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ABSTRACT
Volcanic environments are commonly associated with seismic activity. The two prominent
shield volcanoes of La Réunion island—Piton des Neiges and Piton de la Fournaise, exhibit
sustained seismic activity. Whereas the seismicity at Piton de la Fournaise is tied to its
volcanic activity, the seismic activity beneath Piton des Neiges, which has been dormant
for 27,000 yr, remains poorly understood. The occurrence of earthquakes under the north
flank of Piton des Neiges, often felt by the population, led to the deployment of several
seismic stations in the area since 2012. In this study, we employ template matching and
double-difference relocation techniques to construct a high-resolution catalog of the
region. Our results reveal that the seismicity observed under Piton des Neiges is primarily
concentrated on a northeast-dipping fault located in the oceanic crust beneath the volcanic
edifice. Analysis of focal mechanisms indicates that this structure operates as a reverse
fault. In the vicinity of this primary fault, we also identify secondary seismicity clusters with
similar orientation and focal mechanisms. The region has experienced continuous seismicity
since 1999, with occasional periods of increased swarmlike activity in 2011 and 2018. These
fluctuations in seismicity rate do not correlate with markers of deep magma transfers often
observed before eruptions at the Piton de la Fournaise volcano. Beyond the crustal faults
highlighted in this study, it is noteworthy that the majority of earthquakes in northern La
Réunion island exhibit consistent reverse focalmechanisms. These observations suggest that
seismic events may not be driven by deep magmatic activity but, rather, result from regional
tectonic stress and edifice loading on pre-existing faults.

KEY POINTS
• We characterize seismic activity beneath Piton des Neiges

volcano, which has been dormant for 27,000 yr.
• We identify a main reverse fault along with secondary

structures in the oceanic crust below the edifice.
• The primary fault has been active since 1999 with

intermittent swarm-like activity in 2011 and 2018.

Supplemental Material

INTRODUCTION
Seismic activity is a primary source of information for under-
standing the nature and evolution of volcanoes (McNutt, 2005;
Lemarchand and Grasso, 2007; Brenguier et al., 2011; Sparks
et al., 2012). Although most studies focus on the seismicity of
active volcanic areas, it is also important to monitor dormant vol-
canoes, which can rapidly reactivate after a long period of quies-
cence (Gottsmann et al., 2006; Konstantinou et al., 2007; Feuillet
et al., 2021; Longpré, 2021). Seismicity frequently offers early
indications of an impending reactivation. For example,

volcanotectonic (VT) seismicity is often observed on faults
around dormant stratovolcanoes before their reactivation (White
and McCausland, 2016, 2019; Nunez et al., 2022). Moreover, the
evolution of long-period (LP) seismicity can reflect pressure fluc-
tuations in magmatic and hydrothermal fluids and thus reveals
magmatic intrusion (Chouet, 2003; Chouet and Matoza, 2013;
Frank et al., 2018; Kugaenkoa et al., 2021). The recording of peri-
odic or quasi-periodic seismicity beneath dormant volcanoes may
also indicate residual degassing processes (Lin, 2017) or magma
cooling (Wech et al., 2020). Analyzing seismicity can also yield
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insights into the stress regime of volcanic edifices and existing
geological structures (e.g., faults, magma plumbing system),
which can help us to understand how volcanoes grow, erupt,
and collapse (Got et al., 2008; Jay et al., 2011; Lin, 2017; Neal
et al., 2019; Matoza, 2020;Wech et al., 2020; Wilding et al., 2023).

La Réunion island hosts two main volcanic edifices: the cur-
rently very active Piton de la Fournaise volcano (with 2.5 erup-
tions per year on average since 2014) and the dormant Piton des
Neiges volcano, which has been inactive for 27,000 yr (Famin
et al., 2022). Figure 1 shows the seismicity at the scale of the
island, in which we can distinguish three main seismogenic
areas. First, we can easily identify earthquakes beneath the
Piton de la Fournaise volcano that are mainly located within

the volcanic edifice (down to a depth of around 7 km). This
seismicity is relatively well studied and clearly associated with
the activity of the volcano (Sapin et al., 1996; Collombet
et al., 2003; Battaglia et al., 2005; Peltier et al., 2009; Lengliné
et al., 2016; Duputel et al., 2019). Seismicity is also recorded
in a wide area below the oceanic crust between Piton des
Neiges and Piton de la Fournaise. This deep activity is often
interpreted as a marker of magma transfer from the deepest part
of the plumbing system (Michon et al., 2015; Boudoire et al.,
2017). Finally, a sustained seismicity is observed beneath the
northern flank of Piton des Neiges volcano, south of Saint-
Denis (the capital city of La Réunion). This area is particularly
active because it hosts the majority of earthquakes in La Réunion
island when no VT swarm is recorded at Piton de la Fournaise
(Duputel et al., 2021). Moreover, most locally felt earthquakes
occur in this region. The origin of this persistent seismic activity
is currently unknown and multiple hypotheses have been
suggested. Michon et al. (2015) proposed that earthquakes in
the area could result from extensional stress field maintaining
the lithosphere close to failure, suggesting a tectonic origin.
Alternatively, the presence of fumarolic sulfur deposits suggests
that seismic activity could be associated with an intrusive com-
plex beneath Piton des Neiges volcano (Bénard, 2020). Another
possibility is that these earthquakes are caused by the load
exerted by the volcanic edifice of Piton des Neiges, as proposed
for example in Hawaii (Got et al., 2008). Our understanding of
this seismic activity is currently limited by the sparse data cover-
age in the northern part of the island, resulting in poorly con-
strained earthquake locations and focal mechanisms.

The aim of this study is to enhance our understanding of
the seismic activity beneath Piton des Neiges by leveraging
the improved seismological network in the region since 2013.
We first present the seismological data available in the region.
We then focus on obtaining a high-resolution seismicity catalog
using template matching and double-difference earthquake relo-
cation. Finally, after presenting our results, we discuss the origin
and time evolution of seismicity at Piton des Neiges volcano.

DATA
Following the creation of the Observatoire Volcanologique du
Piton de la Fournaise (OVPF) in 1979, seismological instruments
were initially deployed around Piton de la Fournaise to monitor
its volcanic activity. At the time, Piton des Neiges was not moni-
tored due to its inactivity and technical limitations concerning
data telemetry. A first analog short-period station was installed
in the vicinity of Piton des Neiges in 1998 (RMR; see Fig. 2). The
network was later extended with three broadband stations in
2012–2013 (PRO, MVL, and CIL). From 2016 onward, the cov-
erage was significantly improved in the northern part of the
island with the installation of additional permanent stations
and the deployment of temporary stations by the Laboratoire
Géosciences Réunion of the University of La Réunion in the
framework of the ZF experiment (Fontaine, Barruol, and

Figure 1. Seismicity and seismological network of La Réunion island.
(a) Events detected and located by Observatoire Volcanologique du
Piton de la Fournaise (OVPF) from January 2013 until September 2022 are
represented by black dots and are scaled according to their magnitude.
Seismological stations are represented by triangles, the color indicates the
network to which they belong. The white triangles and yellow triangles are
PF and ZF seismological networks maintained by OVPF and Laboratoire
Géosciences Réunion (LGSR), respectively.(b) Cross section along A–B is
shown at the bottom of the map. The inset on the top right indicates the
location of La Réunion island in the Indian Ocean, at the east of
Madagascar. Figure modified from an automatic map generated using the
WebObs operational system (Beauducel et al., 2020). The color version of
this figure is available only in the electronic edition.
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Gonzalez, 2015; Fig. 2). Such a densification of the seismological
network is obviously a good opportunity to study the seismicity
of the region.

With the expansion of the seismic network in the north of
La Réunion island in 2013, OVPF staff started to identify earth-
quakes around Piton des Neiges volcano. These earthquakes were
localized from manually picked P- and S-wave arrivals using
NonLinLoc (Lomax et al., 2001) assuming a 3D model following
the topography and a constant VP=VS � 1:7. In this model, the
P-wave velocity is 3.3 km/s at the free surface and increases with
depth following a gradient of 0:3 s−1. The same velocity model is
used for earthquake localization at the Piton de la Fournaise vol-
cano. In total, nearly 600 seismic events were localized in the
vicinity of Piton des Neiges volcano between 2013 and 2022.
As shown in Figure 2, these earthquakes are mostly clustered
in the northern flank of Piton des Neiges volcano. In this region,
the hypocentral locations are scattered over a relatively wide
range of depths between 5 and 20 km below sea level (Fig. 1).

IMPROVING THE SEISMICITY CATALOG
Template matching
We used a template matching approach to improve the seismicity
catalog in the vicinity of the northern flank of Piton des Neiges
volcano. This analysis, which began in January 2013 when the
number of available seismic stations was sufficient to obtain
good-quality detections, ended in September 2022. The approach
relies on template waveforms of manually located earthquakes

shown in Figure 2. Because sev-
eral earthquakes observed in the
study region have very similar
waveforms we gathered earth-
quakes into clusters according
to their waveform similarity.
For this purpose, we computed
correlation coefficients between
all earthquake pairs using a
10.24 s time window starting
1 s before the P-wave arrival.
The correlation coefficient was
averaged for all available stations
among PRO, CPR, DOD, RVP,
CIL, andMVL over at least three
channels. If fewer than three
channels were available, the cor-
relation coefficient was set to 0.
Using a hierarchical clustering
performed with a median link-
age, we then gathered earth-
quakes into clusters with a
minimum correlation coefficient
of 0.75. We defined one tem-
plate for each cluster by stacking
for each station and each com-

ponent the corresponding waveforms aligned on the P-wave
arrival time. We finally obtained 26 templates. This approach
enhances the signal-to-noise ratio of template waveforms and
reduces the computational workload of template matching detec-
tion. Although stacking multiple waveforms may induce some
loss of information by eliminating differences between events
associated with different locations or mechanisms, such loss
appears minimal given the waveform similarities. As shown by
Barrett and Beroza (2014), we find that templates formed by such
a stack are very close to the first singular vector obtained after
singular value decomposition of the clustered waveforms (Fig. 3).
As illustrated in Figure S1, available in the supplemental material
to this article, the first singular vector, associated with the highest
singular value, contains the most significant common informa-
tion for all events within each cluster (Harris, 2006).

Once the templates had been defined, we scanned continu-
ous data streams and computed correlation coefficient between
the template waveforms and continuous records. These corre-
lation time series were calculated daily for the first nine chan-
nels available from the three-component stations PRO, DOD,
CPR, MVL, CIL, RVP, RIV4, and RIV6 (Fig. 2). These eight
stations were selected for their data quality and geographical
location. Following Lengliné et al. (2016) approach, we applied
a maximum filter over a duration of ±0.1 s and shifted the
correlation signal by correcting for the P-wave travel-time
differences between stations (as template time-windows start
1 s before the P-wave arrival). Then, we computed an average
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Figure 2. Seismicity and seismological network in the north of La Réunion island. The triangles indicate the location
of seismic stations and are color coded by the network (orange for the OVPF PF network, yellow for the LGSR ZF
network, and red for stations jointly installed by LGSR and OVPF). All channels are sampled at 100 Hz. The black
points represent the events that form the OVPF catalog in the north of the island between January 2013 and
September 2022. The green stars show earthquakes felt by the population during the same period. The color
version of this figure is available only in the electronic edition.
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correlation coefficient after stacking the shifted correlation
coefficient of the nine selected channels. Finally, following
Lengliné et al. (2021), we defined a daily correlation threshold
at which this average coefficient indicates an objective detec-
tion with a probability of false detection (10−5 per day and per
template). To be considered as separate events, two detections
must be separated by at least 10 s.

Using this approach, we detected 18,178 events between
January 2013 and September 2022, which is over 30 times
larger than the size of our initial manual catalog. The wave-
forms of these detections are represented chronologically
for the vertical component of station PRO in Figure 4. In
this Figure, we can clearly identify the P-wave arrival at
∼1 s (i.e., 100 samples) followed by an S-wave arrival around
2.6 s for a large number of events. Although some events
seem to be associated with a different P−S travel-time delay,
this similarity suggests that a large portion of the detected
events are clustered in a relatively small area of the studied
region.

Magnitude estimates
To calculate a local magnitude, we followed the procedure
described by Richter (1935) and the corrections noted by
Hutton and Boore (1987) so that an ML 3.0 earthquake has
a 10 mm amplitude at a 17 km hypocentral distance on a
Wood–Anderson instrument,

log10�A� � 2:0 � ML � α log10

�
R
17

�
� K�R − 17�, �1�

in whichA is the half of peak-to-
peak Wood–Anderson ampli-
tude;ML is the local magnitude;
α is the geometric spreading fac-
tor; R is the hypocentral distance
in kilometers; and K is the
attenuation factor. To determine
A, we corrected the recorded
waveforms from their instru-
mental response and convoled
them with a Wood–Anderson
response. We then used a 4 s
window starting 1 s before the
S wave to calculate A. Using
these amplitude values for the
horizontal components of all
PF stations, we calculated the
value of ML for earthquakes in
the initial OVPF catalog by
inverting equation (1) for the
local magnitudes ML and the
attenuation coefficient K (we
found K ≈ −0.012).

Figure S2 shows the differ-
ence between local magnitudes ML and duration magnitudes
Md previously estimated at OVPF. The comparison shows an
average offset of +0.7 magnitude unit betweenML andMd . The
larger values of ML likely result from the fact that our Md esti-
mates are not properly calibrated for deep earthquakes below
Piton des Neiges. Duration magnitudes in La Réunion have
been calibrated for shallow VT earthquakes at Piton de la
Fournaise that are usually associated with long coda tails in
seismograms. Apart from this constant offset, there is globally
a good agreement between ML and Md , with a standard
deviation of 0.4 magnitude units.

For each template matching detection, we then selected the
event from the initial OVPF catalog waveforms that best cor-
relate with the waveforms of the detected event (considering
the average correlation coefficient among PF stations). The
local magnitude of the detected event (Md

L) was then calculated
at each PF station using

Md
L � Mc

L � log10
Ad

Ac , �2�

in which Mc,d
L and Ac,d are respectively the local magnitude and

horizontal amplitude of the cataloged and detected events.ML was

finally estimated using the average ofMd
L computed at each station.

Figure 5 shows the magnitude distributions of the initial
OVPF catalog and of the template matching detections.
It clearly highlights the improvement of the catalog’s complete-
ness: by increasing the number of detected events by a factor of
∼30, template matching also lowers the magnitude of complete-
ness from Mc ≈ 1:8 in the initial catalog to Mc ≈ 0:8.

Figure 3. Design of a template waveform from a cluster of similar seismic events. (a) Waveforms at station PRO from
a cluster composed of nine earthquakes. (b) The comparison between (blue) the waveform stack and (orange) the
first singular vector of the waveforms shown above. Waveforms are aligned on P-wave arrival and filtered between
8 and 32 Hz with a fourth-order Butterworth filter. For clarity, the waveforms were normalized by their maximum
amplitude. The color version of this figure is available only in the electronic edition.
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Earthquake relocation
We relocated earthquakes using the GrowClust3D algorithm
(Trugman et al., 2023), the particularity for which is to com-
bine hierarchical clustering and double-difference relocation of
seismic events in a 3D Earth model. The method is based on an
L1-norm objective function that is less sensitive to outliers and
allows the processing of large-scale relocation problems pos-
sibly containing multiple seismicity clusters.

To perform the relative relocation, we used differential
travel times of pairs of events observed at common stations.
These differential travel times were estimated by cross-corre-
lating waveform pairs using respectively 1 and 3 s windows
around the P- and S-wave arrivals. We used vertical compo-
nents to estimate P-wave travel-time delays and horizontal

components for S-wave
travel-time delays (we only
kept the horizontal compo-
nent with the best correla-
tion). To ensure the quality
of our measurements, we con-
sidered a minimum correla-
tion threshold of 0.5, which
resulted in 7,705,128 differen-
tial travel times (taking into
account S- and P-wave arriv-
als). Relocation was conducted
using the same 3D velocity
model as the one used for
NonLinLoc earthquake loca-
tions of the OVPF catalog
(i.e., a velocity gradient fol-
lowing the topography). In
GrowClust3D, we set the
maximum distance allowed
to join two events in a same
cluster to 2 km and the maxi-

mum distance allowed to join two clusters to 1 km. Using
such criteria, 12,082 events out of the 18,178 detected events
were relocated. We applied an additional quality-screening
criterion by only considering relocations with a minimum
of 10 event pairs, resulting in a catalog of 10,086 relocated
events. To obtain uncertainty estimates, we also used a boot-
strap approach in which GrowClust3D is repeating the
relocation process for 100 random resampling of the original
data set (Trugman et al., 2023).

The resulting relocated event catalog and associated uncer-
tainty is shown in Figure 6. The seismicity is clustered into four
discrete clusters of more than 100 events that are mainly distrib-
uted under the northern flank of Piton des Neiges. The largest of
these clusters includes 9673 events. As illustrated in A–B profiles
shown in Figure 6b,d, this main cluster delineates a well-defined
planar structure that is strongly dipping to the northeast (strike
angle: 302°, dip angle: 43°). The depth of this planar structure
ranges from 9 to 10 km below sea level. According to previous
estimates of the oceanic crust depth (Gallart et al., 1999;
Fontaine, Barruol, Tkalcic, et al., 2015), the observed planar
structure would therefore be located in the oceanic crust under
the volcanic edifice of Piton des Neiges. The secondary clusters
exhibit a similar orientation, suggesting the potential presence of
multiple similarly aligned structures within the oceanic crust
(see Fig. 6c).

Focal mechanisms
To estimate focal mechanisms, we extracted P-wave polarities
from the OVPF catalog. We then computed azimuth and take-
off angles for each station, considering earthquake locations in
the relocated catalog and using the 3D velocity model

Figure 4. Template matching detections sorted chronologically. Waveforms are shown for the vertical component of
station PRO. They are aligned on the P-wave arrival, normalized, and filtered between 8 and 32 Hz with a fourth-
order Butterworth filter. The color version of this figure is available only in the electronic edition.

Figure 5. Magnitude distributions for (black) the OVPF catalog, (blue) the
template matching catalog, and (orange) the relocated catalog (compare
with the Earthquake relocation section). The color version of this figure is
available only in the electronic edition.
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described above (compare with the Data and Earthquake
relocation sections). Finally, we used the HASH algorithm
(Hardebeck and Shearer, 2002) to find focal mechanisms that
best match our first-motion observations (compare with sup-
plemental text S1). To ensure quality of the results, we consider
mechanisms corresponding to classes A and B defined by
Hardebeck and Shearer (2002, average misfit ≤0.20, root mean
square fault plane uncertainty ≤35°, station distribution ratio
≥0.4 and mechanism probability ≥0.6). Examples of focal
mechanism determination from P-wave polarities are pre-
sented in Figure S3.

Most of the resulting focal mechanisms shown in Figure 7
and Figure S4 indicate reverse fault motion. These mechanisms
align well with the orientation of the main planar structure pre-
sented in Figure 6d. Reverse mechanisms are also consistent
with the overall alignment of secondary clusters, as depicted
in Figure 6b,c. These findings thus suggest that the majority
of earthquakes in the north of La Réunion island are linked
to the activity of reverse faults located in the oceanic crust
beneath the Piton des Neiges volcanic edifice.

Time evolution of the
seismicity
Although the gradual densifi-
cation of the seismic network
presents an opportunity for
our study, the improvement
of the observational network
also influences the number of
recorded earthquakes. Figure 8
clearly illustrates that the
deployment of the ZF network
in the study region leads to a
larger number of detected
earthquakes. When the net-
work coverage is sparser (e.g.,
before 2016), the detection of
smaller events becomes chal-
lenging, resulting in catalog
completeness at higher magni-
tudes. Between 2016 and 2021,
the network remained rela-
tively stable, which mitigates
spurious variations caused
by station coverage variability.
As shown in Figure 9a, the
time periods from 2016 to
2018 and from 2019 to 2021
depict very similar magnitudes
of completeness (Mc � 0:8),
suggesting minimal impact of
the seismic network on the
detection level for these two
periods. However, there is a

noticeable data gap from November 2018 to April 2019. This
gap is due to the failure of two stations (PRO and RVP), which
are in close proximity to the main seismicity cluster.

After extracting earthquakes above a magnitude of complete-
ness Mc � 0:8, we then evaluated the temporal variation in
seismicity rate between 2016 and 2021. Results in Figure 9b
do not show very strong peaks of seismic activity as observed
during magma intrusions on active volcanoes (McNutt, 1996;
Traversa and Grasso, 2010) or during mainshock–aftershock
sequences (Zhuang et al., 2012). The coefficient of variation
of interevent time delays (Cv, defined as the ratio of the
variance to the mean interoccurrence time) is close to 1 (i.e.,
Cv ∼ 1:2), which is consistent with what is expected from a sta-
tionary Poisson process without any strong temporal clustering
or periodicity in the seismicity (Kagan and Jackson, 1991). There
is a noticeable increase in activity starting in April 2018 with no
obvious mainshock event (see Fig. S5). This swarmlike activity is
characterized by an increase of the seismicity rate from 1.0 to 2.4
event/day. After this rapid increase in activity, the seismicity rate
slowly decreases to reach the background level in 2020.

Figure 6. Relocated earthquake catalog. (a) Map view of the relocated catalog. A–B indicate the orientation of the
cross section shown in panels (b–d). (b) Relocated events projected along profiles A–B. Depth of the oceanic crust is
taken from Gallart et al. (1999) and Fontaine, Barruol, Tkalcic, et al. (2015). (c) Zoom on secondary clusters.
(d) Zoom on the largest cluster. Colors indicate the location uncertainty (in km). The main cluster defines a planar
structure that is strongly dipping to the northeast (best-fitting plane gives a strike angle of 302° and a dip angle of
43°). The color version of this figure is available only in the electronic edition.
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DISCUSSION
Although our analysis pri-
marily covers the 2013–2021
time period, one might wonder
whether the main seismicity
cluster was already active prior
to this period. To analyze its
long-term activity, we per-
formed template matching
using vertical short-period
recordings from RMR, the only
station available in the north of
La Réunion island from 1999
to 2014. We used OVPF events
located on the main fault and
recorded by RMR between
2013 and 2014 as templates
for our detections between
1999 and 2014. From 2013 to
2021, we repeated the experi-
ment using the vertical compo-
nent of the broadband station
CIL, installed near RMR in
2013. The results presented in
Figure 10 indicate that the fault
has been active at least since
1999. On average, the seismic-
ity rate was smaller from 1999
to 2012 (0.3 event/day) than
from 2013 to 2021 (0.6 event/
day). This discrepancy is likely
due to the difference in data
quality between stations RMR
and CIL: RMR was equipped
with a short-period sensor
(Mark Product L4C 1 Hz with
Radio FM telemetry) and is
subject to numerous data gaps,
whereas CIL uses a broadband
sensor (Güralp CMG-3ESPC
retrieved through internet con-
nection). However, it is worth
noting a substantial increase
in seismicity rate from May
2011 to March 2013, similar
to the increase observed from
April 2018 to November 2018
(also visible in Fig. 9b).

One may question whether
the increased seismic activity
observed in 2011 and 2018
could be associated with deep
magma activity beneath the

Figure 7. Focal mechanisms of relocated earthquakes. (a) Map view of the focal mechanisms and relocated
catalog (in black). (b) Focal mechanisms and relocated catalog projected along profiles A–B. Colors indicate
the mechanism probability as defined by Hardebeck and Shearer (2002). Only focal mechanisms with an average
misfit ≤0.20, a root mean square fault plane uncertainty ≤35°, a station distribution ratio ≥0.4 and a
mechanism probability ≥0.6 are represented. These criteria correspond to quality classes A and B in Hardebeck
and Shearer (2002). Most of the mechanisms show reverse-fault mechanisms the orientation for which is
consistent with the planar structure shown in Figure 6. The color version of this figure is available only in the
electronic edition.

Figure 8. Relocated earthquake catalog from 2013 to 2022. (a) Earthquake magnitudes as a function of time
are shown. (b) The number of available stations in the study area. The red circles represent events already
present in the OVPF catalog, and blue circles denote new detections. A red arrow indicates the time period of
ZF network data availability, and a gray arrow outlines the data gap from November 2018 to April 2019
when station PRO and RVP were not operating. The color version of this figure is available only in the electronic
edition.
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Piton des Neiges. Seismic activity linked to residual magma
processes under dormant volcanoes has been documented
in previous studies (Lin, 2017; Wech et al., 2020). In the study
area, fumarolic sulfur deposits have been observed at the sur-
face (Lopoukhine and Stieltjes, 1978; Rançon and Rocher,
1985). However, the nature of these deposits remains unclear:
they could be fossil condensates deposited by former degassing
or a current degassing process associated with magma activity
beneath Piton des Neiges. In the latter case, the observed seis-
mic activity might be linked to deep volcanic activity. It is gen-
erally accepted that the magma currently feeding Piton de la
Fournaise originates from a zone of magmatic underplating
below the oceanic crust between Piton des Neiges and Piton
de la Fournaise (Michon et al., 2016; Boudoire et al., 2017;
Duputel et al., 2021). If magma still exists beneath the Piton
des Neiges, it may share the same origin. In such a scenario,
one might expect to observe a correlation between long-term
seismic activity at Piton des Neiges and the activity at Piton de
la Fournaise. However, as shown in Figure S6, no clear

correlation exists between seismic activity at Piton des
Neiges and the timing of eruptions at Piton de la Fournaise.
This lack of correlation may result from the fact that eruption
history largely depends on the shallow stress state of the Piton
de la Fournaise edifice (Got et al., 2013) and is not a direct
indicator of deep magma feeding processes. More suitable
indicators for tracking deep magma inputs include changes
in distal GNSS baselines and deep seismicity between Piton
des Neiges and Piton de la Fournaise (Battaglia et al., 2005;
Lengliné et al., 2016; Peltier et al., 2016). The results shown
in Figures S7 and S8 do not reveal any clear relationship
between deep magma activity at Piton de la Fournaise and
Piton des Neiges volcanoes. It is worth noting that variations
in seismic activity at Piton des Neiges are considerably smaller
than those observed at Piton de la Fournaise. At Piton de la
Fournaise, the seismicity rate typically undergoes significant
fluctuations, ranging from a few events per day during inter-
eruptive periods to several hundreds of earthquakes per hour
during magma intrusions (Duputel et al., 2019). In addition,
there are no pronounced variations in b-values over the studied
time period (compare with Fig. 9a), in contrast to what is often
observed during magma intrusions (Jacobs and McNutt, 2010;
Traversa and Grasso, 2010). Therefore, although it cannot be
definitely ruled out, there is no strong evidence to support a
direct link between seismic activity at Piton des Neiges and
a transient magmatic process. Moreover, there is no clear cor-
relation with precipitation in the region (compare with Fig.
S9), which does not support any rainfall-triggered earthquake
activity as reported, for example, by Hainzl et al. (2006).

It is important to note that most fluctuations in seismic
activity at Piton des Neiges are confined to the main reverse
fault plane identified in the present study. As shown in
Figure S10, other regions north of La Réunion island do not
exhibit similar variations in seismicity rate. The occurrence
of earthquake swarms on faults is often associated with tran-
sient aseismic slip in various volcanic or tectonic contexts
(Segall et al., 2006; Lohman and McGuire, 2007; Vallée et al.,
2013; Gualandi et al., 2017). To investigate whether our obser-
vations align with this scenario, we searched for repeating
earthquakes, which are often regarded as markers of aseismic
fault slip. These repeating earthquakes result from the repeated
failure of embedded asperities on a slowly creeping fault and
are characterized by similar source location and waveforms
(Nadeau and Johnson, 1998; Lengliné and Marsan, 2009;
Uchida, 2019). To search for such repeating events, we identify
earthquake families exhibiting very similar waveforms and
associated with overlapping ruptures. Further details of the
selection process are provided in text S2 of the online supple-
mentary. Using this approach, we detected a total of 795
repeating earthquakes from 2016 to 2021. These repeating
earthquakes are spatially distributed all along the entire fault
plane (Fig. 11a,b). Although repeating earthquakes occurred
through the entire time period, they were temporally clustered

Figure 9. Seismic activity between 2016 and 2021. (a) Magnitude distribu-
tions before (blue) and after (orange) the data gap from November 2018 to
April 2019 during which near-field stations PRO and RVP were unavailable
(compare with Fig. 8). b-values are estimated for the two time periods using
b � log10�e�=�m̄ − Mc�, in which m̄ is the mean magnitude and Mc is the
magnitude of completeness (Aki, 1965). (b) Seismic activity from 2016 to
2021. We show the cumulative number of events (in black) and the daily
seismicity rate (in blue). Seismicity rate is averaged in a 7 day time window.
We only consider events with magnitudes greater than the magnitude of
completeness Mc � 0:8 as shown in panel (a). We notice a significant
increase in seismicity rate from April 2018 to November 2018. The color
version of this figure is available only in the electronic edition.
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between April 2018 and November 2018, coinciding with the
seismic swarm observed in our catalog (Fig. 11c). With this
repeater catalog, we then estimated the time evolution of aseis-
mic slip on the fault (Fig. 11d). This estimate followed the
approach of Kato et al. (2012), using a circular crack model
with a constant stress drop of 3 MPa to evaluate the individual
repeater slip amplitudes. The contributions of individual
repeaters are then summed over time and averaged by the
number of repeater families to estimate cumulative slip evolu-
tion. The results presented in Figure 11d suggest that the onset
of the seismic swarm in April 2018 was marked by an increase
in the fault-slip rate, which subsequently decreased gradually
until the beginning of 2020.

In addition to the observed variations in seismicity rates, it is
interesting to highlight that a significant number of earthquakes
in the northern part of La Réunion island are associated with
reverse faulting, even outside of the primary seismic cluster.
As illustrated in Figure S11, the majority of focal mechanisms
exhibit orientations similar to the fault under the north flank of
Piton des Neiges. This prevalence of reverse faulting suggests a
predominantly compressive stress regime in the northern sector
of the island. This finding contradicts the interpretation put
forth by Michon et al. (2015), which suggested that seismic
activity in this area resulted from a regional extensional stress
field caused by opposing forces (edifice loading versus thermal
erosion of the lithosphere). The origin of this compressive stress
field could be attributed to the flexural deformation of the litho-
sphere induced by the load imposed by the Piton des Neiges
edifice. Flexural deformation of the lithosphere has previously

been invoked to explain
deep-seated seismicity beneath
volcanic edifices in Hawaii
(Ten Brink and Brocher, 1987;
Watts and Ten Brink, 1989;
Wessel, 1993; Got et al., 2008).
However, in contrast to the
Hawaiian hotspot, no observ-
able lithospheric flexure has
been documented beneath La
Réunion island (Gallart et al.,
1999). To address this absence
of lithospheric deformation, it
has been postulated that the
load caused by the volcanic
edifice is counterbalanced by
the upward force exerted by
the plume (Bonneville et al.,
1997; Lénat et al., 2009). In this
scenario, a compressive stress
regime can arise just below
the volcanic edifice due to the
combined effect of edifice load-
ing and plume upwelling as

depicted in figure 9b of Gerbault et al. (2017, for depth = 0 km
and X = −160 km).

Another important consideration in understanding seismic-
ity in the context of edifice loading relates to the orientation of
focal mechanisms. If earthquakes were solely a consequence of
Piton des Neiges’ gravitational load, one might expect to observe
focal mechanisms oriented radially around the edifice, with the
strike-angle dependent on the azimuth relative to the summit.
However, this radial orientation is not evident in Figure S11.
Instead, a significant portion of focal mechanisms displays a
strike angle of about N300°, resembling the reverse fault geom-
etry depicted in Figure 6. This intriguing alignment corresponds
to the distribution of numerous cinder cones between Piton des
Neiges and Piton de la Fournaise, which have been interpreted
as indicators of a preferential magma intrusion path along the
N120° azimuth (Chevalier and Bachèlery, 1981; Villeneuve and
Bachèlery, 2006; Michon et al., 2015). This alignment suggests
the presence of pre-existing structural weaknesses in the region,
which could play a pivotal role in the orientation of both focal
mechanisms and magma propagation. This N120° alignment
might possibly correspond to normal faults in the oceanic crust,
originally formed at the Mid-Indian Ridge in which the spread-
ing axis also aligns at N120° (Michon et al., 2007; Chaput et al.,
2017). These pre-existing faults could be reactivated as reverse
faults due to the edifice load and the regional stress field.
Furthermore, these faults may serve as preferential pathways
for magma transport between Piton des Neiges and Piton de
la Fournaise volcanoes. Hydrothermal activity may also contrib-
ute to the reactivation of these reverse faults. Piton des Neiges

Figure 10. Seismic activity from 1999 to 2022 estimated from single station template matching. We show the
cumulative number of events obtained using station RMR (black line) and station CIL (red line). We also
present the daily earthquake count detected using RMR (blue line) and CIL (orange line). We use a 7 day window
averaging to estimate the daily seismicity rate. The blank spaces in seismicity rate and cumulated seismicity curves
represent periods of missing data. We notice a significant increase in seismicity rate from May 2011 to March 2013
similar to the one observed from April 2018 to November 2018. The color version of this figure is available only in
the electronic edition.
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volcano exhibits signs of hydrothermal activity, including ther-
mal springs, fumarole deposits, and CO2 anomalies (Rançon,
1985; Marty et al., 1993; Bénard et al., 2023). This hydrothermal
activity could cause fluid overpressure, potentially leading to the
reactivation of a normal fault into a reverse fault (Sibson, 2014).

The seismic activity of the fault we have identified in the oce-
anic crust beneath Piton des Neiges volcano is a prominent fea-
ture in the seismicity of La Réunion island. On average, from
2016 to 2021, this fault experienced an average of 1.3 earthquakes
per day, each with a magnitude M ≥0.8. This makes it the most
active region of La Réunion aside from magma intrusions at
Piton de la Fournaise volcano (Duputel et al., 2021).
Considering the dimensions of the structure derived from our
catalog, this fault could produce a magnitude ∼4.2 earthquake

if ruptured in a single event,
assuming a stress drop of
3 MPa on a 1 × 1.5 km rectan-
gular fault (Parsons et al., 1988).
Such an event would be widely
felt on the island and could
cause minor damage to build-
ings and other infrastructures.
Given a b-value of 1, the likeli-
hood of observing such a signifi-
cant earthquake in the next 5 yr
stands at ∼61% (see text S3).
However, it is important to note
that this estimate does account
for the possibility of the fault
being partially unloaded due
to the occurrence of slow-slip
events, as suggested by the
swarmlike activities observed
in 2011 and 2018.

CONCLUSION
By employing a template
matching approach, we detected
18,178 earthquakes representing
8 yr of seismicity at Piton des
Neiges volcano from 2013 to
2021. Using double-difference
relocation, we relocated 10,086
events representing 55.48% of
our template matching catalog.
The application of relative relo-
cation significantly sharpened
the seismicity in the area,
revealing a primary northeast-
ward dipping structure under
the north flank of Piton des
Neiges. Results also indicate
smaller secondary seismicity

clusters with a similar orientation. The determination of focal
mechanisms indicates fault orientations that are consistent with
these structures, revealing active reverse faults located within the
oceanic crust beneath the volcanic edifice.

Although our study has significantly improved the charac-
terization of seismic activity on La Réunion island, the origin of
the sustained activity beneath the north flank of Piton des
Neiges remains puzzling. Our results show that this area
has experienced continuous seismicity since 1999, with two
periods of increased seismic activity in 2011 and 2018.
These increases of seismicity rate do not correlate with markers
of deep magma activity and are confined to the primary reverse
fault identified under the north flank of Piton des Neiges.
Repeater analysis suggest that such seismicity fluctuations

Figure 11. Repeating earthquake activity. (a) Cross section and (b) on-fault projection of relocated earthquakes from
2016 and 2021. Repeaters are shown in red, and other earthquakes are shown in blue. The size of the dots
indicates the relative magnitudes of the events. Repeaters are spatially distributed all along the fault. (c) Repeater
families sorted chronologically (“Id” indicates the identification number of the repeater family). (d) Cumulative slip
estimated from the repeater activity. Slip is averaged over the number of repeater families. The color version of this
figure is available only in the electronic edition.
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could be caused by small variations in the fault creep rate
(compare with Fig. 11d). The lack of a clear link to deep mag-
matic activity, combined with the consistent orientation of
fault mechanisms in the north of the island, suggests that
earthquakes occur on pre-existing faults that are primarily
loaded by tectonic stresses and the weight of the edifice.
Although seismic activity does not seem to be directly tied
to deep magmatism, we cannot rule out a potential reactivation
of Piton des Neiges. Recent instances such as Cumbre Vieja
(Gottsmann et al., 2006; Romero et al., 2022, La Palma) or
Fani Mahoré (Feuillet et al., 2021, Mayotte) show that dormant
volcanoes can reactivate very rapidly.

To gain deeper insights, a more precise imaging of the
structure beneath Piton des Neiges seems imperative.
Currently, our understanding of the internal structure of La
Réunion relies on 1D and 2D images obtained from receiver
functions and a northeast–southwest seismic transect between
Piton des Neiges and Piton de la Fournaise (Gallart et al., 1999;
Fontaine, Barruol, Tkalcic, et al., 2015). Regional 3D tomog-
raphy could provide more detailed structural information,
as demonstrated, for example, by Got et al. (2008) in
Hawaii island. These images, in particular, could help pinpoint
residual magmatic storage zones below Piton des Neiges and
further investigate any possible link with the seismicity.

DATA AND RESOURCES
The data used in this study were acquired by the Volcanological
Observatory of Piton de la Fournaise (OVPF-IPGP) and are accessible
via the VOLOBSIS Portal at http://volobsis.ipgp.fr. Validated data can
be accessed through the RESIF data portal http://resif.fr. Data from
the “Rivière des Pluies” network doi: 10.15778/RESIF.ZF2015 are
available under the ZF experiment code (Fontaine, Barruol, and
Gonzalez, 2015). The supplemental material includes technical details
on the methods used, such as the calculation of focal mechanisms and
repeaters. They also include figures in support of the methods
described, and the discussion.
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