Exploration consists in seeking the optimal solution corresponding to the absolute minimum of misfit
function while avoiding solutions of local minima. In the initial steps, solution space is broadly explored and then
in later iterations, exploration focuses on regions that fit the data well. The concept of the algorithm hinges on
distinctive feature associated with temperature variation, a key aspect integrated into the characteristics of the
algorithm. This entails a systematic reduction of the temperature as the inversion progresses. The algorithm starts
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initially with a high temperature and gradually decreases it at each step according to a predefined annealing
schedule. In our investigation, we explored three distinct schemes for the temperature evolution: (a) a linear
decrease from the highest to the lowest temperature, along with a cyclic reduction and increase of temperature
from the highest to the lowest value considering (b) the current solution of the present cycle as the initial solution
for the next cycle, or (c) the best-fit solution of the present cycle as the initial solution for the next cycle. This
approach yields an ensemble of best-fit solutions for various conventional annealing schedules.

Following this, the inversion procedure was performed for different random sets of initial values for the nine
parameters. The bounds on the prior distribution are given by 107 <7, < 107> MPa/day, 1 < t, < 30 days, and
0.01 < @ < 0.2. The misfit between the observations and predictions is estimated with the reduced chi-square (y?):

1 obs; — pred; 2
2 _ 1 i i 13
7=y ;N( . ) (13)

where N is the number of observations (i.e., 188) minus the number of free model parameters (i.e., 9), and o; is the
uncertainties (here, we consider 1% for measurement and model).

To assess the sensitivity of the best-fit numerical solution to the data, we ran the inversion 30 times, with 10 runs
conducted for each of the three annealing schedules mentioned above. By doing so, the dispersion of the 30
solutions gives an estimation of the uncertainties for each free model parameters.

6.4. Modeling Results
6.4.1. Can Seismicity Be Explained by Stress Changes Induced by an Increase in Fluid Pressure?

It is commonly assumed that heavy rainfall can potentially induce seismicity through two types of mechanisms
(Miller, 2008; Perrochet et al., 2023): (a) the accumulation of substantial water mass in the subsurface above
critically stressed faults, leading to stress variations large enough to trigger a seismic ruptures, or (b) the diffusion
of a front of pressurized fluids from surface to seismogenic depth, resulting in a reduction of normal effective
stress and resistance on faults, sufficient to initiate ruptures. In the case of the 2020 Alex storm, a linear corre-
lation between the seismicity and rainfall using a 1-day sliding window (Figure S8 in Supporting Information S1)
indicates a 6-day time delay between them, highlighting a potential contribution of fluid pressure and associated
poroelastic effects in triggering and driving the seismicity. We investigate these two mechanisms in the following
sub-sections.

6.4.1.1. Impact of Surface Flooding Loading at the Depth of Observed Seismicity

Here, we examine how a massive weight of fluids can perturb the stress on a fault at the depth of observed
seismicity. In the seismic zone, the subvertical fault (80°) is experiencing only slight effects of vertical loads. The
Tinée valley lacks karstic environment dominated by high transmissive hydraulic conduits, a condition favorable
to the fluid mass gathering (D’ Agostino et al., 2018; Derode et al., 2023; Perrochet et al., 2023). Thus, the Tinée
river bed collects most of the surface runoff. However, the flash floods induced by the storm also triggered
numerous landslides and destruction, resulting in a substantial mass of mixed water and sediments carried through
the valley. We estimated the area of flood to be 3.5-7 km long, 40 m wide, and 4-10 m high by analyzing IGN
(National Institut for Geographic and Forestry Information) satellite images before and after the storm, combined
with the local geometry of the valley. Thus, the volume of the water mass is comprised between 5.6 x 10° and
2.8 x 10° m>. The flood density was estimated between the classical value of p = 1,200 kg/m® for water body
slightly concentrated into unconsolidated sediments (silts, sand, etc.), and p = 2,650 kg/m>, equivalent to sedi-
ment density (Dietze et al., 2022). The high p value, compared to the usual value for water, reflects the large
volumes of rocks, sediments and rubbles transported by the torrent, aiming to estimate the maximum possible
loading perturbation to analyze its impact at the seismogenic depth.

Equations 6-8 were used to estimate the vertical, transverse and radial stresses at the depth of seismicity,
considering the distance between the surface loading and the seismicity. To better constrain the model, we
calculated two cases: (a) the centroid of the flood mass is located in the mid-length of the flood, in the river bed
(around La Condamine village, between swarm A and swarm B in Figure 3), and the seismogenic fault is at the
location of the swarm B; (b) the centroid of the flood mass is located right above the seismogenic fault.
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In the most realistic scenario (case 1), the mean stress varies from 64 to 708 Pa

g0 : . ‘ 35 at 4-km depth, and the undrained pressure ranges from 32 to 354 Pa. In the
< D=0.1m?%s 30 © .
Sk 1M, & worst-case scenario (case 2), the mean stress ranges from 115 to 1,268 Pa at
() B 1%} . . .
Lot 120 the same depth, with the undrained pressure estimated at 57-634 Pa. In
gt 10 s comparison, as a point of reference, an overpressure of 8 MPa (approximatel
z 10 8 P > p > p pp y
S 1| {05 Q 8,000 times higher than the magnitude of perturbation in this study), resulting
£5F ] ?(')05 3 from an abrupt vertical loading of a water column due to intense rainfall in the
[ S
o6 ‘ : ’ : y p ‘ ‘ ; : 1.0 Nimes fault region in September 2002 triggered 80 earthquakes (Rigo
0 10 20 30 40 50 60 70 8 90 100
Time (day) et al., 2008).
’E‘ 0 35
= 30 T Based on the above calculations, the pressure change induced by the un-
Q 25 & . . .
8o o0 £ drained response at the depth of the seismic zone is only on the order of
«z 3k Bl AR ; hundreds of Pascals, representing a very low stress perturbation in the
10 8 . . . . .
24t 1l los & geological medium. Moreover, the undrained fluid pressure is the largest at
£5f 1| 100 %7 the time of the flood, and gradually decrease with time. Thus, the impact of
-05 & . . .
86 . . . . . . . s w . e the instantaneous load associated with the temporary storage of a heavy water
S Ti‘:’ge ( dss) L mass at the ground surface on the seismicity is rather weak, leading to a very
£0 35 low triggering ability. In this case, a massive loading due to the extreme
f 1 22 g flooding cannot be considered as the main or only mechanism responsible for
é 2 2.0 % the increased seismicity rate.
34 15 g
2 10 8
§ 4 05 L(é; 6.4.1.2. Seismicity Evolution From a Fluid-Driven Model
£5 00 % ) N . .
a 058 Figure 7 presents the migration of fluid pressure from the surface owing to
06 -1, . . .
0 rainfall through the permeable medium until 6 km depth. In all modeled
Ao Time (day) .5 scenarios, the fluid pressure diffusion is calculated over a period of 108 days,
i3 i 30 T starting from 15 September 2020, about 18 days before the Alex storm to
g 25 § avoid boundary effects. Modeling results show that rainfall can induce fluid
g2 20 S . .
2, 15 ?j; pressure changes on the order of kilopascals at depths of few kilometers for a
é . :)'g El range of hydraulic diffusivity comprised between 0.1 and 10 m?/s (Figure 7).
.5 ©
= s 00 % At depths between 3 and 4 km below the surface where seismicity occurs, the
§ 6 ?2 = increase in fluid pressure varies from 0.9 to 2 kPa, respectively, for the lowest

o
o

20 30 40

Figure 7. Fluid pressure change induced by the rainfall history (daily data)
for different values of hydraulic diffusivity (0.1, 1, 5, 10 mz/s).
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70 80 90 100 and highest values of hydraulic diffusivity (Figures 8a and 8b). At the peak of
rainfall, results indicate a sudden and rapid pressure increase up to 0.9 and
1.1 kPa, depending on diffusivity. Then, the pressure continues to slowly
increase during 23 days after the storm, and then decreases, for the highest
diffusivities (5 and 10 m%/s), while pressure decreases slowly immediately
after the storm for the lowest diffusivities (0.1 and 1 m%/s). The small intermittent pressure increases observed at
distinct times depicts the response to local rainfall (Figure 8).

From the pressure variations, the maximum changes in Coulomb failure stress (ACFES) are comprised between 0.7
and 0.8 kPa for the highest diffusivity, at 3 and 4 km depth, respectively. By varying the friction coefficient
(Figures 9a and 9b), the maximum stress changes vary between 1 and 1.4 kPa.

Using our estimated values of Coulomb stress changes induced by fluid pressure diffusion due to rainfall, the
calculated cumulative number of earthquakes is less than 4 for different tested values of background stressing rate
(@ from 1 to 10 kPa/yr) and characteristic time decay (t, from 5 to 30 days), in a range of values representative of
natural conditions in the studied area (Figures 9c and 9d). This cumulative number of seismic events is much
lower than the 185 earthquakes observed after the Alex storm (Section 5). This result shows that the stress changes
associated with rainfall infiltration and fluid pressure diffusion is rather weak, so their triggering ability is
insufficient to explain the data.

We conclude that another mechanism is at play to produce the stress perturbations capable of triggering the
observed swarms.
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E - pressure diffusion cannot explain the observed seismicity. Additionally, the
% . envelope of seismicity rate (Figure 2d) appears to decrease exponentially,
T

: consistent with a relaxation process (Hainzl & Christophersen, 2017)

following the Alex Storm. We initially tested this assumption and found that a

Alex storm
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! ; basic relaxation model only partially reproduces the observed seismicity rate

——D=01m%s
D=1m?s | (Text S4, Figure S9 in Supporting Information S1).
——D=5m%s
——D=10m?s | Consequently, we have investigated a more complex model accounting the

possibility of stress changes due to aseismic slip migration using a stress-
driven model based on Equations 10 and 11 of Dieterich's model, along

. . . with Equation 12 for stress loading history. This model introduces an
evolving shear stress perturbation, affecting the seismicity rate on a fault.
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While lacking geodetic observations of a slow slip event in this area to
constrain the model, aseismic slip mechanisms have been observed in other
regions with earthquake swarms (De Barros et al., 2020; Llenos et al., 2009;
Lohman & McGuire, 2007; Sirorattanakul et al., 2022).
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c S R urthermore, in Section 5, we presented evidence that the swarm B, activated
0.5 : . : : : 6 days after the storm, exhibits a northward migration whose velocity is
; ‘ ‘ consistent with aseismic slip. Consequently, our model assumes that aseismic
4km slip migration serves as the source of intermittent pulses of shear stress

perturbation, leading to swarm seismicity. For each seismicity cluster, the
amplitudes of each pulse of stress (w) vary freely in the model, while the
duration is fixed based on the data (see Sections 6.2 and 6.3).

——D=0.1m%s D=5m%s . . .
Detms ——=D=10mZs Results from 30 inversions show that the model effectively reproduces the

' ‘ ] i observed cumulative number of earthquakes (Figure 10a). Consistent best-fit

0 10 20 30 40 50 60 70 80 90 100
Time (day) solutions are obtained for different evolutions of shear stress with final values
ranging from ~206 to ~410 kPa (Figure 10b), corresponding to peaks in
Figure 8. (a and b) Fluid pressure and (c and d) Coulomb stress changes due stressing rate between 14 and 168 kPa/day. The estimates of model param-

to rainfall for a variety of hydraulic diffusivity (0.1, 1, 5, 10 m2/s) at different
depths (3 and 4 km) in the seismic area. The gray vertical line indicates the
time window of the 2020 Alex storm. The effective friction coefficient is

eters include a relaxation time of ~16.5 days (£2.4), a background stressing
rate of ~0.057 kPa/day (£0.0084), and ac,, of 0.94 kPa (£0.17) (Figure S10 in

taken at 0.4 for calculating the Coulomb stress changes in panels (c) and (d). Supporting Information S1).

The reliability of these results is verified through two additional tests. The
first test consists in computing numerical solutions from parameter values that are +10% of the maximum and
minimum among the 30 best-fit parameters. The resulting numerical solutions (Figure S11 in Supporting In-
formation S1) do not align with the observed seismic data, which clearly reinforces confidence in the original
best-fit solution. The second test is a comparative analysis between the inversion of the cumulative number of
earthquake and the maximum log-likelihood approach, a common method for fitting models with earthquake data
(e.g., Hainzl et al., 2006; Hardebeck, 2012; Zhuang et al., 2012). The results show that both approaches yield
similar solutions (Figure S12 in Supporting Information S1), further validating the accuracy of our model.

In addition, we have set the prior distribution of the relaxation time (t,) between 1 and 30 days, a reasonable
assumption considering the short duration of observed seismic bursts, which typically range between 1 and 6 days
(Figures 2 and 6¢). However, these values are shorter than those generally observed for aftershocks sequences,
which can last from several months to years or even decades (Hainzl et al., 2016; Utsu et al., 1995). To account for
this, we have tested a new inversion with a larger prior distribution of the relaxation time, extending it to 360 days.
We found a best-fit solution (Figure S13 in Supporting Information S1) with a t, of 22.27 days, a value in
agreement with the previously calculated range (12.12 < t, < 22.02 days) for the 30 best-fit solutions (Figure S10
in Supporting Information S1). Thus, a larger prior distribution of t, has a limited impact on the best-fit numerical
solution.
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Figure 9. Sensitivity of (a) and (b) the stress change at depths of 3 and 4 km to The depth of seismic swarms, and the likelihood that they were triggered by
the friction coefficient, assuming two cases of hydraulic diffusivity (0.1 and slow aseismic slip, constrain the depth of the slow slip. On the geological map

10 m?/s), and cumulative number of earthquakes to (c) tectonic stressing rate (Figure 1) of the lower Tinée valley, the meso-Cenozoic sedimentary cover is
(%p) and (d) the relaxation time (t,) in response to fluid diffusion due to

discernible, distinctly separated from the underlying basement (comprisin
rainfall considering a hydraulic diffusivity of 10 m?s. ¥ sep ymng ( p g

Permian pelites and migmatites) by a Triassic layer. Based on field data

(Faure-Muret, 1957), two lithostratigraphic logs (see Figure S14 in Sup-
porting Information S1) provide contrasting estimations for the thickness of geological layers in this region—one
representing the minimum thickness, and the other the maximum. The mean vertical location uncertainty pro-
vided by NonLinLoc (phase of the Sismoazur data set relocation, Section 4.3) is around 900 m. Hence,
considering the two possible distributions of lithology and the vertical uncertainty location of seismicity,
earthquakes occurred either within the crystalline basement or in proximity to the interface between the crys-
talline basement and the Permian fractured layer. In light of the dip of the layers and the geological map, the
former scenario, wherein seismic ruptures occur within the crystalline basement, remains more plausible and
consistent with the available data.

The crystalline basement outcrops north of Tinée valley (massif of the Argentera-Mercantour). This igneous and
metamorphic massif, originating from the Variscan period, was exhumed at the end of the Alpine orogenesis
within a transpressional regime that reactivated large NW-SE strike-slip faults (Bigot-Cormier et al., 2006).
Consequently, the crystalline basement lying 3—4 km beneath the Tinée valley is likely heterogeneous with a fault
system of variable hydraulic and frictional properties. As a result, this geological context renders the crystalline
basement susceptible to hosting a portion of the seismicity observed in the region. Conversely, faults in the
sedimentary cover primarily slip aseismically.
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Figure 10. Cumulative number of earthquakes detected compared to that predicted for a stressing rate history associated with
a slow slip event. (a) Observed earthquakes count in daily bins (gray dots) and the 30 best-fit predicted solutions (blue lines).
Vertical orange dashed lines mark the beginning and end of the Alex storm. (b) Inverted stressing rate history estimated from
the sum of individual pulses, using the Gumbel function (Equation 12), and stress changes used to derive the predicted
seismicity.

7.2. Mechanisms Involved in the Triggering Sequence of Seismic Swarms and Correlation With Rainfall

Through our investigations, we show that the earthquake swarms following the 2020 Alex storm can be explained
by a series of intermittent shear stress perturbations with magnitudes largely greater than ones produced by fluid
pressure diffusion due to rainfall (~294 times the low bound of ACFS at 0.7 kPa, and 292 times the upper bound
of ACFS at 1.4 kPa). The contribution of a slow aseismic slip is consistent with the migration velocity (~130 m/
hr) of earthquakes northward within the swarm B (Section 5.3). While the fluid-driven model indicated that the
contribution of fluid pressure changes is limited at the depth of seismicity, the diffusion of a pressure front from
the ground surface could participate in the initiation or acceleration of an aseismic slip on faults critically stressed.
Then, the slow slip event produces sufficient stress changes to trigger earthquakes along the main fault zone. Our
model is consistent with recent results, which showed that natural fluid intrusion can induce aseismic slip on faults
(Yukutake et al., 2022). Subsequently, seismicity migration reflects the aseismic slip propagation.

Additionally, we conducted a theoretical analysis (refer to Text S5 in Supporting Information S1), estimating slip
velocities ranging from 0.1 to 12 X 107 m/s (Figure S15a in Supporting Information S1). This estimation is based
on the observed rupture propagation velocity during seismic bursts (ranging from 5 to 130 m/hr; see Figure 5) and
reasonable stress drops (Gao et al., 2012) within the range of 0.1-10 MPa (Text S5 and Figure S15a in Supporting
Information S1). The calculated slip velocities align with previous analyses of seismic swarms driven by aseismic
creep (Lohman & McGuire, 2007; Roland & McGuire, 2009). Once aseismic slip initiates, it has the potential to
escalate, influencing stress on small asperities with critical earthquake nucleation lengths ranging from 0.1 to
5.48 m (Figure S15b in Supporting Information S1). The intermittent stress perturbations, as indicated by our
modeling, may trigger seismic activation of slip on these asperities, resulting in earthquakes that manifest as
minor swarms. This sequential progression aligns with findings from observations on natural faults (De Barros
et al., 2020; Lengliné et al., 2017), and theoretical models (Bhattacharya & Viesca, 2019; Cappa et al., 2019),
which demonstrates that the stress perturbation resulting from aseismic slip serves as a trigger for seismic activity.
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In the studied area, the absence of geodetic network precludes the measurements of aseismic deformations.
Nevertheless, we examined the migration velocity of other swarms within the Tinée valley from 2014 to 2022
(Figures S16-S22 in Supporting Information S1). The spatio-temporal migration of the October 2016 swarm,
situated near Marie village (Figure S22 in Supporting Information S1) and characterized by 17 earthquakes,
exhibits a northward migration at a rate of ~4 km/day, with a corresponding hydraulic diffusivity of ~1 m%s.
Such values are indicative of seismicity driven by fluid diffusion. The analysis of other historical swarms (Figures
S17-S21 in Supporting Information S1) did not reveal aseismic slip velocities that could confirm the presence of
aseismic slip as a pervasive background process triggering seismicity in the lower Tinée valley. Nevertheless, a
seismic swarm driven by aseismic slip is a reasonable hypothesis in the present case, aligning with observations
made in various locations globally (e.g., De Barros et al., 2020; Sirorattanakul et al., 2022; Wei et al., 2015).

Our model results indicated that the increases in fluid pressure due to rainfall vary from 3.5 kPa at shallow depth
to a maximum of 2 kPa at the depth of seismicity. This range of pressure changes produce small changes in stress
of the order of 1 kPa. Such stress perturbations are in line with trigger stresses caused by solid Earth tides (Scholz
et al., 2019) and those required to trigger seismicity on faults (Saar & Manga, 2003). Pressure changes on the
order of 10 kPa are conventionally thought to be necessary to initiate mechanical failure and associated geological
processes in unstressed media (Costain, 2017). Studies have also shown that stress changes in the range of 0.1—
1 kPa are sufficient for rainfall to trigger earthquakes, particularly when the crust is in a critical state (Hainzl
et al., 2006). Given the small magnitude of stress perturbation estimated in our study, the source region of
seismicity is likely mechanically weak and near the point of failure, requiring only a small amount of stressing to
initiate an aseismic slip or accelerating an active slow slip, that then trigger the seismicity.

Triggering of earthquake swarms by aseismic slow slip, alone or in combination with fluid diffusion, was pro-
posed in other regions around the world (e.g., Danré et al., 2022; De Barros et al., 2020; Hatch et al., 2020;
Lohman & McGuire, 2007; Roland & McGuire, 2009; Sirorattanakul et al., 2022; Wei et al., 2015; Yoshida &
Hasegawa, 2018; Yukutake et al., 2022). Recently, Sirorattanakul et al. (2022) demonstrated the triggering role of
a slow slip event starting before the 2020 Westmorland swarm sequence in California. Hatch et al. (2020) also
showed that aseismic slip and fluid diffusion are at play in a 10-day swarm sequence near Virginia city, Nevada, in
US. Moreover, De Barros et al. (2020) demonstrated that the fluid pressurization in a fault system in the Corinth
Gulf in Greece has induced aseismic slip episodes which activate bursts of seismicity during the most intense
phases of the swarm.

At the same time, fluid injection experiments into faults (Cappa et al., 2019; De Barros et al., 2018; Guglielmi
et al., 2015), reservoir stimulations (Bourouis & Bernard, 2007; Eyre et al., 2019; Wei et al., 2015) and modeling
studies (Wynants-Morel et al., 2020) demonstrate the intricate interplay between fluid pressurization, aseismic
slip, and seismicity. The increase in fluid pressure can induce the aseismic slip on faults. Then, stress pertur-
bations due to the migration of aseismic slip can trigger seismicity on asperities with rate-weakening frictional
properties.

Finally, we propose a model based on a sequence of triggering mechanisms (Figure 11). This sequence initiates
with the abrupt and extreme rainfall associated with the Alex storm. Open fault zones facilitate the deep trans-
mission of substantial volumes of rainfall within a critically stressed crust. The stress perturbations resulting from
the surface loading coupled with fluid-diffusion and the associated poroelastic response to this meteorological
event, may have triggered or accelerated aseismic slip on the extensive N160° faults network below the Tinée
valley. Subsequently, the aseismic slip migration increases shear stress on critical asperities, reaching a state
favorable to slip seismically. The rupture of these asperities manifests as the swarm seismicity observed in the
lower Tinée valley following the extreme rainstorm. The requirement for a critical state might explain why
previously activated swarms, such as the one near Marie activated in October 2016 (Figure S22 in Supporting
Information S1), were not reactivated following the Alex storm.

7.3. Could Other Processes Be Involved in the Triggering of the Swarm Sequence?

There are other possible contributions in the triggering of swarm, including mass displacement, atmospheric
loading, tidal interaction or earthquake-earthquake interaction (Foulger et al., 2018; Gao et al., 2000; Hainzl &
Ogata, 2005; Métivier et al., 2009). For example, following the 2020 Alex storm, numerous landslides were
triggered. The BRGM institute (BDMvt database) documented 134 landslides in the lower Tinée valley, leading
to a cumulative destabilized surface area of 322,461 m* across approximately 100 km? between Saint-Sauveur-
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Seismicity

Not at scale

Figure 11. Conceptual scheme summarizing the mechanisms underlying the triggering of seismic swarms following the
intense rainfall associated with the 2020 Alex extreme storm. The fluid invasion through the fractured medium induces a
poroelastic response of the crust at shallow depth, triggering or accelerating aseismic slip on fault planes. As this slip
propagated through the fault network, it pressurized and stressed locked asperities, predisposed to rupture and initiated
seismic swarm.

sur-Tinée and La Tour. Typically, the landslides have moved soil masses a few hundred meters from their original
location. Assuming a soil mobilization thickness ranging from 1 to 3 m (BDMvt database), a volume of displaced
materials is estimated to be approximately comprised between 322,461 and 967,383 m°>. To estimate the impact of
these local mass movements, we compare our estimated values with the Le Teil quarry exploitation (South-East of
France), suspected of playing a potential role in the triggering of a M, = 4.9 earthquake at about 1 km in 2019
(Ampuero et al., 2019; Liang & Ampuero, 2021). A Coulomb failure stress change smaller than 150 kPa was
reported at 1 km depth due to the quarry's mass removal (Liang & Ampuero, 2021). In our case, assuming similar
rock density, the landslides observed in the lower Tinée valley represent only 0.8%-2.3% of the volume of rocks
extracted in Le Teil quarry (42.3 X 10° m?) (De Novellis et al., 2021; Liang & Ampuero, 2021), resulting in a
Coulomb failure stress change significantly smaller than the one reported at 1 km depth in the Le Teil case. This
difference is even more pronounced at the 3—4 km depth of observed seismicity in the Tinée. Consequently, the
contribution of surface mass movements to the triggering of seismicity is deemed negligible.

The earthquake-earthquake interactions within clusters can lead to co-seismic stress transfer, potentially influ-
encing the swarm behavior. Clusters of small to moderate earthquakes have the capacity to increase Coulomb
stress in faults within or adjacent fault segments, bringing them closer to failure. Furthermore, the increase in co-
seismic fluid pressure induced by earthquakes can reduce fault resistance. In the present study, the inter-event
time distribution of the seismicity detected post the Alex storm (Figure S23 in Supporting Information S1) re-
veals that a portion of earthquakes occurs within a short time window (<100 s), suggesting potential effects within
individual clusters. However, testing this contribution on this intricate swarm sequence poses challenges.

Finally, given that our study highlights that the stress perturbations due to aseismic slip migration appear to be the
dominant process, the impact of low surface loadings, such as atmospheric loading and tidal interactions, is
deemed negligible.

8. Conclusion

The 2020 Alex storm, featuring localized rainfall exceeding 600 mm within a 24-hr span, led to an unprecedented
surge in seismic activity in the lower Tinée valley—a region characterized by low background deformation in the
southern French Alps. Our study provides evidence of a bi-directional seismicity migration characterized by dual
velocities within swarms. The northward seismicity migration aligns with the velocity indicative of aseismic slip,
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while the southward migration corresponds to the velocity associated with fluid pressure diffusion. This migration
behavior indicates the interplay of multiple physical mechanisms in both triggering and driving seismic events.
Comparing a fluid-driven model based on diffusion in a poroelastic medium with a stress-driven model based on
rate-and-state friction, we can explain the overall evolution of observed seismicity, and provide insights into the
involved mechanisms. While previous studies in other regions around the world have shown that fluid pressure
diffusion or surface loading resulting from heavy rainfall can induce seismicity at shallow depths in the crust, our
investigation suggests that the sequence of earthquake swarms following the extreme rainfall linked to the 2020
Alex storm may have been triggered by intermittent stress perturbations arising from aseismic slip migration. Our
analyses demonstrate that stress changes resulting from fluid pressure diffusion cannot explain the observed
seismicity. Nonetheless, the existence of permeable faults beneath the Tinée valley could facilitate the deep
transmission of precipitation, potentially triggering or accelerating slow aseismic slip on critically stressed faults
within a weakened crust. Thus, our observations and modeling results are consistent with the interpretation of the
complex swarm sequence as indicative of the expansion of aseismic slip within a fluid-saturated fault system.

Data Availability Statement

The detections of the seismic events recorded and analyzed by the seismological observatory of Observatoire de la
Cote d’Azur, hosted by the Geoazur laboratory, is available in the following open-source database: https:/sis-
moazur.oca.eu (Geoazur, 2023). The detections of the seismic events are performed on the seismic stations from
EPOS-RESIF (RESIF, 1995) and Instituto Nazionale Di Geofisica e Vulcanologia institute (Istituto Nazionale di
Geofisica e Vulcanologia (INGV), 2005; University of Genoa, 1967). The geological context (lithology, faults
surface traces) is originally provided by the Bureau de Recherches Géologiques et Miniéres (https:/www.brgm.
fr/fr, 2023) through its online platform Infoterre (http://infoterre.brgm.fr/, 2023) where 1/50 000 geological maps
are available (Bd Charm-50). GNSS station CGRO data are provided by the RESIF-RENAG French national
Geodetic Network: http://renag.resif.fr/fr/ [https://doi.org/10.15778/resif.rg]. NonLinLoc software (Lomax
et al., 2000; version 7.00, 27 September 2007; Lomax et al., 2014), providing absolute locations of the seismicity,
is available at http://alomax.free.fr/nlloc/ [https://doi.org/10.1007/978-94-015-9536-0_5][https://doi.org/10.
1007/978-3-642-27737-5_150-2]. The double-difference relative relocation has been carried on using HypoDD
(version 2.0b, provided by email at felixw @Ideo.columbia.edu) software from Waldhauser and Ellsworth (2000)
[https://doi.org/10.3133/0fr01113]. The original version of the software is provided at https://www.ldeo.
columbia.edu/~felixw/hypoDD.html. Rainfall data were freely provided by Clans weather station from Nice
Meteo 06 association (https://meteo06.1r).
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