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The basaltic submarine eruption offshore the island of Mayotte between July 2018 and January 2021 is one of
the largest documented underwater eruptions. One of the most striking differences between this eruption and
most documented eruptions is the exceptional depth of the associated seismicity, which is limited almost
exclusively to the lithospheric mantle. This seismicity probably outlines magma reservoirs and dyking zones.

In order to better understand the deep processes driving the eruption, we analyze precise earthquake locations
and focal mechanisms associated with this event. We present a set of 2677 accurate earthquake relocations and
300 focal mechanisms determined from data collected over the first 9 months of ocean bottom seismometer
deployments, starting in February 2019.

Our relocations refine the structure of two swarms (Proximal and Distal with respect to Mayotte), and reveal
well-defined mantle structures between 20 and 55 km below sea level, which we interpret as a ring-fault zone
and a dyke, respectively. The Proximal swarm outlines a ring-fault zone as the locus of a large piston collapse
caused by the deflation of an underlying magma reservoir. Deformation around the piston is driven by normal
faulting on a set of inward dipping patches surrounding the piston. Locally, collapse of the conical shaped piston
causes a radial extensional stress field with strike-slip and normal faulting ruptures accommodating the relax-
ation of the damaged zone around the piston.

This piston collapse allowed the transfer of lava to the eruption site via the dyke highlighted by the Distal
earthquake swarm. The link between the swarms is thus magmatic, in agreement with petrological analyses of
lava from the new volcano.

This is the first time that piston collapse and localized dyking have been documented in the mantle. The
pattern of deformation documented here could apply to shallower, crustal piston collapses, such as in Iceland.

1. Introduction

The Comoros archipelago lies between the eastern coast of Africa and
Madagascar (Fig. 1) and is composed of four main islands: Grande
Comore, Moheli, Anjouan and Mayotte. A large submarine eruption
started east of Mayotte Island, likely between late June and early July
2018 (Lemoine et al., 2020; Mercury et al., 2022), and it ended between
December 2020 and January 2021 (REVOSIMA, 2024; Berthod et al.,
2022; Lavayssiere et al., 2024). The eruption gave birth to Fani Maoré, a
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5 km diameter, 820 m high volcano at the tip of a NW-SE striking vol-
canic ridge ~50 km east of Mayotte (Feuillet et al., 2021) likely
emplaced along preexisting and/or newly formed tectonic structures
between the Somali and Lanwdle plates (Famin et al., 2020; Feuillet
et al., 2021; Thinon et al., 2022). A total of 6.5 km® of lava poured out
onto the seafloor. The eruption was associated with exceptionally deep
seismicity seated between 20 and 55 km in the mantle part (Feuillet
et al., 2021) of an old Mesozoic oceanic lithosphere (Masquelet et al.,
2024). Swarms of deep M4-5 earthquakes as intense as those in Mayotte
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have never been observed, not even during the 2011-2013 El Hierro
submarine eruption (Canary archipelago, e.g. Marti et al., 2013) or the
2021 eruption of La Palma, (e.g. Torres-Gonzalez et al., 2020; D’Auria
et al., 2022).

After the most intense phase of the magmatic event that occurred
from December 2018 to February 2019, about 30,000 earthquakes were
recorded between the end of February 2019 and mid-May 2020 in two
separate swarms located 5-15 km and 25-45 km distant from Petite-
Terre Island, east of Mayotte (Fig. 1a): the Proximal and Distal swarms
(REVOSIMA, 2024). The largest earthquake was a magnitude 5.9 event.
About fifty events were M5+ and hundreds were felt by the population
(Mercury et al., 2022; Saurel et al., 2022). The distribution of the seis-
micity along with other data (GNSS models, tomography, petrology,
geology, bathymetry) was used to propose various models for what led
to this extraordinary eruption (Fig. 1). However, the locations of
earthquakes were too imprecise to image clearly the geological struc-
tures involved, preventing a clear understanding of the eruptive pro-
cesses. Moreover as these structures are exceptionally deep in the mantle
(20-55 km), we lack analogs worldwide. Although, earthquakes in the
mantle are more common in the oceanic domain (e.g. Kuna et al., 2019;
Grevemeyer et al., 2019; Craig et al., 2014), than in continental tectonic
domains (e.g. Lavayssiere et al., 2019; Déverchere et al., 2001;
Blanchette et al., 2018; Inbal et al., 2016; Monsalve et al., 2006), they
are still too rare and too sparse to reveal clear lithospheric-scale struc-
tures. Imaging of large intraplate faults across the entire oceanic
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lithosphere by seismic reflectors (Singh et al., 2017) however suggest
that faults can break the whole lithosphere to cause large M7-8+
earthquakes. Here we document for the first time very well localized
lithosphere scale volcano-tectonic structures activated during a major
magmatic event. The period covered by our study extends from late
February 2019 to mid-November 2019. It begins just after the phase
during which the highest magma fluxes feeding the eruption were
inferred (> 400 m®/s, between December 2018 and February 2019,
Peltier et al., 2022). In November 2019, the inferred magma fluxes were
lower but still significant (between 60 and 100 m3/s, Peltier et al., 2022)
and the eruption was still vigorous. We have thus analyzed a period
during which magmatic processes and related deformation could be well
documented. We exploited a dense dataset from onshore and ocean
bottom seismometers (OBS) and performed HypoDD relocations, with
precisions higher by an order of magnitude compared to previous 1D
locations. We calculated 300 focal mechanisms to characterize their
kinematics and we investigated the interaction between the mantle
brittle failures and the plumbing system to propose a new scenario for
the Mayotte submarine eruption, which is the largest ever documented.

The Eruption
The magmatic activity started on May 10 2018, with a M5-class

earthquakes swarm. During the first two months the seismicity was
recorded by a very sparse seismic network. As a result, only My, 3+

Petite Terre )HS NVE
1 A
Nw SE
£20]
X
= b
j=% B —
j7)
Q40

Petite Terre ) HS NVE
NW g

20

=

=

°

3

040

Petite Terre )HS NVE
1
NW0 o A

Petite Terre

Petite Terre“. HS
0 1

SE

5 MOHO
= 'VLF
£ Ry
= K t?
:‘; 1y N |
a0l

NW

20
=5
g_ t ~3500M
040 ﬁ:f ~ d) Proximal Eq. Swarm \
Distal Eq. Swarm J
[
0 20 Distangg (km) 60 Cross sections location
Seismicity Fault \\ VLF Reservoir
envelope

Reservoir

=L £20
] <
Fluid emission <
&
Phonolitic lava 040
south of HS
Basanitic lava 0 0 )
around NVE Distance (km)
Magma
deformation ™ =~ motion | Mush Dyke

t

Fig. 1. (a) Three-dimensional (3D) perspective view of Mayotte Island and its eastern slope (threefold vertical exaggeration). Fani Maoré: new volcanic edifice (NVE)
and its basanitic lava flows are shown by black contour and reddish shape, respectively. Red dotted line: caldera fault (inferred by Feuillet et al., 2021); Horseshoe
and the Crown are volcanic vents and structures related to the inferred caldera fault. The two light-gray shapes are projections on the sea-floor of the envelopes of the
Proximal and Distal earthquake swarms that we relocated between February and November 2019 and that are related to the Fani Maoré eruption.

Top right inset: geographic setting, red star: location of Fani Maoré eruption and black dotted line: nascent transform plate boundary between Somali and Lwandle
plates (e.g. Feuillet et al., 2021). (b -f) Previous models of the Fani Maoré eruption, with their inferred volcano-tectonic structures and available seismicity, are shown
along a vertical N113°E striking cross-section. Location of cross-section is indicated by two opposites T on (a). Explanations of the models are given in the text and
detailed in Sections 1 of the supplementary text. (b) Model of Cesca et al. (2020). (c) Model of Lemoine et al. (2020). (d) Model of Mittal et al. (2022). (e) Model of

Feuillet et al. (2021). (f) Model of Lavayssiere et al. (2022).
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events (Lemoine et al., 2020; Mercury et al., 2022), among which 37
M, +5 with magnitude up to 5.9, were detected (Mercury et al., 2022).
Later, between February 2019 and May 2020, thanks to recurrent de-
ployments of OBS carried out during the MAYOBS cruises (Rinnert et al.,
2019), five thousands earthquakes, including ten M;5+ events with
magnitude up to 5.5 were located (Saurel et al., 2022). This seismicity
occured off Mayotte in the Proximal and Distal swarm locations
(Fig. 1a). From mid-July 2018, the magmatic event was associated to
exceptional surface deformations up to 20 cm/yr recorded by six GNSS
stations located on Mayotte Island (Peltier et al., 2022). Elastic models of
these deformations suggested the drainage of a 30-40 km deep reservoir
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located 30 km from the eastern shore of Mayotte. The distribution of the
seismicity along with other information provided by various data (GNSS
models, petrology, seafloor morphology) was used to propose several
models for the eruption. Cesca et al. (2020) proposed the propagation of
a dyke and the collapse of a caldera (Fig. 1b). However, by using data
from both world-wide seismological stations and one local accelerom-
eter in Mayotte, the earthquakes were too few and their locations too
imprecise to image the structures involved. Their model proposed that
the volcanic processes occurred in the crust and the magma path was
mainly deduced from the position of Fani Maoré (Data from Mayobs 1
cruise, Feuillet, 2019). From onshore seismometers data and GNSS
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Fig. 2. Seismicity between 25 February and 19 November 2019 accompanying the Fani Maoré eruption. (a) Map of HypoDD relocations (this study) of the 2677 best

events of the catalog of Lavayssiere et al. (2022) in red. Dashed black boxes show 1

ocations of Figs. 3a and 4a.

(b) N113.5°E depth cross-section. No vertical exaggeration for seismicity projection. Small map inside: location of projection box (in green). Topographic profile
located in the middle of projection box. The Moho profile is based on 2 Moho depth estimates. Below the Mayotte Island, receiver function analysis (Dofal et al.,
2021) suggest a Moho depth around 17 km bsl. Under the new Fani Maoré volcano (NVE), according to the results of a recent seismic refraction experiment the Moho
is at 14 km bsl (Masquelet et al., 2024). (c) Focal mechanisms of 300 ~3 < M, < 5.1 earthquakes (this study) using our relocations. (d) Map of the seismological
network used for the earthquake relocations. Pink and yellow triangles: land and ocean bottom stations, respectively. Thin black box shows location of Fig. 2a,c.
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models, Lemoine et al. (2020) inferred the drainage of a 30 km deep
reservoir, the propagation of a dyke toward the seabed and a second
smaller source of deflation poorly located (Fig. 1c). From OBS data and
better earthquake locations, Feuillet et al. (2021) proposed a lithosphere
scale dyking and the collapse of a caldera structure in the mantle
(Fig. 1e). They inferred at least three reservoirs: R1 at 55 km below the
interpreted caldera structure, R3 at the at the base of the crust below
seafloor structures named the Crown and the Horseshoe and R2 below
the eastern Mayotte Ridge at 40 km depth, but could not image precisely
the subsurface caldera structure. They inferred that the magma path
sourced from R1 and intercepted R2 before reaching the surface, which
is consistent with the petrological results of Berthod et al. (2021a).
Mittal et al. (2022), based on GNSS inversions and on the earthquake
catalog of Saurel et al., 2022, proposed the drainage of a reservoir fed by
magma flux from an adjacent permeable mush zone (Fig. 1d) could
explain the exceptional eruption duration without other process such as
collapse of the roof reservoir. However, they don’t clarify what drives
the Proximal swarm. Lavayssiere et al. (2022) outlined the dyke and R3
with better located earthquakes (Fig. 1f), thanks to a velocity model they
inverted for. R3 was previously imaged by Foix et al. (2021) as an area of
high Vp, low Vs and high Vp/Vs beneath the Crown and Horseshoe; they
interpreted it as a subcrustal reservoir with mush (melt and cristal), in
light of the results of Berthod et al. (2021b), who propose the existence
of phonolitic magma stored close to the Moho that fed for example the
phonolitic lavas south of the Horseshoe volcano (Fig. 1a). Sections 1 and
2 of the supplementary text provide more details on the cited models and
more information regarding R1-4, respectively.

There is still no consensus on what led to this remarkable eruption.
How those magmatic reservoirs interacted with the fault system of the
caldera structure to maintain this exceptional eruption is unknown
mainly because the plumbing system and the seismogenic structures are
likely exceptionally deep in the mantle, the seismic monitoring network
was sparse at the beginning of the event, the GNSS network geometry is
unfavorable to precisely characterize the related source(s) of deforma-
tion and again we are missing analogs worldwide.

2. Methodology and data

We relocated 2677 earthquakes and calculated 300 focal mecha-
nisms (Figs 2a-c). We used the seismological data collected during six
cruises (MAYOBS 1, 2, 3-4, 6, 7 and 8, Rinnert et al., 2019) on bord of
RV Marion Dufresne and recorded between 25/02/2019 and
19/11/2019. The different deployments included at least 5 and up to 17
operating OBS’s from INSU and Ifremer (two French institutes: National
Institute for Earth Sciences and Astronomy & National Institute for
Ocean Science), which complemented the land stations (up to 9) of the
local network (Fig. 2d, Saurel et al., 2022).

2.1. Relative relocation of manually picked earthquakes by using Hypo
DD

We performed a relative relocation of earthquakes with the double-
difference method using HypoDD 2.1 software (taking into account
station elevations relative to sea level, Waldhauser, 2001). We selected
the 2680 best-located events from the catalog of Lavayssiere et al.
(2022) that were located using the NonLinLoc location software (Lomax
etal., 2014). We relocated these events (Fig. 2a) using 39,574 P- and 34,
171 S-phases with the same 1D, local velocity model (for the P and S
waves) that Lavayssiere et al. (2022) inverted using VELEST (Kissling
et al., 1995). Two earthquakes form a pair of events if: 1) their hypo-
centers are within 200 km of the recording seismic stations; 2) they are
separated by <20 km; 3) they have at least 8 links (number of pair
phases). We employed the conjugate gradients method LSQR (Paige and
Saunders, 1982) to solve double-difference equations, and for each layer
we used a Vp/Vs ratio, which varies as determined by Lavayssiere et al.
(2022). With those criteria and methods, we could relocate 2677 events,

Earth and Planetary Science Letters 647 (2024) 119026

considered as the best characterized earthquakes. Location uncertainties
for each epicenter range between 100 and 400 m for >98% of the events
(supp Fig. 1.1). The depth is also well constrained with uncertainties
<300 m for 94% of the events and probably <200 m for events whose
depth ranges between 30 and 42 km (supp Fig. 1.1). Section 3 of the
supplementary text file gives more details regarding the assessment of
location uncertainties.

2.2. Focal mechanisms inversion

We determined 300 double couple (DC) focal mechanisms using P-
wave polarities (Fig. 2¢) that were manually picked during collaborative
« pickathons » (Saurel et al., 2022). We only considered the earthquakes
with local magnitude (M) greater than or equal to ~3. We used FPFIT
v1.5 (July 13, 2011, Reasenberg et al., 1986) for the focal mechanism
inversion. The input locations were our HypoDD relocations previously
described. The azimuth and takeoff angles were computed with Hypo71
(Lee and Lahr, 1972) by forcing the locations to stay at our HypoDD
relocations and using the same local P wave velocity model.

We only used picks from stations within 500 km of the epicenters
(supp Fig. 2). Beyond this distance, the assumption of a flat-layered
earth is unrealistic (we used a 1D velocity model for our relocations)
and polarities are rarely available. The five farthest stations are a station
on Grande Glorieuse Island (225-245 km), three stations from the
Karthala network of Grande Comore (235-280 km) and the northern-
most station of Madagascar (475-500 km).

The 300 focal mechanisms, which include seventeen M4.5+ events,
were determined with at least 12 polarities (except one M4.5+ earth-
quake with 11 polarities). On average, there are 15 P wave polarities per
focal mechanism. Azimuthal gap values range from 44° to 123°, except
for two events of the Distal swarm, whose values are 150° and 209° (see
details in Section 5 of the supplementary text).

Moment tensors can be decomposed into double-couple (DC),
isotropic (ISO), and compensated linear vector dipole (CLVD) compo-
nents (e.g. Tkalcic et al., 2009). Volcanic systems are particularly prone
to non-DC mechanisms. As FPFIT is not adapted to detect non-DC focal
mechanisms, for each focal mechanism we determined, we verified, that
the distribution of the first P polarities on the focal sphere cannot be
explained by mechanisms having predominant ISO or CLVD
components.

3. Results
3.1. Distribution of the seismicity

Our relocated seismicity highlights very fine and localized structures
in the mantle (Fig. 2, supp Video 1). Most of the events (2513) are in the
Proximal swarm while the Distal swarm only contains 164 events
(Fig. 2a). The depths of events range between 25 and 43 km below sea
level (bsl) in the Distal swarm, and between 20 and 55 km bsl in the
proximal swarm (Fig. 2b). There is no obvious evolution of the distri-
bution, neither in depth nor in map view over the analyzed time period
(supp Fig. 3).

From W to E, the Distal swarm stretches over a distance of 25 km in a
5 km-wide band, trending N110°E to 150°E (Fig. 3). It is made of two
sub-clusters: a northwestern sub-cluster trending N110-120°E and a
southeastern subcluster trending ~N130°E. The northwestern subclus-
ter consists of 127 events lying between 32 and 43 km bsl and gathering
in a subvertical, ~8 km long, ~10 km high and ~4 km wide zone
(Fig. 3a-c), whereas the southeastern subcluster consists of 37 events
forming a 1 km-thin, 65° NE dipping zone that shallows towards Fani
Maore volcano (Fig. 3a, d and supp 3D Videos 1 and 3). It is note-
worthy that most of the southeastern subcluster events occurred towards
the end of our catalog, between early August and 19 November 2019
(supp Fig. 3).

In map view, the Proximal swarm looks like a 13 km wide donut with
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related focal mechanisms. Light-red and red circles: NW and SE parts of Distal

swarm. Color Scale of sea-floor depth as in Fig. 2a. Inset: Rose diagrams of horizontal projections of T and P axes of focal mechanisms, in red and green colors,

respectively. (b) N130°E depth cross-section of whole Distal swarm. (c) N40°E dep
part of Distal swarm. Orange shapes along topographic profiles show the Eastern

th cross-section of NW part of Distal swarm. (d) N40°E depth cross-section of SE
segment of Mayotte Volcanic Ridge (ESMVR), the Fani Maoré volcano (NVE) is

shown in red. No vertical exaggeration for seismicity projections. Topographic profiles are located in the middle of the projection boxes. Right insets: green boxes
used for earthquake selection for each of the 3 projections. Left insets: Focal mechanisms drawn on the corresponding cross-sections.

a 3-4 km wide hole (Fig. 4). Eighty-four percent of the Proximal swarm
events (99% of the released seismic moment) are concentrated in the
southern, eastern and northern quarters of the donut, whereas the
seismicity is much more diffuse in the western quarter.

Four 2 km-wide vertical cross-sections (Fig. 4c-f) with different azi-
muths and intersecting at the center of the Proximal swarm show that
the earthquakes are mainly distributed between 25 and 50 km bsl.

Between 30 km and 45 km bsl, they gather to form 2-4 km thin,
outward-dipping 70-90° linear structures that are very well defined.

In 3D, these structures form a 15 km-high truncated-cone whose
diameter is 8 km at the base and 4 km at the top and whose lateral flank
is about 2-3 km thick (4 km at most), see also the 3D video (supp Video
2). Most M4.5+ earthquakes we relocated occurred in the eastern part of
the conical structure (Fig. 4a, d-f).
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Above, between 25 and 30 km, the seismicity is more diffuse and
appears to underline an ovoid shape that is particularly clear in Fig. 4f.
This ovoid’s major axis is ~7 km long in the NW-SE direction. No
earthquake was relocated inside.

3.2. Focal mechanisms

The focal mechanisms are presented in Figs. 2b, 3, and 4 and in the
Supplementary information (supp Table 1 and supp Fig. 4). The 40
focal mechanisms of the Distal swarm are exclusively strike-slip and
normal faulting events (Fig. 3a). Their T axes strike between NOO°E and
N60°E, with most of them striking NE-SW.

The 260 focal mechanisms we determined in the Proximal swarm are

more varied. Most of them are strike-slip and normal faulting events, but
about ten are thrust events (Fig. 4b). The orientations of T axes of the
mechanisms show a quasi-radial distribution with a slight distribution
peak in the N10°E + 10° azimuth (inset of Fig. 4b). About 80% of T axes
strike +45° toward the center of the conical structure (Fig. 5a, supp
Fig. 5b). Between 30 km and 45 km bsl, within the flank of the conical
structure they are plunging 20-30° inward on average. Above, around
the ovoid structure from 25 km to 30 km bsl their plunge ranges from
0° to 20 to 30° inward; outside the structures they are generally sub-
horizontal (Fig. 5c-d). The orientations of P axes are less scattered and
show a peak of distribution in the N90+20° azimuth. The distribution
peaks of the P and T axis orientations are rotated by 30-40° counter-
clockwise with respect to those of the Distal swarm.
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(a) Rose diagram of angular differences (AD) between azimuth of T axes (T) and azimuth of conical structure center to position of focal mechanism. Distribution AD
maximum at 180+10°, 78% of AD are within 135-225°, indicating that most T axis strike toward center of structure and plunge inward. We distinguish focal
mechanisms within tolerance (80%): those with AD = 180 + 45° and those with AD = 0 £ 45° with plunge angle < 5° (sub-horizontal T, by taking into account
uncertainties in focal plane parameters (supp. Table 1b)). (b) Histograms of T plunge angles. (c) T plunges (small arrows) as a function of depth and distance to
vertical axis of conical structure. Plunge for outside tolerance mechanisms not shown. Large arrows indicate average plunge with depth inside and outside conical or

ovoid structures. (d) Same as (c) but with T projected in the radial planes.

In cross-section, we observe that the steepest nodal planes of the
normal faulting mechanisms, located along the eastern flank of the
truncated cone dip by 70 to 90° toward its interior (Fig. 4c-f). These
likely represent the ruptured fault plane, as normal faults generally dip
steeper than 45° As the dips of these normal fault planes remain fairly
constant with depth, they organize in an en-echelon array. The same

observation can be made along the western flanks of the cone although
the normal faulting mechanisms are sparser.

4. Discussion

All the earthquakes we relocated and their focal mechanisms are
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evidence for brittle failure on well-localized structures in the upper part
of the mantle. Below 30 km bsl, the Proximal swarm reveals a steep
dipping, ~15 km high truncated-cone structure (Fig. 4c-f and supp 3D
videos 1 and 2). This structure resembles those highlighted by earth-
quakes during caldera collapse above a draining volcanic reservoir, as
for example at Mount Pinatubo (Philippines, e.g. Mori et al., 1996),
Rabaul volcano (Papua New Guinea, e.g. Jones and Stewart, 1997) and
Axial Volcano (Juan de Fuca Ridge, e.g. Baillard et al., 2019); except
that the structure offshore Mayotte is in the mantle instead of the crust.

Analog models for caldera collapse indicate that the subsidence is
driven by outward-dipping ring faults (reverse faults) that propagate
upward to reach the surface (e.g. Roche et al., 2000; Acocella, 2007).
However, the shallowest earthquakes we relocated are 20 km beneath
the seafloor and only ten of the focal mechanisms are reverse. Instead,
we determined 79 predominantly normal focal mechanisms, indicating
dip-slip motion on steep 70-90° inward-dipping fault planes organized
in en-echelon arrays in a narrow ~3 km wide zone along the
outward-dipping conical structure (Fig. 4c-f, Fig. 6a). Similar shear
patterns have been observed on natural outcrops in the field and in

a) ~W
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analog experiments in strike-slip tectonic contexts as a result of hori-
zontal shear accompanied by volume increase (Fig. 6b, e.g. Vialon,
1979; Gamond, 1983; Nicolas, 1984). The normal fault patches we
documented could be analogs of the P-type secondary shears that we
interpret to accommodate subsidence of the inner part of the cone
(Fig. 6a). Moreover, within the conical structure, the inward plunges of
most of the T axes of the focal mechanisms (Fig. 5c-d) are consistent with
the stress field that would be expected to accompany such a shear along
the structure. The quasi-absence of seismicity inside the conical struc-
ture suggests that this volume moved like a rigid block: a piston. As this
piston is conical, a gap should open between the piston and its sur-
rounding wall during its downward motion. In a brittle lithosphere this
should be counterbalanced by elastic radial expansion/relaxation in a
damage zone around the piston (Figs. 6a,c), which is probably what
promoted the strike-slip faulting with a quasi-radial distribution of T
axes.

Subsidence of rigid blocks (pistons) resulting in caldera collapse has
been inferred to occur during large basaltic intrusions in Iceland,
Hawaii, Japan, Vanuatu, La Réunion (e.g. Gudmundsson et al., 2016;

c)
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Fig. 6. Interpretation of brittle processes at work in Proximal swarm related to piston-like structure.

(a) Shearing zone around piston caused by its fall. Upper figure: W-E cross-section across the piston and expanding zone. Green and white beach balls: predominantly
normal focal mechanisms, small red lines: inward-dipping, normal fault planes. Other mechanisms are in light grey and white. Lower figure: interpretative vertical
cross-section across the piston, ring-fault zone and its damage zone. Grey hatch pattern: falling piston. White zone around piston: space that tends to open. Grey area
around piston: its expanding/relaxing wall caused by piston fall. White double arrows: radial extension of the wall. Reddish elliptical shape: R3 reservoir. Green and
white beach balls: normal focal-mechanisms with the ruptured fault plane (small red lines), note that inward-dipping, ruptured fault planes tend to concentrate close
to inner rim of expanding zone and form en echelon arrays along the piston. The shear process along the piston appears identical to that described in map view in (b)
but transposed vertically.

(b) Map view representation of secondary P and T shears associated to horizontal shearing along a vertical strike-slip fault plane (thick black line), with volume
increase in the shear zone (shown by a grey line and small thin black arrows) during analog experiments, redrawn from Nicolas (1984).

(c) Wall expansion/relaxation around piston caused by its fall. Upper figure: map of calculated focal mechanisms around the piston between 30 and 45 km depths.
Blue and white beach balls are focal mechanisms predominantly strike-slip, double thin red arrows are their T axes. Other mechanisms are in light grey and white.
Lower figure: interpretative horizontal cross-section across the piston, ring fault zone and its damaged zone, with same color code and pattern as in (a). Blue and
white beach balls: strike-slip focal-mechanisms with their T axes (double red arrows) radially distributed around the piston and plunging inward.
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Neal et al., 2019; Shreve et al., 2019; Toda et al., 2002; Staudacher et al.,
2009; Sigmundsson, 2019). Piston collapse helps to sustain the pressure
in the plumbing system and maintain eruptions tens kilometers distant
from the feeding reservoir (e.g. Bonny et al., 2018).

The piston within Mayotte’s Proximal swarm is as large as the one
involved in the 2014-2015 Bardarbunga eruption (10 km across and up
to 12 km high, Gudmundsson et al., 2016). Strikingly, steep (60-90°)
inward dipping normal faulting events along the northern and southern
rim of the Bardarbunga caldera were also inferred from ~200 faulting
mechanisms (Agt’lstsdéttir et al., 2019; Rodriguez-Cardozo et al., 2021),
which suggested an array of faults rather than a single ring fault. This
agrees with our results, although they obtained a significantly smaller
proportion of strike-slip events and no evidence for a radial pattern of
the T-axis distribution.

We propose that at Mayotte a piston collapse occurred at depths
below 30 km-bsl, along inward, normal, en-echelon distributed faulting
for which we know of no analog. This piston subsided above a deep, sub-
lithospheric reservoir (R1, Feuillet et al., 2021) that was located below
45 km bsl (Fig. 7). Above the piston, we interpret that the ovoid shape
highlighted by the shallowest earthquakes (25-30 km) corresponds to a
subcrustal R3 reservoir inferred by Feuillet et al. (2021) from the
localization of very low frequency events, by Foix et al. (2021) from the
seismic wave velocity anomalies they evidenced and from the petro-
logical results of Berthod et al. (2021b) and by Lavayssiere et al. (2022)
from well-located seismicity.

The N130°E striking, 13 x 10 km? wide, 65° NE dipping and 1 km-
thin planar ascending zone of hypocenters we imaged in the Distal
swarm likely represents a dyke along which the magma was transported
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from R1 towards the Fani Maoré volcano. This was also suggested by
previous studies (Feuillet et al., 2021; Lavayssiere et al., 2022) but we
show the mechanisms and pathways much more precisely. The
ascending “SE subcluster” group of hypocenters, which is the shallower
part of the Distal swarm, is clearly connected to the deeper, more
compact “NW subcluster” of the Distal swarm. Earthquakes in the NW
subcluster could be promoted by pressure changes in the third reservoir
(R2) inferred by Feuillet et al. (2021) below the eastern part of the
Mayotte ridge (Fig. 1e). Lemoine et al. (2020) and Feuillet et al. (2021)
interpreted that the compact deeper part of the Distal seismic swarm was
the first activated at the onset on the magmatic unrest and the
longer-lasting one. This is also near where the GNNS models determined
a deflating pressure source (Lemoine et al., 2020; Feuillet et al., 2021;
Peltier et al., 2022).

Along the ascending “SE subcluster” of the Distal swarm, the focal
mechanisms imply ruptures along steep ~E-W right-lateral or N-S left-
lateral strike slip faults and on NW-SE striking normal faults. Strike-
slip faulting has been documented in other areas during dyke in-
trusions associated with eruptions (e.g. 2000 Miyakejima eruption in
Japan, Toda et al., 2002) or with rifting episodes (e.g. the 2014-2015
Bardarbunga rifting episode in Iceland, Agiistsdottir et al., 2016, 2019).
The strike-slip and normal mechanisms along the inferred dyke are
consistent with the CMT solutions of the largest M5+ earthquakes that
occurred during the initial phases of the Mayotte crisis between May and
June 2018 and previously (Bertil et al., 2021). The orientations of their P
and T axes are compatible with NE-SW trending extension. This is in
agreement with the regional stress field deduced from the geometry and
kinematics of volcanic structures in the Comoros archipelago (Feuillet
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Fig. 7. (a) Schematic cross section showing the magma transfer between the Proximal swarm and the Distal swarm related to the dyke feeding the eruption and to the
piston fall caused by the draining of the basal reservoir R1 (no vertical exaggeration). Elliptical reddish shapes: R1-R4 magma reservoirs. Curved, thick red arrow:
aseismic magma feeding. Large orange arrow: dyke feeding the Fani Maore Volcano (NVE). Grey circles: February-November 2019 seismicity (accurate relocations
using OBS data, this study). Black lines: outward dipping ring-fault system around the falling piston. Small red lines and arrows: inward dipping ruptured normal
fault patches. Thick grey arrow: piston fall. Yellow shape: very low frequency earthquakes (VLF), yellow star and double arrows: mean VLF location and its un-
certainty (Laurent, 2023; Laurent et al., 2019). Green wavy symbols: fluid emission. Thin black dashed lines: inferred shallower caldera structures modified from
Feuillet et al. (2021). LAB: Lithosphere Astenosphere Boundary (Mazzullo et al., 2017; Barruol et al., 2019). Thin black box shows location of (b).

(b) Interpretative close-up of the ring fault system and magma transfer related to the piston fall. This figure is not strictly at scale, in order to show the space open (~1
m) around piston by its fall of ~100 m according to our model. Grey hatch pattern: falling piston. Two grey areas: wall and damage zone around piston. White double
arrows: radial extension caused by piston fall. Red lines: inward-dipping, normal ruptured fault patches. Red curved or undulated, arrows around piston: magma
transfer from R1 to R3. Green wavy symbols as in (a). Note the small phonolitic lens on top of R3.
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et al., 2021; Thinon et al., 2022) and from regional GNSS data (Lemoine
et al., 2020). The inferred dyke parallels the N130°E Eastern Mayotte
ridge (Fig. 1) and may be part of a long-term volcano-tectonic system
that has constructed this ridge.

It is noteworthy that most of the earthquakes highlighting the
inferred dyke occurred along a narrow zone, suggesting that there was
only one restricted pathway for the magma between R2 and the seafloor
between February and November 2019. Furthermore, most of these
earthquakes occurred from early August to mid-November 2019 sug-
gesting an increase of magma flux in the dyke during this period. Their
occurrence coincided with a new phase of magmatic activity northwest
of Fani Maoré (the “third phase” of Berthod et al., 2022).

The mechanical behavior of the structures in the Proximal swarm is
very different, with a quasi-radial distribution of the inward plunging T
axes of its focal mechanisms (Fig. 4) indicating a local perturbation of
the regional stress field. Fig. 4b shows, however, a slight dominance of
N10°E striking T axes, suggesting a N10°E extension in this area. This
suggests a slight counterclockwise rotation of the regional stress along
the upper slope of Mayotte Island compared to what we observed in the
Distal swarm. This may support the interpretation of Feuillet et al.
(2021) who deduced a N-S local extension from the orientation of
Mayotte’s western ridge and from various cones and other volcanic
features.

Large caldera collapses resulting from significant intrusions are
sometimes associated with eruptions along caldera structures. This has
been observed, for example, at Fernandina (Galapagos) and Miyakejima
(Japan) volcanoes (e.g. Howard, 2010; Nakada et al., 2005). When the
piston collapses, magma can be transferred from the deepest reservoir
towards the surface in the space created along its flanks. The caldera
structure proposed here is confined in the mantle and we have evidence
of two reservoirs above and below it (R1 at the base and R3 at the
summit). It is therefore plausible that magma transferred between them
when the piston collapsed (Fig. 7b).

Based on the volume of lava erupted (approx. 6.5 km>, REVOSIMA,
2024), simple first-order assumptions can be made about the piston’s fall
and the volume of magma that could have travelled within the system.
Given the geometry of the piston (4 km diameter at the top and 8 km at
the base), a subsidence of ~80 m would imply a volume decrease of ~4
km? in reservoir R1 and a volume increase of ~ +1 km? in reservoir R3.
A ~10 m wide space would have been created between the piston and
the surrounding wall in which up to ~ 3 km® of magma could be
retained. Such a scenario is incompatible with the eruption at Fani
Maoré, because all the magma would have been kept within the caldera
structure. This simple geometric model does not, however, take into
account the relaxation of the ~3 km-thick seismically-active, conical
wall surrounding the piston.

An elastic strain of 3 x 1073 (at the limit of the elastic domain)
distributed throughout the wall would reduce the space between the
piston and the wall by ~9 m. This value is probably conservative as the
material is not purely elastic, as demonstrated by the presence of brittle
failure evidenced by the earthquakes. In this case, the volume of magma
that could have been trapped in this 1m-wide space would be reduced to
~0.3 km?®, leaving a magma volume of 2.7 km?® to fuel the distal erup-
tion. This volume approximately matches the 2.5 km® dense-rock
equivalent (DRE) volume estimated at Fani Maoré in May 2019
(Feuillet et al., 2021).

Given the cone’s lateral surface area (~285 kmz) and considering a
rigidity modulus varying between 3.3 GPa (for highly fractured domain)
and 33 GPa (a more standard value), a fall of about 80 m, would
generate a geodetic moment ranging from 7.5 x 10%° Nm to 7.5 x 10%°
Nm. This corresponds to a magnitude Mw between ~7 and ~8. These
ranges of moment values and magnitudes are far larger than those
recorded during the seismic crisis in the Proximal swarm (Mercury et al.,
2022; Saurel et al., 2022) suggesting that the piston fall is largely
aseismic.

Between May 2019 and the end of September 2020, an additional 1.5
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km? of lava erupted at Fani Maoré (REVOSIMA, 2024), (~1 km® DRE
using the 27 % vesicularity estimated by Berthod et al., 2021a). Ac-
cording to our piston model, 1 km® of additional magma erupted would
correspond to an additional piston fall of ~ 30 m with a geodetic Mo
ranging from 2.8E™'° Nm to 2.8E*2° Nm (Mw=~7 to ~7.5). For the
same period, Saurel et al., 2022 provided a complete seismic catalog
from which we calculated a cumulative seismic moment for the Prox-
imal swarm that reached 2E*!” Nm, corresponding to a Mw=5.5
earthquake. This value is about 100 to 1000 times less than the geodetic
estimate above. The piston fall was thus mostly aseismic (99% to 99.9%)
perhaps because the piston was lubricated by the magma rising along its
edges towards R3. In any case, this is in agreement with the balance of
seismic/aseismic strain estimated during the 65 m Bardarbunga piston
collapse (at least 90% aseismic strain, Gudmundsson et al., 2016;
Agtistsdottir et al., 2019).

The mechanisms involved in the Mayotte eruption are similar to
those observed during other large worldwide, basaltic, fissure eruptions:
the drainage of a reservoir by a dyke and a subsequent caldera collapse.
However, the delay between the onsets of the dyke intrusion and of the
piston collapse appears to have been longer in the case of Mayotte: 1-2
months (Lemoine et al., 2020; Mercury et al., 2022) instead of ~few
days at Bardarbunga for example. This could be explained by the fact
that the piston is deeper in the mantle and that several reservoirs are
involved. From the timing of the seismicity (Lemoine et al., 2020;
Feuillet et al., 2021, Mercury et al. 2022), we know that the earthquakes
started in the northwestern part of the Distal swarm, and then propa-
gated eastward and upward to reach the seafloor below Fani Maoré.
After that, seismic activity began at the Proximal swarm above R1,
which was likely hydraulically connected to R2 and started to deflate in
turn; as a result, the piston began to fall, coevally with a strong increase
of the flow rate as estimated from modeling of land and seafloor surface
deformations (Peltier et al., 2022). The piston fall likely sustained the
exceptionally long eruption that ended in late 2020 (REVOSIMA, 2024).
Our first order geometric calculation implies that the R3 reservoir above
the piston was filled by about 1 km® of magma escaping from R1 and
flowing upward along the caldera structure during the piston fall of
about 100 m (Fig. 7b). This transfer of magma may cancel the pressure
drop in R3 after each piston drop and maintain the R3 reservoir at a
constant pressure. A piston fall combined with magma transfer between
the two reservoirs may be the source of the exceptional long-lasting and
monochromatic Very Low Frequency earthquakes (VLF), observed
during this crisis (e.g. Cesca et al., 2020; Lemoine et al. 2020), and
located at 22+15 km depth bsl above the center of the Proximal swarm
(Fig. 7a, Laurent, 2023; Laurent et al., 2019; Feuillet et al., 2021).

The absence of seismicity above ~25 km suggests that magma
storage is currently confined within the mantle. We have no evidence of
motion along shallower caldera structures. Nevertheless, we cannot rule
out aseismic (plastic) behavior within the crust, but we have still no
evidence for caldera collapse, active faulting, or lava flows at the sea-
floor above the Proximal swarm since May 2018 (REVOSIMA, 2024,
Puzenat et al., 2022). However, shallower caldera structures have been
activated in the past, as attested by the existence of an ancient 8
km-wide caldera structure on the seafloor, located directly above the
Proximal swarm, crowned by large lava flows, cones and eruptive fis-
sures (Feuillet et al., 2021; Puzenat et al., 2022). It is worth noting that
most of the volcanic products sampled from this area, as the phonolite
lavas in Figs. 1, 2 and 4, are more evolved magmas that resulted from
fractional crystallization of more mafic magma in the mantle (Berthod
et al., 2021b). These phonolites may originate from R3 (Foix et al.,
2021).

The arrival of a deep, hot, and COs-rich mafic magma (from R1) into
the deeper parts of R3 may have led to its destabilization and pressuri-
zation, modifying the physical properties of magmas (density, viscosity,
and buoyancy) and resulting in an upward accumulation of exsolved
fluid (e.g. CO) within a short time scale (e.g., Folch and Marti, 1998;
Klug et al., 2020). Such a process could explain the intensifying fluid
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flow (causing acoustic plumes) documented in the Horse-Shoe area
(Scalabrin, 2023; REVOSIMA, 2024) and detected by every oceano-
graphic cruise since the eruption started (e.g. Rinnert et al., 2019).
Depending on the degree of destabilization, the arrival of this new
magma could potentially foster the upward propagation of deformation
along the pre-existing caldera structure and/or trigger an eruption
above R3.

The presence of a 45 km-high caldera-like structure in the litho-
sphere has not been documented elsewhere and one might argue that it
is very difficult to maintain volcanic reservoirs at such depths. Numer-
ical models however suggest that this structure may be the result of a
long-lived interaction between the overlying reservoirs in a highly
damaged medium (De Sagazan et al., 2024) that is expected for an old
ocean lithosphere weakened by numerous fractures zones and altered by
fluid circulation and/or thermal processes.

5. Conclusions

We used seismological data collected over nine months by a dense
array of ocean-bottom seismometers (OBS’s), starting in February 2019,
deployed to enhance the monitoring of the eruption of Fani Maoré, the
newborn volcano offshore Mayotte. The 2677 earthquakes we relocated
show well-defined mantle structures in two separate earthquake
swarms. This seismicity is organized, between 20 and 55 km bsl, in
10-15 km-high, 10-15 km-wide and 1-4 km-narrow structures. We
calculated 300 focal mechanisms, allowing us to decipher the forces
controlling these structures. These results outline a dyke in the Distal
swarm and an outward-dipping ring-fault zone delineating a piston-like
structure in the Proximal swarm. This is the first time that brittle de-
formations along such volcano-tectonic structures have been docu-
mented in the mantle from such well-located deep seismicity. While
large faults had been imaged down to 45 km in the oceanic lithosphere
in the Wharton Basin, using seismic reflection methods (Qin and Singh,
2015), our results highlight active seismogenic structures of comparable
size crosscutting a large part of another oceanic lithosphere.

According to our results and in light of previous works, we interpret
that, the two swarms are linked to one-another by a large magma
withdrawal from a mantle reservoir (R1), causing collapse of the piston
above, and feeding the eruption through the dyke. The piston-fall likely
sustained the driving pressure to feed the largest ever-documented
submarine eruption (~6.5 km? lava flows).

We propose the following piston model: around the piston, normal
faulting occurs on an array of inward dipping patches. Strike-slip and
normal faulting allow the elastic relaxation of the damage zone around
the piston. This process is largely aseismic, which strongly suggests that
the piston fall, likely about 100 m, is partly accommodated by magma
flowing up around it to a smaller reservoir (R3) just above.

The absence of crustal earthquakes in our study is intriguing. There
are probably at least three reasons for this: 1) below Fani Maoré, there
are only very small magnitude, shallow earthquakes (if any) and the
significant ones only occurred in June 2018, before a robust seismic
network was in place and just before the dyke pierced the seafloor (e.g.
Mercury et al., 2022), as is observed during the early phases of other
basaltic eruptions (e.g. Einarsson, 2018); 2) above the Proximal earth-
quake swarm, the shallow, inferred ring-fault zone did not get activated;
3) if the crust is weak (serpentinized), the crustal part of the ring-fault
zone may be already creeping.

This work answers some questions, but raises others. Did the piston
slip continuously or intermittently and how might this have controlled
the flux of magma to the seafloor? Is the magma circulating around the
piston the cause of the LP earthquakes (e.g. Hensch et al., 2019; Soosalu
et al., 2010) that were observed (Retailleau et al., 2022)? The meaning
of the weak and diffuse seismicity in the western quarter of the proximal
swarm remains unclear. This could be a sign that the western side of the
piston is more lubricated/hotter, perhaps related to magma/fluids (e.g.
CO2) leakages towards the volcanic plumbing system of Petite Terre.
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Note that an uneven distribution of seismicity was also observed around
the piston that collapsed 65 m during the 2014-2015 Bardarbunga
eruption in Iceland (e.g. Gudmundsson et al., 2016; Agflstsd()ttir et al.,
2019).

This work highlights the value of deploying OBS’s to decipher crustal
and mantle processes behind intraplate eruptions that occur in many
submarine regions and have the potential to affect human populations
on nearby inhabited islands.

Data availability

Ship-borne bathymetric data from the MAYOBSI cruise can be ob-
tained through the French national oceanographic data center SISMER
(http://en.data.ifremer.fr/SISMER, d0i:10.17600/18,001,217).

In addition to the bathymetric data from the MAYOBSI1 cruise,
bathymetric data around Mayotte (from the Bathymay cruise,
doi:10.17600/4,200,020), topographic data of Mayotte Island (Litto3D
Mayotte, https://diffusion.shom.fr/presentation/ litto3d-mayot2012.
html) and bathymetric compilation of the General Bathymetric Chart
of the Oceans (https://www.gebco.net) were used.

Used land stations belong to the 7 following networks. RA: RESIF-
RAP french accelerometric network (doi:10.15778/RESIF.RA): YTMZ
and MILA stations. II: Global Seismic Network IRIS-IDA (doi:10.7
914/SN/II): PMZI station. QM: Comoros archipelago seismic and vol-
canic network (doi:10.18715/MAYOTTE.QM.): KNKL, MTSB, and GGLO
stations*. AM: Raspberry Shake network (doi:10.7914/SN/AM): ROCC5,
R1EE2 and RAESS stations, data are acquired by Raspberry Shake SA
company and made available from IRIS data centre and Raspberry Shake
SA data centre. ED: EduSismo network: MCHI station, data is available
upon request at http://www.edusismo.org/. KA: Observatoire Volca-
nologique du Karthala,: CAB, DEMB, and SBC stations, data upon
request at Centre National de Documentation et de Recherche Scienti-
fique (cndrs@comorestelecom) or from Mr Hamidi Soulé (souleha-
mid@gmail.com), director of the Karthala Observatory . GE: GEOFON
netword: SBV station (Madagasar): doi:10.14470/TR560404. Used OBS
came from 2 pools of instruments of INSU-IPGP and IFREMER. The
INSU-IPGP pool of OBS MOXX* is managed and operated by IPGP and
CNRS (https://parc-obs.insu.cnrs.fr/). OBS MicrOBS IF##A-D* are
operated by IFREMER/Ressources physiques et Ecosystemes de fond de
Mer/département de Géosciences Marines/service de Cartographie et
Traitement de Données d’Instrumentation. Data from station or OBS
marked with * are available upon request at IPGP data centre (http://
datacenter.ipgp.fr).

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

HypoDD v2.1 software (earthquake relative relocations,
https://www.ldeo.columbia.edu/~felixw/hypoDD.html) can be ob-
tained upon request from Mr F. Waldhauser (felixw@ldeo.columbia.
edu).

FPFIT v1.5 software (focal mechanism inversions) can be obtained at
https://www.usgs.gov/software/fpfit-fpplot-and-fppage.

The figures were produced using the open source softwares gfortran
(https://gcc.gnu.org/wiki/Gfortran) and GMT (https://www.generic
-mapping-tools.org/) and Adobe illustrator software (https://www.
adobe.com/).
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