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ABSTRACT

In May 2018, a seismically quiet region of the Indian Ocean awoke. More than 130 magnitude 4+ earthquakes
were recorded in the first month, including a My 5.9 event on May 15th, 2018. This seismic activity was later
identified as being related to an exceptional underwater volcanic eruption offshore Mayotte island, which had
emitted more than 6.5 km? of lava by the time of writing. To better constrain the geodynamic processes
responsible for the seismic and volcanic activity, a new network of ocean-bottom seismometers and land stations
has been deployed around the seismically active region since February 2019. We present here an improved 1D
velocity model for the active area and relocations of manually-picked earthquakes using this new model. The
best-constrained events image detailed structures within two clusters of seismic activity east of Mayotte. The
westernmost, proximal cluster, close to Mayotte's Petite-Terre island, has a “donut” shape horizontally and an
“hourglass” shape in depth. The events distribution suggests the presence of a magma reservoir at around
27 km depth, with earthquakes focused along its sides, and a collapsing system underneath, related to the drain-
age of another, deeper magma storage zone. The distal cluster, focused 30-50 km offshore of Petite-Terre island,
highlights the propagation of a dike between 45 and 25 km depth, aligned towards the new volcanic activity on
the seafloor. We interpret this cluster as the fluid pathway towards the new volcano and nearby active seafloor
lava fields. The improved velocity model also permits more robust daily monitoring of the seismicity using land
stations, allowing local authorities to better assess seismic and volcanic hazards and to communicate them to the

island's population.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

hence precise hypocenter locations - around volcanic systems is crucial
for the monitoring and interpretation of observations associated with

In seismically active regions, a precise analysis of the spatial distribu-
tion of seismicity is invaluable for characterizing active structures and
current stresses. The precision and accuracy of absolute earthquake lo-
cations depend on the network geometry, data quality and on having
an accurate velocity model of the subsurface (i.e., information on the
lithospheric structure below the stations; Crosson, 1976; Gomberg
et al.,, 1990; Kissling, 1988; Kissling et al., 1995; Pavlis, 1986; Thurber,
1983).

Determining the structure of a volcanic system can be even more
challenging than in other regions, as volcanoes are complex structures
with many heterogeneities due to their magmatic system and the accu-
mulation of different materials from successive eruptions. This structure
contributes to the dynamics of any future eruption, such as magma in-
trusion or ground deformation. An accurate velocity model - and
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magma migration or active structures (e.g., Mount Etna volcano:
Chiarabba et al., 2000; Aloisi et al., 2002; Taupo Volcanic Zone: Clarke
et al., 2009; Piton de La Fournaise: Lengliné et al., 2016; Kanlaon vol-
cano: Sevilla et al.,, 2020; Taal volcano: You et al.,, 2013, 2017).
Because the region around Mayotte was, historically, seismically
quiet (Bertil and Regnoult, 1998), local subsurface velocity information
was sparse before the 2018 Mayotte activity. Previous models include:
1) a regional P-wave velocity profile, hereafter named the “Coffin”
model, from a 1980 active-seismic sonobuoy experiment 100 km south-
east of Mayotte (instrument 449, Coffin et al., 1986) (Fig. 1), completed
for depths >10 km by a bibliographic study concerning the crustal
structure of the Somali basin and the Mozambique channel (Jacques
et al., 2019; Saurel et al,, 2021a; Leinweber et al., 2013; Phethean
et al,, 2016); and 2) an S-wave velocity profile (Dofal et al., 2018,
2019, 2021), hereafter named the “ADofal” model, obtained using re-
ceiver functions at a temporary station (MAYO) on Mayotte, deployed
as part of the 2012-2013 RHUM-RUM experiment (Barruol et al.,, 2012)

0377-0273/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. a) Location of the study area (red rectangle) in the Mozambique Channel. The inset shows the area in a global context as a red volcano symbol. Yellow inverted triangles are regional
stations used in the relocation. Orange squares are instruments used for other studies (see main text for details). b) Map of the seismic network deployed between Mayotte and the NVE
(red volcano symbol). The extent of the integrated cumulative lava flows field related to the actual eruption, as of 17-01-2021, is indicated as a red contour (Feuillet et al., 2021; Rinnert
et al,, 2019; REVOSIMA, 2021). The green inverted triangles represent the land stations; the blue inverted triangles represent the OBSs.

(Fig. 1). The Coffin model places the Moho discontinuity at 13-15 km
depth and infers a constant Vp/Vs ratio of 1.72, whereas the ADofal
model places the Moho at ~17 km depth and yields a Vp/Vs ratio
of 1.66.

In May 2019, the MAYOBS1 oceanographic campaign (Feuillet,
2019) investigated the Mayotte seismic activity and discovered a new
volcanic edifice (NVE) 50 km ESE of Mayotte's Petite-Terre island
(Feuillet et al.,, 2019, 2021) (Fig. 1). During this expedition, the scientists
recovered 6 Ocean-Bottom Seismometers (OBS), deployed in late Feb-
ruary 2019, and the seismology team onboard developed a 1D hybrid

velocity model to better constrain the location of the earthquakes
(Saurel et al., 2021a). This first local velocity model, hereafter named
the “MAYOBS1” model, uses the ADofal model for local stations (OBSs
and Mayotte land-based stations, Dofal et al.,, 2018,2019, 2021), the Cof-
fin model for regional stations (Comoros and Glorieuse islands,
200-400 km from Mayotte) and the global ak135 model (variable
Vp/Vs, Kennett et al., 1995) for more distant stations (Madagascar,
Africa or the Indian Ocean) (Saurel et al., 2021a). This hybrid model
was built using sparse data, including the first OBS deployment which
had a very large aperture because of the pre-existing uncertainty on
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the earthquake locations. The locations obtained using this model
greatly improved the earthquake location accuracy (e.g., Feuillet et al.,
2021), but some stations still had relatively high residuals (> 0.8 s for
S-wave arrival times at the westernmost land-stations and for earth-
quakes further than ~30 km from Mayotte island).

To continuously monitor the seismic activity in the region, a team of
scientists from the REVOSIMA observatory (REseau de surveillance
VOIcanologique et SIsmologique de Mayotte; REVOSIMA, 2021) picks
and locates the earthquakes daily using land-station data. Once the
OBSs are recovered, these events are then manually re-picked to im-
prove their locations. This processing revealed the inadequacy of the ve-
locity model, as locations made using only land data were moved by up
to 10 km to the northeast when the OBS picks were added. As the local
communities, scientists and decision-makers need accurate, near-real
time locations, it became clear that the model needed to be improved.

We describe here the development of a more accurate 1D velocity
model that improves locations, particularly for earthquakes located far
from Mayotte. This model greatly improves real-time monitoring, by
significantly reducing location errors using only the land-based net-
work. It also provides much sharper images of the seismicity distribu-
tion when the OBS data is added. We present the absolute locations
obtained with this new model and show that they image the detailed
structures responsible for Mayotte's on-going (at the time of writing)
seismo-volcanic activity. Based on our observations and recently pub-
lished studies, we propose an updated interpretation of the volcanic
plumbing system feeding the new eruption.

2. Geological and tectonic settings

The Comoros archipelago, in the Mozambique Channel, is composed
of four islands: Grande Comore, Mohéli, Anjouan and Mayotte, all
roughly EW aligned. The cause of the volcanic and magmatic activity
in this region is debated, with hypotheses ranging from the interaction
of a mantle plume with the oceanic lithosphere (Claude-Ivanaj et al.,
1998; Emerick and Duncan, 1982; Hajash and Armstrong, 1972) to lith-
ospheric movements related to East African Rift dynamics (Lemoine
et al.,, 2020; Michon, 2016; Nougier et al., 1986). It is suggested that
the EW alignment of the islands is due to a plate boundary between
the Lwandle and Somalia plates (Famin et al., 2020; Saria et al., 2014;
Stamps et al., 2018; Feuillet et al., 2019, 2021), or it indicates a
transtensional transfer zone between the offshore branch of the East
African Rift and the graben in Madagascar (Feuillet et al., 2019, 2021).

The nature of the crust north of the archipelago is suggested to be
oceanic and dating back to the Mesozoic (Davis et al., 2016; Malod
et al,, 1991; Rabinowitz et al., 1983; Sauter et al., 2018; Segoufin and
Patriat, 1981), while in the south it is highly debated, between a thinned
continental crust (e.g., Bassias and Leclaire, 1990; Flower and Strong,
1969) and a Jurassic oceanic crust (e.g., Phethean et al., 2016; Klimke
et al,, 2016; Rabinowitz et al., 1983; Talwani, 1962).

Mayotte is the easternmost and oldest island of the archipelago, with
the onset of its volcanic onshore activity dated at 11 Myrs (Debeuf,
2004; Emerick and Duncan, 1982; Hajash and Armstrong, 1972;
Nougier et al., 1986; Pelleter et al., 2014) and the onset of its submarine
activity estimated at 20 Myrs (Michon, 2016). The current Mayotte seis-
mic activity started in May 2018, when over 130 M; > 4 earthquakes
occured in one month, including a My 5.9 event on May 15th, 2018
(Cesca et al., 2020; Lemoine et al., 2020). This activity is on-going as of
this writing, and almost 1000 M; > 4 events have been recorded
between the beginning of the activity and January 1st, 2021. Such an
intense, strong and long-lived seismicity has never before been re-
corded in the Comoros archipelago. Associated with the seismicity, sub-
sidence and eastward displacement have been observed on land since
July 2018 and several very long period (VLP) seismic events were also
detected (e.g., Feuillet et al., 2021; Cesca et al., 2020; Lemoine et al.,
2020). The VLP events have been interpreted as evidence of fluid migra-
tion/resonance related to the possible withdrawal of magma from a
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reservoir (Cesca et al., 2020; Lemoine et al., 2020, Feuillet al., 2021), a
hypothesis that was then supported by the discovery of the 820 m-
high submarine NVE in May 2019 (Feuillet et al., 2021).

At least 6.55 km® of lava has erupted as of May 2020, forming the
NVE and other lava flows (red contour, Fig. 1), and making this the larg-
est submarine eruption ever documented (Feuillet et al., 2021). Petrol-
ogy and geobarometry data suggest that this lava originates from a
deep (36.8-48 + 10 km), large (> 9.3 km?) mantle reservoir of alkaline,
volatile-rich, magma that evolved and experienced high crystallization
(Berthod et al., 2021a). The magma ascent towards the NVE sampled a
shallower reservoir (17.1 4 6.5 km depth), probably from previous ac-
tivity (Berthod et al., 2021a). More recently, in May 2020, new lava
flows were observed a few kilometers to the NW of the NVE, spreading
over 5 km? (REVOSIMA, 2021; Rinnert et al,, 2019) (Fig. 1).

As studies progress since the start of the activity, most-likely scenar-
ios have been developed (Cesca et al., 2020; Lemoine et al., 2020). They
propose that the first phase of seismicity, between May 10th and May
31st, 2018, was caused by the fracturing of the crust without magma in-
trusion; then, in June 2018, the injection of magma in fissures started
with a week of intense seismic activity and its migration to the SE
(Cesca et al,, 2020; Lemoine et al., 2020; Feuillet et al., 2021). The erup-
tion is thought to have started in early July with the apparition of the
NVE on the seafloor (Feuillet et al., 2021). As of September 2018, there
are two clusters of seismicity - one to the east, closer to the new volcano,
and one to the west, closer to Mayotte - and both are still active at the
time of writing. Ground deformation modeling showed that the
magma likely comes from a deflating reservoir at ~30 km (Cesca et al.,
2020; Lemoine et al., 2020) or ~ 50-55 km depth (Feuillet et al.,
2021). This deflating reservoir is thought to reactivate subvertical faults
responsible for the cluster close to Mayotte (Cesca et al., 2020; Feuillet
etal, 2021).

After more than 2 years, the seismicity, ground deformation and
emission of lava persist, with a large number of smaller earthquakes,
often associated with long-period and very long-period events (Cesca
et al.,, 2020; Poli, 2019; Satriano et al., 2019; Feuillet et al., 2021;
Rinnert et al., 2019; REVOSIMA, 2021).

3. Seismic network and catalog

Since the end of February 2019, networks of OBSs have been de-
ployed during the MAYOBS oceanographic campaigns (Saurel et al.,
2021a; Rinnert et al., 2019). Every 3 to 4 months, the OBSs are recovered
then re-deployed on some of the 27 sites occupied between Petite-Terre
island and the site of the new eruption (Fig. 1, Saurel et al., 2021a). In
total the OBSs plus land-based stations network covers an area of
~100 km x 60 km (Fig. 1) that includes most of the known geological
and tectonic structures representative of Mayotte's historic volcanic
activity.

This network recorded close to 100,000 earthquakes between Febru-
ary 2019 and May 2020 and 4254 of these events were manually picked
on both the land stations and the OBSs (Saurel et al., 2021a, 2021b).
These 4254 events, with M, ranging from 0 to 5.53 (Mc ~ 3), form the
base catalog for our analysis.

4. Development of a 1-D velocity model
4.1. Data selection

In order to accurately locate earthquakes, a good velocity model rep-
resenting the subsurface structure of the study area is essential. We
used the program VELEST (Kissling et al., 1995) to develop a best-fit
“minimum” 1D velocity model and estimate station corrections by min-
imizing the misfit between the arrival times and model predictions.

We selected the dataset used to develop this “minimum” 1D velocity
model by taking the highest-quality events from the catalog of
manually-located events. We performed a preliminary location analysis
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using NonLinLoc (Lomax et al., 2000; Lomax et al., 2014) and the
MAYOBS1 model (Saurel et al., 2021a). We then selected events with:
at least 30 phases recorded on local and regional stations; an azimuthal
gap of less than 180°; a horizontal location error of less than 2 km and a
vertical location error of less than 5 km. This selection yields 813 events
(Fig. 2), whose local magnitudes range from 1.1 to 5.5. A weighting fac-
tor w was assigned to each phase to represent the uncertainties u of the
manually picked arrivals: w = 0 represents u <0.01 s; w = 1 represents
u = 0.01-0.05 s; w = 2 represents u = 0.05-0.1 s; w = 3 represents
u=0.1-0.2 s; and w = 4 represents u > 0.2 s.

In order to remove any inconsistent picks and to quantify the Vp/Vs
ratio of the dataset, we plotted the arrival times on Wadati diagrams
(Fig. S1 Supp Mat). Any arrival pick significantly offset from the slope
line was removed from the catalog. The Wadati diagram indicates a
Vp/Vs of 1.73 at regional distances (Fig. S1a Supp Mat) and 1.65 at
local distances (< 15 s P-wave travel time) (Fig. S1b Supp Mat). These
results correlate well with previous studies for regional and local dis-
tances (Coffin et al., 1986; Dofal et al., 2018, 2019; Dofal et al., 2021;
Saurel et al., 2021a). The low Vp/Vs value for the study area could be ev-
idence for thick sedimentary layers, undamaged oceanic crust, presence
of gas, or the presence of old cooled magmatic conduits.

4.2. « Minimum » 1-D velocity model

VELEST inverts the travel times in a trial-and-error process to mini-
mize the residual RMS, and uses a set of parameters chosen by the user.
For our study, we use both P- and S-wave travel time data and the initial
models used as initial inputs are 1) a new “ADofal” model from an up-
dated receiver function analysis of the region (green, Fig. 3) (Dofal
et al., 2021) and 2) the MAYOBS1 model (black, Fig. 3) (Saurel et al.,
2021a). The other parameters chosen by the user are the reference sta-
tion (YTMZ for its central location ), the number of iterations in each run
(20) and the fact that we use the station corrections calculated by
VELEST in each subsequent iteration. To avoid computational instabil-
ities, we also also impose that velocity grows monotonically with
depth (i.e., no low-velocity zones are allowed in the model).

In the first run, VELEST calculates a velocity model, performs the re-
locations and calculates station corrections for each of the initial velocity
models. Hence, the final number of layers is the one from the initial
models. From the results of these inversions (one for each initial
model), we look at the best model - i.e., the resulting model with the
smallest RMS - and verify that it has coherent values, depending on gen-
eral knowledge and on local information. From the chosen model, we
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Fig. 2. Events selection. White dots = full catalog (Saurel et al., 2021b), colored dots =
selected events colour-coded by depth. The green inverted triangles represent the land
stations; the blue inverted triangles represent the OBSs; the red triangle marks the
location of the NVE.
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combine the layers with same or very close velocities - hence slightly
changing the layering -, and input this model as the new initial model
in the next run. Note that we do not combine layers of similar velocities
if they form a gradient, such as the one between 15 and 20 km in our
case. From the second run we also use the estimated station corrections
as input in the next run. We keep doing this process until the RMS and
velocity model don't change anymore in the next runs. Further tests of
the stability of this last model are presented in Fig. S2 Supp Mat
(Kissling et al., 1995; e.g., Matrullo et al., 2013; Lavayssiere, 2019). At
the end of all the runs and tests, the RMS decreased from 0.645 s for
the ADofal model to 0.163 s in our final “minimum” 1D velocity
model, hereafter named “ALav” (red model, Fig. 3).

The new velocity model has slower velocities than the previous
models in the first 10 km and higher velocities below the Moho (depths
>17 km), closer to “normal” mantle velocities (~8 km/s, e.g. Pasyanos
et al.,, 2014). The Vp/Vs ratio is relatively high (~1.8) between 3 and
10 km depth and low (~1.6) beneath. These results will be discussed fur-
ther in the Discussion section.

VELEST also calculates travel time corrections at each station. These
station corrections account for lateral variations in the velocity struc-
ture, particularly at shallow depths beneath the stations, such as varia-
tions in the sedimentary sequences. The calculated station corrections
are relatively high, hinting that there are strong near-surface lateral het-
erogeneities, and we therefore include them in our location algorithm.

5. Catalog relocations
5.1. Location improvements

We used the new ALav velocity model and VELEST station correc-
tions to relocate the 4254 manually-picked events from February 2019
to May 2020. We ran NonLinLoc (Lomax et al., 2000; Lomax et al.,
2014) several times, reinjecting new station corrections calculated by
NonLinLoc at every run, until the RMS and the station residuals stopped
varying significantly (< 0.01 s mean variation).

To evaluate the improvement in event locations obtained with the
new velocity model and the final station corrections (Fig. S3 Supp
Mat), we compare NonLinLoc results using the ALav model to a
NonLinLoc run using the MAYOBST1 velocity model (Fig. 4). The results
show that the errors in location are reduced using the new model,
with the RMS significantly reduced, the horizontal errors also reduced,
and no change in the depth errors which suggests that the depth con-
straint is independent of which velocity model is used.

We further evaluate the uncertainty in depth and location by exam-
ining relocations done using only nearby or only distant stations, and re-
locations done using only P-arrivals (Fig. S4 Supp Mat). These tests
show that the depth is well-constrained as the majority of the events'
depths are not varying significantly whichever relocation parameters
we use. Only relocations with distant stations show large variations in
depth and locations, as well as a fewer number of earthquakes
relocated, as expected. The depth constraint is particularly good for
the proximal cluster (Fig. S4a Supp Mat) but slightly less so for the distal
cluster as the relocations using the new model with only P-arrivals or
using the MAYOBS1 velocity model both result in the distal events
being ~5 km deeper than our results (Fig. S4a Supp Mat). There is how-
ever a clear improvement in the overall locations as we see more tightly
clustered events with the full relocation compared to all other reloca-
tion methods (Fig. S4b Supp Mat).

Event locations are also better constrained with the new 1D velocity
model and station corrections when using only data from the land sta-
tions, representative of the continuous monitoring (Fig. 5). The im-
provement using the new velocity model is particularly clear for the
distal cluster, which the previous model located near to the proximal
cluster (dark gray circles, Fig. 5a). With the new model, land-based loca-
tions (white circles, Fig. 5b) are clustered over or close to their corre-
sponding land-sea locations (red shapes, Fig. 5).



A. Lavayssiére, W.C. Crawford, J.-M. Saurel et al.

Journal of Volcanology and Geothermal Research 421 (2022) 107440

V (km/s) Vp/Vs
0 1 2 3 4 5 7 8 1.3 14 15 16 17 18 1.9
L - L - 'l " 1 1 Il Il -; ’1 1 L ' Il 1 0
sea level L ]
| [ T |
[ 1 L
L . | L
-10 _— = - -10
1
1
Lin
L "H”
-20 '-I 1 = - 20
| I _ ]
e | | L
E | L
£ -30 11t - - -30
= B
© || |
[m]
nd |
ol
-40 '-I.l I L] - —40
] |
|
[
-50 I I . - - 50
I |
— MAYOBS1 1 | — MAYOBS1
= o =
_60 T T T T ll T T T T T T T _60

Fig. 3. Final ALav 1D velocity model and Vp/Vs ratio (red lines) compared to the initial ADofal (green lines, Dofal et al., 2021) and MAYOBS1 (black lines, Saurel et al., 2021a) velocity

models and Vp/Vs ratios. Note that 0 depth is the sea level.

— Alav

400
350
300 -
250
200
150 ~
100 ~

Events number

Events number

1
o 1 2 3
Longitude error (km)

T

4

5

.
1

6

7 8 9

=== MAYOBS1

600 -
500
400
300 A
200

Events number

100 -

0

© -
—
o

1
7 8
Latitude error (km)

500

400

300

200

Events number

100

Depth error (km)

Fig. 4. RMS and locations errors distributions for the ALav model (red) and for the MAYOBS1 model (blue; Saurel et al., 2021a).



A. Lavayssiére, W.C. Crawford, J.-M. Saurel et al.

-12.6°

-12.8°

-13.0°

45.0° 45.4° 45.6° 45.8°

45.0°

Journal of Volcanology and Geothermal Research 421 (2022) 107440

-12.6°

-12.8°

-13.0°

45.2° 45.4° 45.6° 45.8°
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2021a); and b) Events' locations with the new ALav model (white circles). The red dashed shapes represent the locations of the seismic clusters when located with the new model and
both the land-based and OBSs data. The green inverted triangles represent the land stations; the red triangle marks the location of the NVE.

5.2. Absolute locations

From the base catalog of 4254 events, we select a subset of 3445
“best” events, with horizontal errors <2.5 km and vertical errors
<5 km, in order to study and interpret the best-constrained seismic
structures beneath offshore Mayotte (Fig. 6). To illustrate the improve-
ment in delineated structures obtained with the new model, we also
present in Fig. S6 Supp Mat a map and several cross-sections of the
best-constrained seismicity located with the MAYOBS1 model using
the same selection by locations errors. Note that because the MAYOBS1
model is not as good as our model, there are fewer events that match
the same location quality criteria (Fig. S6 Supp Mat).

The two previously-identified proximal and distal clusters of seis-
micity (Cesca et al.,, 2020; Lemoine et al., 2020; Feuillet et al., 2021;
Saurel et al., 2021a) are more tightly clustered and better reveal deep
structures. Both clusters do not seem connected in our dataset.
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The proximal cluster contains the majority of the seismicity and is
close to Mayotte, a few kilometers from Petite-Terre island, home to
Mayotte's airport and its major administrative and energy centers
(Fig. 6). The events are distributed in a “donut” shape with a ~ 4 km-di-
ameter aseismic center at 45.4°W and 12.8°S (Fig. 6). This circular distri-
bution is particularly clear on the cluster's eastern side, which also hosts
the largest events (Fig. 6). On the western side, closer to Petite-Terre,
the events are smaller and more spatially scattered (Fig. 6).

Fig. 7 shows four cross-sections through the proximal cluster. A first
observation is that the proximal cluster forms an “hourglass” shape,
centered at ~35 km depth (clearest on Profile AA’, Fig. 7a). The events
in the top part of this hourglass seem distributed around a roughly
oval shape, centered at ~27 km depth (light red shape, clearest on Pro-
files AA’ and CC, Fig. 7a and b). The bottom part of the hourglass is com-
posed of more linear structures, with a few events scattered in the
middle (Fig. 7). The eastern linear structure is more densely clustered

12345
Magnitudes

45.50° 45.60° 45.70° 45.80° 45.90°

Fig. 6. Distribution of the best-constrained seismicity in the study area, colour-coded by depth and scaled by magnitudes, with traces of the cross-sections (dashed white lines) shown in
Figs. 7 and 8. The focal mechanism of the May 14th, 2019 My, 4.9 event, relocated with the new velocity model, is indicated. The green inverted triangles represent the land stations; the
blue inverted triangles represent the OBSs; the red triangle marks the location of the NVE. The extent of the integrated cumulative lava flows field related to the actual eruption, as of 17-01-
2021, is indicated as a red contour (Feuillet et al., 2021; Rinnert et al., 2019, REVOSIMA, 2021).
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Fig. 7. 1.5 km-wide cross-sections across the proximal cluster with a) profile AA’, b) profile
CC, c) profile BB’ and d) profile DD". The earthquakes are colour-coded by depth and scaled
by magnitude. The symbol at the bottom of each section represents the line of cross-
section (line) though the cluster (circle). The Moho interface from the ALav velocity
model is indicated in gray. The focal mechanism of the May 14th, 2019 My, 4.9 event,
relocated with the new velocity model, is indicated. The structure highlighted in light
red is discussed in the text. Note that O depth is the sea level.

and has more and bigger events than the western linear structure
(Fig. 7a), including the May 14th, 2019 My, 4.9 event whose moment
tensor has been calculated (GCMT solution, Dziewonski et al., 1981;
Ekstrom et al., 2012) and interpreted as a reverse motion (Feuillet
et al., 2021) (Fig. 7). To the west, a second linear cluster, even closer
to Petite-Terre, is visible between 42 and 30 km depth (Fig. 7a).

The distal cluster is composed of two smaller groups: an EW-aligned
group (EE’, Fig. 6) and a N148°E group (named N148) that is aligned to-
wards the NVE (FF, Fig. 6). The aseismic region between the N148 group
and the NVE correlates on the seafloor with new lava flows discovered a
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Fig. 8. 2 km-wide cross-sections across the distal cluster with a) profile EE’ through the EW
group and b) profile FF’ through the N148 group. The earthquakes are colour-coded by
depth and scaled by magnitude. The Moho interface from the ALav velocity model is
indicated in gray. Note that O depth is the sea level.

few kilometers to the NW of the NVE during the MAYOBS oceano-
graphic cruises (Rinnert et al.,, 2019).

Fig. 8 shows cross-sections along both of these groups. The EW
group spans depths from 45 to 32 km depth and has a slightly greater
vertical than horizontal extent, but there is no clear structure (Fig. 8a).
The N148 group events are clearly distributed along a NW-to-SE linear
feature shallowing from 40 km at the NW to 30 km depth at the SE
(Fig. 8b). There is almost no seismicity between 30 km depth and the
seafloor in our dataset.

6. Discussion

We will not interpret in details the depth interfaces identified in the
ALav model as we consider that the purpose of VELEST velocity models
is mainly to improve earthquake locations. It does not take into account
the 3D complexities of the region with probably large horizontal varia-
tions. However, the Vp/Vs obtained can provide insights on the nature
of the crust and upper mantle beneath the study area. Unfortunately it
does not resolve the debate over whether the crust is of continental or
oceanic origin (e.g. Dofal et al., 2021; Bassias and Leclaire, 1990;
Flower and Strong, 1969; Klimke et al., 2016; Rabinowitz et al., 1983;
Talwani, 1962). Compared to the global crustal average Vp/Vs ratio of
1.75 (e.g. Christensen, 1996), the Vp/Vs ratio of ~1.8 between 3 and
10 km depth might either indicate a magmatic crust (Brocher, 2005),
consistent with Mayotte's volcanic history, or an undamaged oceanic
crust (Christensen, 1996; Guo et al., 2018). Below 10 km, the very low
average Vp/Vs ratio of ~1.6 could be due to the presence of gas (Husen
et al., 2004; Lin, 2013; Lin and Shearer, 2009; Guo et al.,, 2018), an in-
crease in silica (Christensen, 1996; Zhang and Lin, 2014), an increase
in water content (Lin and Shearer, 2009; Nakajima et al., 2001), or a
more faulted crust (Mavko and Mukerji, 1998; Guo et al., 2018). Other
volcanic regions show low Vp/Vs ratios due to an increase in isolated,
low aspect-ratio, cracks caused by the presence of gas (e.g., El Hierro:
Lopez et al., 2017; Corbetti: Lavayssiére, 2019; Kilauea: Johnson and
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Poland, 2013; Mount Etna: Patané et al., 2006; Campi Flegrei: Chiarabba
and Moretti, 2006; Aso: Unglert et al., 2011). This is consistent with
Mayotte's deformed crust due to volcanic activity and the associated mi-
gration of magma and fluids. It is also consistent with the gas-rich
magma identified for the new eruption (Berthod et al., 2021a, 2021b).
Note a slight increase in Vp/Vs ratio at ~23 km depth due to a decrease
in S-wave velocity, too small to be fully interpreted but that could be
caused by a narrow fluid-rich sill at the top of the proximal seismic
cluster.

The new absolute locations of Mayotte seismicity reveal detailed
structures in the crust and upper mantle offshore Mayotte. The top
part of the proximal cluster partially outlines an ellipsoidal shape cen-
tered at ~27 km depth that could correspond to the magma reservoir in-
ferred from the locations of VLP events (Feuillet et al., 2021; Lemoine
etal., 2020) (Fig.9). The sides of this inferred reservoir appear to be seis-
mically active, which could be due to strains at the edges of the reservoir
caused by its deformation (Fig. 9). The MAYOBS campaigns (Rinnert
et al., 2019) have detected active degassing in discrete regions of the
seafloor, slightly off-center from the center of the proximal cluster
(REVOSIMA, 2021; Feuillet et al., 2021). This might mean that there is
some gas migration from depth, possibly from the reservoir at 27 km
depth indicated in this study (Fig. 9).

The linear structures at the bottom of the proximal cluster look very
similar to ring faults caused by the deflation of a deeper reservoir
(e.g., Geyer and Marti, 2014). Decreased pressure in a deflating reservoir
could collapse its roof and create, or reactivate, overlying subvertical
ring faults that would act in a reverse motion (Geyer and Marti, 2014).
The focal mechanism of the May 14th, 2019 My 4.9 event (GCMT
solution), mentioned by Feuillet et al. (2021) and relocated in the
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deep part of the proximal cluster with our velocity model, is
consistent with the reverse outward-dipping motion on the ring faults
defined by Geyer and Marti (2014) (Figs. 7, 9). From our relocations,
the deeper deflating reservoir responsible for these faults would be lo-
cated at depths greater than 45 km and would be consistent with the
deflating reservoir inferred in previous works (Feuillet et al., 2021;
Jacques et al., 2019; Berthod et al., 2021a, 2021b) (Fig. 9). This kind of
subvertical ring faults have been observed during caldera collapse
events (Acocella, 2007; Filson et al., 1973; Geshi and Oikawa, 2008;
Gudmundsson et al., 2016) but these examples concern much shallower
structures. In our case, the ring faults are exceptionally deep and there is
an on-going debate about the possibility of a 40 km-deep collapsing sys-
tem. Another hypothesis is that the load of the shallower reservoir at
27 km depth influenced the creation of these outward-dipping faults
(e.g., Geyer and Marti, 2014). The alignment of the seismicity could
also be caused by a layered system of magma lenses in an overall
mush zone. In that case, the seismicity would be located at the edges
of the lenses when they are (partially-)drained.

Possible other subvertical structures lie further to the west, almost
beneath Petite-Terre island (Fig. 9). They appear to be too far from the
rest of the seismicity to be part of the currently active ring faults but
may be part of a larger, older structure. The deformation and change
in the local stress created by the current eruption may have reactivated
ancient structures further away (Fig. 9). These structures extend be-
neath Petite-Terre island, underlining the importance of monitoring
the seismic activity in this region.

The distal cluster has been previously interpreted as a dike, feeding
the surface activity (Cesca et al.,, 2020; Lemoine et al., 2020; Feuillet
et al.,, 2021). Hence, it probably relates to the migration of magma
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Fig. 9. Schematic interpretation using information from this study and the previous studies of Cesca et al. (2020); Lemoine et al. (2020); Feuillet et al. (2021), Saurel et al. (2021a); and
Berthod et al. (20214, 2021b). No vertical exaggeration.
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and/or possibly of other fluids (Fig. 9). The EW-oriented group of this
cluster is present throughout the OBS deployments, whereas the N148
group appeared after August/September 2019. This second sub-cluster
could have been present beforehand and been masked (i.e., not de-
tected) by the high energy activity of the proximal cluster, or it could
be a new region of activity. The latter would then suggest that a conduit
to the seafloor reopened - or a new path opened - around August/Sep-
tember 2019 towards the lava flow regions observed in May 2020. We
believe that reopening of a pre-existing conduit is more likely, as
there were previous clusters of activity in this region, although less ac-
curately located (Lemoine et al., 2020).

Geobarometry results from analysis of rocks collected on the NVE in-
dicates a probable reservoir at 17.1 4 6.5 km depth beneath the NVE
(Berthod et al., 2021a, 2021b), which could correlate with the abrupt
ending of seismicity at 30 km depth, as the magma reaches a hotter
and more ductile material (Priestley and McKenzie, 2006; Lavayssiére,
2019; Woods et al.,, 2019) (Fig. 9). There is no seismicity between this
reservoir and the surface, whether towards the NVE or towards the
newest NW lava flows. Considering that the surface lava flows appear
to be continuously active, the lack of seismicity could mean that the con-
duits reaching the surface are continuously open for magma migration,
fed by this shallow reservoir. In contrast, as the distal cluster is continu-
ously active, it is probable that the shallow reservoir beneath the NVE is
fed discontinuously from the deeper reservoir beneath the proximal
cluster, inferred in this study.

7. Conclusions

To better image and constrain the tectonic and volcanic structures
responsible for Mayotte seismo-volcanic activity, we developed an im-
proved local 1D velocity model using the recent network of land sta-
tions and OBSs deployed around the active region. This new velocity
model allowed us to significantly improve the locations of 15 months
of seismicity representative of the currently active volcanic system.

The relocations of all manually-picked earthquakes between Febru-
ary 2019 and May 2020 using the new velocity model and its associated
station corrections confirm the presence of two main clusters of seismic
activity and enhance details of their structure. The proximal cluster -
from Petite-Terre island to ~20 km east offshore - is distributed in a
“donut” shape horizontally and in an “hourglass” shape in depth.
These forms suggest a possibly deforming magma reservoir centered
at ~27 km depth and a collapsing system underneath due to the defla-
tion of another magma storage zone at greater depths. The position of
this cluster close to a populated island, although at several tens of km
in depth, underscores the importance of monitoring this activity in
real or near-real time, a monitoring which is greatly improved using
the new velocity model.

The second, distal, cluster is located ~15 km further offshore from
the proximal cluster. It is closer to but not beneath the NVE and the cur-
rent volcanic activity. Improved locations using the new velocity model
show two sub-clusters of activity: an EW-oriented group and a N148°E-
oriented group. The distal cluster, and particularly the N148 group,
probably highlights the pathway of magma propagation towards the
surface eruptions. The lack of seismicity between the N148 group and
the surface is consistent with continuous magma migration from a shal-
lower (~17 km depth) reservoir to the seafloor lava flows.

Data and resources

The velocity model, station corrections and catalog presented in this
study are available under the DOI 10.18715/IPGP.2021.kwdfof3p.

Data

RA network (Résif, 1995): YTMZ and MILA stations data available
from Résif datacenter (http://seismology.resif.fr).

ED network: MCHI station data is available upon request at
EduSismo.
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1T network (Feuillet et al., 2022): land stations are from the Résif-
Sismob pool of instruments and data is available upon request at Résif
datacenter (Péquegnat et al., 2021).

The INSU-IPGP pool of OBS is managed and operated by IPGP and
CNRS (https://parc-obs.insu.cnrs.fr/). MicrOBS and LotOBS are operated
by IFREMER/Ressources Physiques et Ecosystémes de fond de Mer/
Département de Géosciences Marines/Service de Cartographie et
Traitement de Données d’Instrumentation. Data is available upon re-
quest at IPGP datacenter (http://datacenter.ipgp.fr).

AM network (Raspberry Shake, 2016): ROCC5, R1EE2 and RAE55 sta-
tions data are acquired by Raspberry Shake SA company and made
available from IRIS datacenter and Raspberry Shake SA datacenter.

Past felt earthquakes statistics on Mayotte from SisFrance database:
http://www.sisfrance.net .

Ressources

ObsPy (Beyreuther et al., 2010) and GMT (Wessel et al., 2019) were
used in analysing data and for figures. The VELEST (Kissling et al., 1995)
and NonLinLoc (Lomax et al,, 2000; Lomax et al.,, 2014) softwares were
used respectively for the development of the velocity model and for
earthquake locations, and are freely available. Calculation of the mo-
ment tensor mentioned in 5.2 was made by the Global Centroid Mo-
ment Tensor Project (GCMT) (Dziewonski et al., 1981; Ekstrom et al.,
2012).
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