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Abstract. The Mayotte seismic sequence that started on 10 May 2018, with a main shock of magnitude
Mw 5.9 on May 15, followed by a major offshore volcanic activity, raises several questions of seismo-
volcanic hazards in the Comoros region. The unexpected size and duration of the crisis is an oppor-
tunity to reassess the distribution and magnitude of the seismicity near Mayotte Island, but also re-
gionally. We present a comprehensive seismicity catalogue of the region including the Mozambique
Channel, the Mozambique coast and Madagascar, based partly on previously published data in the
region and partly on unpublished data from local catalogues for the Comoros and Madagascar. Our
catalogue extends from 1900 onward with a completeness of magnitude 5.5 until 1980s and decreas-
ing only recently to 4.5 after 2010. It comprises the events of magnitude Mlv =3.5 for the seismic se-
quence of Mayotte from May 2018 to October 2020 as the crisis is still ongoing. Present knowledge of
the seismicity, largely partial in distribution and magnitude before 1980, makes the seismic sequence
of 2018-2020 an exceptional and unprecedented seismo-volcanic event in the region. We discuss the
distribution of seismicity in time and space within the context of the south eastward propagation of
the East African rift system towards Madagascar.
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1. Introduction

The occurrence of natural seismic events in unex-
pected places such as the intraplate domain chal-
lenges our understanding of both local and re-
gional tectonics. The ongoing seismic sequence of
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2018-2020 near Mayotte Island is no exception. While
the volcanic islands of the Comoros archipelago are
known for their moderate seismicity, the seismic
event of 15 May 2018 of magnitude Mw 5.9 (May-
otte, France), the following long-lasting seismic
sequence [Bertil et al., 2019, Lemoine et al., 2019,
2020a, Cesca et al., 2019, 2020, Saurel et al., 2019,
2021, Jacques et al., 2019] and the discovery of a

https://comptes-rendus.academie-sciences.fr/geoscience/
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new active offshore volcano east of Mayotte [Feuillet
et al., 2019a, 2021] led geoscientists and authorities
to reassess the seismic, volcanic and tsunami hazard
and related risks not only in Mayotte but also in the
whole northern Mozambique Channel region [e.g.,
Lemoine et al., 2020b]. The monitoring seismic net-
works are still poorly developed in the surrounding
countries and remain limited due to the isolated
nature of small oceanic islands, together with the
sparseness or the lack of historical archives, signifi-
cantly limiting our knowledge of past natural hazards
and a more fundamental understanding of the geo-
dynamic and volcano-tectonic context of the region.

The region under study, located southeast of
Africa, is characterized by moderate and scat-
tered seismicity mainly distributed in the Mozam-
bique Channel, in Madagascar, along the Comoros
archipelago and at the southern tip of the East
African Rift System (EARS; Figure 1). The origin and
nature of the deformation affecting the region re-
main poorly constrained over the long term as well
as the short term. Several main geodynamic events
have interplayed in the region, such as the forma-
tion of the Mozambique and Somali Basins, with
late Jurassic oceanic spreading, and the slow open-
ing of the EARS fragmenting the southeast of the
African continent during the Tertiary. The volcanism
occurring at distinct places of this wide region, and
particularly along the Comoros archipelago, is seen
as the result of intraplate magmatism, whose origin
is discussed in the frame of the well-known debate
between an active ascent from the deep mantle and
the role of lithospheric stresses [Morgan, 1972, Mi-
chon, 2016, and references therein]. Whereas the
long-term tectonic plate motion models are regu-
larly re-evaluated due to the increase in geophysi-
cal studies in the region [e.g. Horner-Johnson et al.,
2007, Konig and Jokat, 2010, Davis et al., 2016], the
short-term kinematic models are also regularly re-
vised taking into account the ongoing development
of the geodetic networks [Déprez et al., 2013, Saria
et al,, 2013, Stamps et al., 2014, 2018, 2020]. How-
ever, the sparseness of GNSS stations mainly due
to the large extent of oceans prevents the proper
constraining of the contours, number and motion
of the tectonic plates and their respective kinemat-
ics. The unexpected and exceptional recent Mayotte
seismo-volcanic sequence has renewed the scientific
interest in the north Mozambique Channel, and has
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evidenced the necessary reappraisal of its seismic
activity to better address the processes involved in
the deformation of the region and better estimate
the respective role of magmatism, tectonics and in-
heritance in the current deformation along the axis
of the Comoros Archipelago.

2. Geodynamic context

The breakup of the Gondwana supercontinent in the
Mesozoic led to the opening of the west Somali and
Mozambique Basins [Davis et al., 2016]. India and
Madagascar drifted southeastward due to the exten-
sion across northeast-southwest oriented rifts sepa-
rated by the Davie Ridge acting as a transform fault
[Malod et al., 1991]. The current location of Madagas-
car relative to Nubia is inherited since the end of rift-
ing in the west Somali and Mozambique Basins in the
lower Cretaceous (120 Ma), indicating limited subse-
quent deformation at the plate tectonic scale, espe-
cially during the Cretaceous-Tertiary with the sepa-
ration of India from Madagascar as well as the south-
ward propagation of the EARS. These latter events
were accompanied by intense regional volcanism in
the large volcanic provinces of the Deccan Traps and
La Réunion hot spot (65 Ma) and in southern Tanza-
nia since late Oligocene.

The EW-trending Comoros archipelago is located
between the rifted oceanic crust of the west Somali
basin in the north [Rabinowitz et al., 1983, Coffin and
Rabinowitz, 1987, Davis et al., 2016] and the Comoros
basin to the south, whose crustal nature remains un-
clear [Phethean et al., 2016]. The archipelago may be
impinging the continental margin of northern Mada-
gascar, which is also suggested by the presence of
rocks of continental origin outcropping in the vol-
canic islands of the Comoros [Flower and Strong,
1969]. However, the origin of such an alignment re-
mains unclear and the nature of this feature in the
tectonic context is debated. While the younging of
the volcanism from east (~20 to 10 Ma in Mayotte)
to west (9 or 1 Ma to present in Grande Comore) [Pel-
leter et al., 2014, Michon, 2016] has been suggested
to reflect the impingement of a hot spot into the
lithosphere, it is neither supported by the motion of
the Somalia plate, nor by the new volcanic rock dat-
ing across the archipelago [Michon, 2016, Bachelery
et al,, 2016, Leroux et al., 2020] and the recent vol-
canic activity east of Mayotte [Feuillet et al., 2021].
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Figure 1. Seismicity of magnitude =4 from 1900 to 1/10/2020 across the Mozambique Channel and its
surrounding areas. Hatched bands represent the plate boundaries of Rovuma and Lwandle proposed by
several authors [e.g., Kusky et al., 2007, Stamps et al., 2018]. Widely hatched bands represent supposed
but poorly constrained Lwandle boundaries [from Lemoine et al., 2020a, modified from Saria et al., 2013
and Stamps et al., 2018]. Green circles represent seismicity of the 1900-2020 catalogue (this study), open
circles events with no magnitude. Focal mechanisms are from GCMT [Ekstrom et al., 2012, Grimison and
Chen, 1988, Foster and Jackson, 1998, Barth et al., 2007, Craig et al., 2011, Rakotondraibe et al., 2020].
Black rectangle indicates limits of Figure 2. K, M and L are for Kerimbas and Majunga basins and Saint
Lazare Seamounts, respectively. Years of occurrence are indicated for Mw 5.5+ events.
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Although the origin of the volcanism is de-
bated, the alignment of the islands of the Comoros
archipelago, concentrating a significant part of the
regional seismic activity, may correspond to localized
strain at the scale of the width of the Mozambique
Channel, linking the southern part of the EARS to
extension in Madagascar [for instance Ankay-Alaotra
basin and central and northern Madagascar volcanic
fields; e.g., Laville et al., 1998, Rufer et al., 2014, Sup-
plementary Figure S1]. The distribution and focal
mechanisms of earthquakes are therefore crucial
to better understand the transfer of deformation
from the continental rifting occurring in southeast-
ern Africa, and especially at the southern end of the
EARS where the extensional rift structures are less
clear and the seismicity more diffuse, to the volcanic
and extensional region of Madagascar island char-
acterized by moderate and regular seismicity [Bertil
and Regnoult, 1998]. Despite the sparseness of ge-
ologic and geodetic data in the region, it has been
proposed that the archipelago outlines a bound-
ary in the northern Mozambique Channel between
the Lwandle and Somalia plates [Hartnady, 2002,
Kusky et al., 2007]. Kinematic markers of deforma-
tion, whether from geology or seismology (E-W dex-
tral focal mechanisms) are compatible with such an
interpretation [Famin et al., 2020, Lemoine et al.,
2020a, Feuillet et al., 2021]. The few geodetic data
across the region have constrained various kine-
matic models. Some of them proposed that the re-
gion encompasses wide zones of diffuse deforma-
tion [Stamps et al., 2018, 2020, Kusky et al., 2010] or
that the Lwandle/Somalia plate boundary is located
either across the Mozambique Channel and Mada-
gascar [Saria et al., 2013] or further north along the
Comoros archipelago [Stamps et al., 2018]. In this
latter model, the relative velocity of the plates along
the ~E-W-trending axis of the archipelago is low, less
than 1 mm/yr, and would correspond to right-lateral
strike-slip transform faulting.

3. Historical seismicity

We have a very incomplete view of the historical
seismicity of Mayotte and the Comoros. The most
ancient information, gathered in Hachim [2004], is
a set of testimonies collected from the population
and based on oral memories transmitted over sev-
eral generations. We thus go back as far as the 17th
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century with four earthquakes that caused damage to
the mosques of Mtsamboro (1606), Tsingoni (1679),
Sada (1788) and Tsingono (1791). The location and
magnitude of these earthquakes remain unverifiable.
In 1829, Gevrey [1870] and Vienne [1900] mentioned
damages due to telluric hazard, whereas Lambert
[1997] attributed them to a cyclone. Earthquakes felt
in Grande Comore were related to the volcanic activ-
ity of the Karthala volcano in 1808, 1858, 1865, 1880,
1904 and 1918 [Bachelery et al., 2016]. The magni-
tude 6 event of 23 August 1918 seems to have been
the most violent earthquake felt by the population,
since it was mentioned by the International Seis-
mological Summary (ISS) and felt as far as Moheli
[Lacroix, 1920] but without indications of damage or
human casualties.

From the 1920s until 1960, the earthquakes felt
in the Comoros and Mayotte were systematically
reported by the Observatory of Tananarive and tran-
scribed in the Bulletins of the Malagasy Academy
and the Annales de Physique du Globe de Stras-
bourg. Earthquakes have regularly been felt in each
of the islands. An earthquake was reported with
moderate damage in Mayotte on 16 January 1936.
The SISFRANCE-Océan Indien [2010] database lo-
cates the epicentre west of Mayotte. On 20 Janu-
ary 1953, another event was strongly felt in Moroni
and observations of cracks on walls were reported
[Boulanger, 1953].

Historical seismicity, although limited to a short
period of time (less than 200 years for written
records), shows that seismic events are a regular
phenomenon in the Comoros islands. The existing
reports testify to rare moderate damages on built
structures without any mention of injured inhabi-
tants. It is important to note that the analysis of the
historical archive shows that no seismic sequence
equivalent to that of 2018-2020 still going on in
Mayotte occurred, although some seismic swarms
of short duration (tens of days) have been observed
on the flanks of Karthala in 1918 and 1953 [Lacroix,
1920, Boulanger, 1953].

4. Instrumental seismicity

4.1. Instrumental seismic networks

We have built a catalogue of the regional instru-
mental seismicity over the period 1900-2020 (Sup-
plementary Table S1) for the region under study
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(longitude 35° E-52° E, latitude 26° S-6° S; Fig-
ure 1), including Madagascar, Comoros, the Mozam-
bique Channel and the East African coasts between
Mozambique and Kenya. Working on such a large
time period of observation implies that the evolution
of the instrumental seismic monitoring is taken into
account, in order to understand the evolution of the
completeness of the datasets over time. We use two
kinds of datasets to build this catalogue of the in-
strumental seismicity: a combination of existing cat-
alogues established at regional or local scales over the
last century, and the catalogue of BRGM for the re-
cent 2016-2020 period.

4.1.1. Evolution of seismic networks and bulletins

For the first half of the 20th century, pioneering
instrumentation was mostly installed in Europe and
North America. The development of International
Seismological Summary (ISS) since 1918 makes both
the detection and the location of M > 6 possible
over a large area of the world. However, detection
of African earthquakes using European stations re-
mains inhomogeneous over time with an inaccurate
epicentral location.

The first worldwide seismograph array was in-
stalled in 1950. In 1964, the American World-Wide
Standardized Seismograph Network (WWSSN) was
fully operational and inspired the creation of many
other national seismograph networks, improving the
completeness of catalogues and the detection of
moderate seismicity around the world. After 1985,
simultaneous digital instrumentation development
and associated time clocks led also to a consider-
able improvement in the accuracy of assessment of
earthquakes locations. Those advances pushed for-
ward the development of seismic arrays in Africa,
with broadband stations belonging to worldwide net-
works and local short-period stations.

The large amount of seismological data is gath-
ered in specialized consortiums, like the Interna-
tional Seismic Centre [ISC, Adams et al., 1982, Bondar
and Storchak, 2011], which archives, processes and
distributes catalogues coming from international
and regional arrays. ISC also leads research pro-
grammes [e.g., the Global Instrumental Earthquake
Catalogue ISC-GEM, Storchak et al., 2013] to digitize
past paper seismographs, in order to re-build, gather
and complete catalogues of the recorded seismicity
before 1950, including in Africa.
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4.1.2. Evolution of regional seismic networks

The whole region of the Mozambique Channel
and Madagascar suffers from an insufficiently de-
veloped seismic network preventing a homogeneous
detection of the regional seismicity. Not known as
a strong seismicity-prone zone, the region has not
been targeted for precursory seismic instrumenta-
tion. Furthermore, permanent instrumentation is
difficult to maintain in those areas and homoge-
neous coverage of moderate seismicity in oceanic do-
mains is challenging. Seismic activity in the Mozam-
bique Channel is recorded by seismic networks in
East Africa, in the Comoros archipelago and in Mada-
gascar (Table 1).

Jesuits Company installed the first seismograph
in Madagascar, near Antananarivo, in 1898. A local
network of four stations equipped with short-period
sensors was deployed in 1973 in the central part
of Madagascar. Between 2007 and 2009, four addi-
tional broadband stations have been installed on
the island: G.FOMA (Geoscope; Institut de Physique
du Globe de Paris, IPGP, and Ecole et Observa-
toire des Sciences de la Terre, EOST, 1982; DOI:
10.18715/GEOSCOPE.G), II.ABPO (IRIS/IDA; Scripps
Institution Of Oceanography, 1986, https://doi.org/
10.7914/SN/II), GE.SBV and GE.VOI (GEOFON seis-
mic network, GEOFON Data Centre, 1993, https://
doi.org/10.14470/TR560404). Today, the permanent
Malagasy seismic network counts seven short-period
and four broadband stations.

Creation of the WWSSN drove the installation of
a long and short-period seismic station in Kenya in
1963. A collaboration with GFZ (GeoForshungsZen-
trum in Potsdam, German Research Centre for Geo-
sciences) allowed the installation of a local seismic
network in 1990. Nowadays, one short-period and
four broadband stations are operational in Kenya, in-
cluding the GE.KIBK station which is the closest one
to the Comoros archipelago.

The creation of the Observatoire Volcanique du
Karthala (OVK) in 1986 motivated the installation of
seismic stations around the Karthala volcano on the
island of Grande Comore. Since 1988, four to eight
short-period stations form the OVK seismic monitor-
ing network, which has been complemented by four
broadband seismic stations from 2017.

Despite recent developments, regional net-
works remain inhomogeneous in space and time to
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Table 1. Seismic stations at regional distances (<1500 km) classified by increasing epicentral distance
with respect to main earthquake of May 15, 2018; stations added after beginning of crisis between 2018

and 2019 are shaded
Network  Code Start End Latitude Longitude Elevation Place Country Type  Distance

AM RCBFO 2018-06-25 05/07/2018 -12.7984  45.2748 11 Pamandzi Mayotte-France RaspB 31
1T PMZI  2019-03-06 —12.7993  45.2743 10 Pamandzi Mayotte-France BB (HH) 31
RA MDZA 2016-06-28 2019-02-28 -12.7825  45.2555 5 Dzaoudzi Mayotte-France Acc 33
RA YIMZ 2016-06-28 —12.7557  45.2307 34 Mamoudzou Mayotte-France Acc 36
AM ROCC5 2019-07-21 —12.7557  45.2307 34 Mamoudzou Mayotte-France RaspB 36
AM RAE55 2018-06-27 —12.7335  45.2036 47 Koungou Mayotte-France RaspB 39
RA MILA  2019-02-28 —12.8481  45.1928 30 Dembeni Mayotte-France Acc 41
AM RI1EE2 2019-07-17 —12.8354  45.1365 113 Coconi Mayotte-France RaspB 47
ED MCHI 2018-06-23 —-12.8329  45.1237 130 Chiconi Mayotte-France BB (BH) 48
1T MTSB 2019-03-07 —12.6804  45.0847 50 Mtsamboro Mayotte-France BB (HH) 52
QM KNKL 2019-03-04 —12.9571  45.1042 24 Kani-Keli Mayotte-France BB (HH) 54
KA KANG 2020-07-24 —12.3046  44.4679 913 Kangani Comores BB (HH) 129
QM GGLO 2019-03-13 —11.5830  47.2924 7 Grande Glorieuse Glorieuses-France BB (HH) 230
KA DEMB 2017-05-04 —-11.8774  43.4062 300 Dembeni Comores BB (HH) 254
KA CAB  2017-12-02 —11.7486  43.3435 1984 Cabanes Comores BB (HH) 266
KA MOIN 2017-05-04 —11.7660  43.2435 145 Moindzaza Comores BB (HH) 276
KA SBC  2006-13-01 -11.6491  43.2969 640 Bahani Comores BB (HH) 276
GE SBV  2009-11-19 -13.4584  49.9212 65 Sambava Madagascar BB (HH) 477
I ABPO  2007-04-04 —19.0180  47.2290 1528 Ambohipanombo Madagascar BB (HH) 716
GE VOI  2009-11-26 —21.9065  46.7933 1158 Vohitsoka Madagascar BB (HH) 1023
G FOMA 2008-09-01 —24.9757  46.9789 28 Fort Dauphin Madagascar BB (HH) 1364
G RER  1986-02-10 -21.1712  55.7399 834 Sainte-Rose Réunion-France BB (HH) 1409
I MSEY 1995-05-15 —4.6737  55.4792 475 Mahe Seychelles BB (HH) 1420
GE KIBK  2011-09-13 —2.3591  38.0433 790 Kibwezi Kenya BB (HH) 1426

Station types: Acc = accelerometer, BB (HH) broadband 0-100 Hz, BB (BH) broadband (0-50 Hz), RaspB: Raspberry Shakes. Networks: AM:
Raspberry Shakes: https://doi.org/10.7914/SN/AM; ED: http://www.edusismo.org/; G: Geoscope: doi:10.18715/GEOSCOPE.G; GE: GEOFON:
doi:10.14470/TR560404; II: GSN IRIS-IDA: https://doi.org/10.7914/SN/II; KA: OVK: http://www.cndrs- comores.org/observatoires/ovk/; RA: RESIF-
RAP: doi:10.15778/RESIERA, 1T, QM: CNRS-INSU Tellus SISMAYOTTE project.

continuously and consistently monitor the regional
seismicity.

4.1.3. Mayotte network

In Mayotte, in the framework of the Résif-RAP
[RESIF, 1995, http://dx.doi.org/10.15778/RESIERA],
BRGM operates three strong motion stations: two
continuous stations, RA.YTMZ since June 2016 and
RA.MILA since March 2019, one triggered station,
RA.MDZA between 2016 and February 2019. Since
June 2019, the monitoring of the seismo-volcanic
activity in the Mayotte region has been entrusted
to the “Mayotte Volcanic and Seismic Monitor-
ing Network” (REVOSIMA, https://www.ipgp.fr/
fr/revosima/reseau-de-surveillance-volcanologique-
sismologique-de-mayotte). IPGP operates this net-
work through the “Observatoire volcanologique du
Piton de la Fournaise” (OVPF-IPGP) in La Réunion, in
co-responsibility with the BRGM (French Geological
Survey) and its regional direction in Mayotte.
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With the onset of the seismo-volcano-tectonic
sequence near Mayotte in May 2018, and the need to
record and localize the close moderate-to-strong and
unusual seismic activity, the monitoring network
grew significantly. Three new stations have been
installed before the end of June 2018: AM.RAEE55
and AM.RCBFO (1D and 3D Raspberry Shake station,
respectively, RCBFO was operational only for two
weeks) integrated to the Raspberry Shake network
(Raspberry Shake Community, 2016, https://doi.
org/10.7914/SN/AM), and the first broadband sta-
tion on the island ED.MCHI belonging to the French
educative network (www.sciencesalecole.org/plan-
sismos-a-lecole-presentation). In March 2019 four
new broadband seismic stations were installed:
QM.KNKL, 1T.MTSB and 1T.PMZI in Mayotte, and
QM.GGLO in Grande Glorieuse island (QM network
code for Comoros Seismic Network; 1T for the tem-
porary seismological network of Mayotte). Then
the most recent improvement of the inland net-
work was the addition of AM.R1IEE2 and AM.ROCC5
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(3D Raspberry Shake stations; AM.ROCC5 being at
the same location than RA.YTMZ). Therefore, from
August 2019, eight stations for a total of eleven sen-
sors are operating in Mayotte: four broadband sta-
tions, among which two are equipped with a strong
motion sensor as well, two accelerometers includ-
ing one co-located with a Raspberry Shake, and two
Raspberry Shakes. Despite the improvement of the
monitoring network, the detection and the location
of the seismic activity are highly constrained by the
local environment inducing noisy seismic signals.
Many of the stations are installed in small coastal
urban areas, with a variable detection threshold be-
tween night and day in addition to the noise from the
ocean.

4.2. Seismicity catalogue

Most of the data acquired by the regional networks
are not distributed and the waveforms cannot be eas-
ily used to reprocess hypocentral locations. For this
reason, most of the events of our regional catalogue
(Supplementary Table S1) are gathered from existing
catalogues.

4.2.1. Existing catalogues for the whole region

Since the regional seismic networks were devel-
oped only recently in the Comoros archipelago and
its vicinity, local catalogues are primarily built us-
ing worldwide instrumentation. As a consequence,
the number of events is highly dependent on the
improvement of the worldwide instrumentation and
the progressive installation of the regional networks,
as described above.

Before 1950, the 13 seismic events of our catalogue
came from the old seismological summaries [Guten-
berg and Richter, 1954; bulletins from the Interna-
tional Seismological Summary, 1918-1963] and re-
views of instrumental or macroseismic events [Bath,
1975, Ambraseys and Adams, 1991; ISC-GEM Di Gi-
acomo et al., 2015a,b, 2018, SISFRANCE-Océan In-
dien, 2010].

After 1950, our catalogue benefits from the In-
ternational Seismological Centre archives [ISC, In-
ternational Seismological Centre, 2021, Bondar and
Storchak, 2011], incorporating data from multiple
growing regional African arrays: NAI (Kenya), TANZ
(Tanzania), LSZ (Zambia), BGSI (Botswana), BUL
(Zimbabwe), CNG (Mozambique before 1968), JOH
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and PRE (South Africa), EAF (East Africa network,
comprising stations from Ethiopia, Kenya, Malawi,
Uganda, Zambia and Zimbabwe). These data corre-
spond mainly to the seismic activity occurring in the
western part of the Mozambique Channel and form
the basis of our catalogue from 1950 to 2020. We
complete our dataset with regional events located
in the framework of specific regional studies not in-
cluded in ISC. Malagasy network provides informa-
tion on the seismic activity affecting the eastern part
of the Mozambique Channel. Data of the 1973-1976
period come from the first locations of the Mala-
gasy network [Rakotondrainibe, 1977]. Then, a large
part of our dataset in Madagascar and Mozambique
Channel comes from the 1978-1995 catalogue com-
piled by Bertil and Regnoult [1998]. The hypocentral
locations outside Madagascar Island are all at a fixed
depth of 16 km. We also include the Rakotondraibe
et al. [2020] Malagasy seismic catalogue (October
2011-August 2013) built from temporary networks in
the island.

Regional reviews of seismicity complement the
worldwide catalogue. For the beginning of the instru-
mental period, we note the catalogue compiled by
Sykes and Landisman [1964]. This study combines ar-
rival times from various catalogues of the Red Sea,
East Africa, Oman and Arabian regions, and slightly
increases the number of earthquakes detected in the
Mozambique Channel and Tanzania between Janu-
ary 1955 and March 1964. The catalogue compiled by
Bath [1975] on the instrumented seismicity of Tan-
zania complements the dataset from 1910 to 1974 in
this area.

4.2.2. BRGM seismicity catalogue of Mayotte 2016-
1/10/2020

From May 2018 to May 2019, the Mayotte seismic
sequence was monitored by a small number of lo-
cal and regional stations (see Section 4.1.2), and a
progressively increasing number of new stations on
the island installed between June 2018 and March
2019 (see Section 4.1.3). A seismicity catalogue of
this sequence has been published by Lemoine et al.
[2020a], based on the initial detections of Bertil et al.
[2019], using a localization process with HYPO71 [Lee
and Valdes, 1985] and a 1D regional velocity model
(Table 3). The estimated magnitude is a local magni-
tude Mlv. In order to remain homogeneous over the
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whole 2018-2020 period, we followed the same local-
ization process to complement this catalogue from
May 2019 to October 2020 with the events of magni-
tude above 3.5 (Mlv) in Mayotte. In addition, the lo-
cations from May to August 2018 have been updated
using additional phase arrival times [Mercury et al.,
2020]. This results in 1938 located hypocentres whose
3D spatial distribution (Supplementary Table S1) is
consistent with the locations calculated after Feb-
ruary 2019 by MAYOBS-REVOSIMA using new May-
otte stations and offshore OBS [Lemoine et al., 2019,
Saurel et al., 2019, 2021].

This catalogue is extended to the earthquakes
between the coasts of Mozambique and northwest
Madagascar located between 2016 and 2020, using
HYPO71 and the same velocity model. This allows the
addition of 92 regional events not reported by ISC.

4.2.3. Magnitude homogenization of the catalogue

Because our dataset comes from various dis-
tinct catalogues, several criteria have been applied
to homogenize our final catalogue (Supplementary
Table S1). By default, the locations are those given by
the ISC catalogue.

* Before 1964, in case of duplicates, the most
recent location is kept [ISC-GEM; Sykes and
Landisman, 1964, Bath, 1975; articles].

¢ Between 1964 and 2016, duplicates only con-
cern the catalogues of Madagascar [Rako-
tondrainibe, 1977, Bertil and Regnoult, 1998,
Rakotondraibe et al., 2020] and correspond
to events with magnitude higher than 5 be-
fore 2010, and higher than 4.5 between 2010
and 2016. We choose to keep the ISC-GEM or
ISC location.

o For the 2016-2020 period, duplicates con-
cern mainly events located between the
Davie Ridge and northwestern Madagascar.
We choose to keep the locations determined
from regional networks (see Section 4.2.2).

Also, because the catalogues include various types of
magnitudes Mw, mb, Ms, Ml, Md, we use the magni-
tude Mw for all the events, following the priority or-
der below:

o When available, we attribute Mw from ISC-
GEM or by Global Centroid-Moment Ten-
sors [GCMT, Dziewonski et al., 1981, Ekstrom
etal., 2012].
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e When available, we use Mw from regional
studies [Grimison and Chen, 1988, Barth
et al., 2007].

« If magnitude is expressed by mb, we convert
mb to Mw following the relation established
by Scordilis [2006]: Mw = 0.85*mb + 1.03.

o If magnitude is expressed by Mlvgrgm,
Mlvgggm is converted to Mw using Mw =
Mlvgrgm — 0.4. This conversion is based
on an empirical relation between Mlvgrgm
and Mwgcmt for 29 available events with
Mw = 5.0.

For all the other datasets, because of lack of pre-
established or easily estimated relation, we consider
that Ml or Md magnitude equals Mw. This corre-
sponds to 1324 events of our dataset. The resulting
catalogue contains 5393 events of which 5359 have
an estimated magnitude (Supplementary Table S1).

4.3. Focal mechanisms

A few focal mechanisms are available for the study
area (Supplementary Table S2). We compile the fo-
cal mechanisms from the GCMT catalogue for the
period 1976-2020 [Dziewonski et al., 1981, Ekstrom
et al,, 2012] and from seismotectonic studies pur-
sued in the region [Grimison and Chen, 1988, Fos-
ter and Jackson, 1998, Barth et al., 2007, Craig et al.,
2011, Rakotondraibe et al., 2020]. This accounts for
107 events for the region including Madagascar, Co-
moros archipelago, Mozambique Channel up to the
east coast of Africa, with 28 of them belonging to the
Mayotte sequence from 14/05/2018 to 02/01/2020
(Figures 1-3).

Most of the focal mechanisms are consistent
with normal faulting, striking N-S along the Davie
Ridge, along the coast of Tanzania or across Mada-
gascar. Normal faulting along WNW-ESE to NW-SE-
trending planes are observed around the Comoros
archipelago. Pure strike-slip events or normal fault-
ing events with a strike-slip component are also
observed, particularly during the Mayotte seis-
mic sequence [with tensional axis oriented NE-
SW, Lemoine et al., 2020a], along the Comoros
archipelago or within the Mozambique Channel.
Only a few thrust faulting mechanisms are reported.
We note the event of 14/05/2019 (Mw 4.9, Figure 3)
belonging to the Mayotte seismic sequence.
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Figure 2. Seismicity in the Comoros archipelago (legend same as in Figure 1). Pink triangles are seismic
stations. Years of occurrence are indicated for Mw 5+ earthquakes. Z. & G.: Zélée and Geyser bank;
L: Leven bank; J: the Jumelles volcanic ridges. Black rectangle is Figure 3.

5. Results: regional seismicity

5.1. Evolution of detection threshold for the
Comoros

The instrumental detection threshold for earth-
quakes in the Comoros area (within the limits de-
fined in Figure 2) remained high, 5.5 to 6.0, up to late
1970s (Figure 5). Whereas the strongly felt and with
reported damages earthquakes of 1936 (Mayotte)
and 1953 (Grande Comore) have not been detected
by the existing instruments, those of 23 August 1918
(Grande Comore) and July 1960 (northeast Mayotte)
have been detected but without reliable assessment
of their magnitude (Figure 3).

In our homogenized catalogue, nine earthquakes
have Mw = 5.0 between 1982 and the beginning
of the seismic sequence in 2018. The strongest one
(Mw = 5.5) took place offshore, west of the coasts of
Mayotte on 1 December 1993.

Using the catalogue compiled by Bertil and Reg-
noult [1998], the detection threshold decreases to
4.0 for the period 1978-1995. Even if there is an
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improvement in the detection by international net-
works, without the Malagasy network, the detection
threshold remains beyond Mw 4.5 until 2016 (Fig-
ure 5, Table 2). Because of the strong motion stations
installed in Mayotte, the OVK stations, and eventually
the monitoring network dedicated to the sequence
in Mayotte from 2018, detection threshold drops to
Mw 3.5 for the whole region and below 3.0 around
Mayotte from 2016.

5.2. Spatial and temporal distribution of seis-
micity

Despite its limitations, our new regional seismicity
catalogue brings crucial constraints to characterize
the seismicity and its evolution at regional scale (Fig-
ure 1; Supplementary Table S1).

Overall, seismicity along the southeast margin of
Africa, along the Davie Ridge and across the Mozam-
bique Channel towards the Mozambique Ridge is as-
sociated with rifting, N-S normal faulting along the
Davie Ridge and conjugate normal faults in the rift
of the Mozambique Basin. Seismicity in the Comoros
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Mayotte seismo-volcanic sequence. Focal mechanisms are from GCMT. Black rectangle is Figure 4.

Table 2. Periods of completeness for Comoros
area (42.5° E-48.0° E, 14.0° S-10°S)

Years Mc
1910-1979 6.0
1980-1995 4.0
1996-2009 4.7
2010-2016 4.5
2016-2020 3.5

Table 3. Velocity model used for 2018-2020
Mayotte sequence and for 2016-2020 regional

seismicity
Layer top (km) V (km/s)
3 3.5
8 5.1
15 6.7
8.1
VP/VS 1.74

C. R. Géoscience — 2021, 353, n° S1, 211-235

remains diffuse but underlines the broad trend of
the archipelago. In the next sections, we describe the
seismic activity taking into account the volcanic and
tectonic knowledge in each seismic area.

5.2.1. Southeastern Tanzania

The East African Rift System (EARS) corresponds
to the major extensional system crossing the African
continent from the Horn of Africa to the south
over more than 3000 km. The extensional deforma-
tion and the volcanism are concentrated along two
main branches, the western branch and the eastern
branch [Chorowicz, 2005], which are well developed
on both sides of the Victoria microplate. South of
this microplate, whereas the western branch of the
EARS continues onshore and southward to western
Mozambique and Okavango (Botswana), the east-
ern branch can be prolonged to the south towards
the Tanzanian divergence [Tiberi et al., 2019]. The
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tectonic extensional structures and volcanism bor-
der the eastern edge of the Tanzanian craton form-
ing the south of the Victoria plate, when another axis
of tectonic deformation, sometimes called the “third
branch” of the EARS, corresponds to the onshore
Pangani rift in addition to a region in Southeastern
Tanzania affected by an early stage of extension [No-
ble et al., 1997, Le Gall et al., 2004]. At present, the
deformation of this region is slow, even though it is
affected by a diffuse seismicity. Along the Northern
Tanzanian rift, at the southern end of the eastern
branch of the East African Rift System, the seismicity
is characterized by sequences of seismicity including
deep and shallow hypocentres [Albaric et al., 2010].
Even though the event of 2007, with a magnitude
Mw of 5.6 and whose focal mechanism shows normal
faulting along NE-SW-trending planes, is the main
event of the seismo-volcanic sequence [Calais et al.,
2008] affecting the upper crustal layer in the vicinity
of the Oldoinyo Lengai and Gelai volcanic edifices,
deep lithospheric structures involved in the conti-
nental rifting can also be activated [Albaric et al.,
2010]. Further east, the “third branch” continues off-
shore along the coasts of Tanzania and Mozambique,
where the seismicity is less diffuse and forms a belt.
The focal mechanisms are consistent with an ~EW-
trending extension.

5.2.2. Kerimbas basin

The Kerimbas basin is a NS-elongated 30-40-km-
wide active graben located 100 km off the coasts
of Tanzania and Mozambique between 8° S in the
north and 13° S near the St Lazare volcanic seamount
[e.g., Mougenot et al., 1986, Franke et al., 2015]. Seis-
micity in and around the graben is mostly concen-
trated at the location of the 1985 seismic sequence,
i.e. westward from the axis formed by the Comoros
archipelago [Grimison and Chen, 1988], and south
of the St Lazare seamount. Some diffuse seismicity
occurs between the coast and the western shoulder
of the basin (Figure 1). The 1985 Kerimbas seismic
sequence encompasses some of the largest events
of the region after the 1901 Mw 7 onshore Tanza-
nia event [Ambraseys and Adams, 1991]. On 14 May
1985, two events of magnitude Mw 6.0 and Mw 6.4
occurred in a time window of 5 h at the same lo-
cation [-10.59° S, 41.37° E and —10.49° S, 41.43° E;
Grimison and Chen, 1988]. Despite the uncertainties
of their absolute locations, they occurred along the

C. R. Géoscience— 2021, 353, n° S1, 211-235

northern half of the eastern border faults of the Ker-
imbas graben [Franke et al., 2015; Figure 1]. The fo-
cal mechanisms confirm this observation, since they
indicate dip-slip normal faulting on N350 strike and
45° dip plane, subparallel to the well-expressed mor-
phology of the bathymetric scarps [Franke et al.,
2015]. These events were followed by numerous af-
tershocks of magnitude 5-5.5 with similar mecha-
nisms, and a specific seismic activity is regularly ob-
served since then in this area, with three large events
in 2005 (Mw 5.2), 2008 (Mw 5.7) and 2016 (Mw 5.1).

Before the 1985 sequence, magnitude 5 events oc-
curred in 1976 and 1982, while seismicity below mag-
nitude 5 was spread between the graben and the
coast. Some seismicity is observed south of the St
Lazare seamount (events of 1979, Mw 5.2 and 1995,
Mw 5.3) with mostly north-south normal fault mech-
anisms. Diffuse seismicity is distributed between the
Kerimbas graben and Grande Comore island (Fig-
ure 1). Three events of magnitude 5 occurred in
18/06/2007, 16/09/2007 and 14/10/2010. Their fo-
cal mechanisms are consistent with normal faulting
along E-W to NW-SE striking planes.

5.2.3. Mozambique Channel and Mozambique Basin

To the south of the Kerimbas graben, the seismic-
ity is broadly aligned along the ~NS-trending Davie
Ridge between 13° S to 19° S and follows a NE-SW
direction in the middle of the Mozambique Basin
towards the Mozambique Ridge from 19° S to the
south (Figure 1). Before 1960, the ISC catalogue en-
compasses about seven events of magnitude above
6.0, four of them located within this seismicity belt
(1915, M6.4; 1938, M6.1; 1950 M6.2; 1951, M6.1), one
of them in the middle of the eastern Mozambique
Basin (1919, M6.1) and two of them along the coasts
of Madagascar (1943 M6.1; 1952, M6). We note that
the epicentres of the 1938 and 1951 earthquakes have
been located in the same area where the Mw 5.6-5.7
main event of 24/09/2006 occurred. The latter was
followed by many aftershocks and with focal mecha-
nisms consistent with normal faulting along N175° E
striking plane, i.e. subparallel to the overall strike
of the Davie Ridge and the fault scarps outlined in
the bathymetry [Courgeon et al., 2018, Deville et al.,
2018].

Near the latitude 15-16° S, three events of magni-
tude 4.8-5.1 are located along and east of the Davie
Ridge, in the vicinity of the 1950 Mw = 6.1 event,
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whose focal mechanism shows strike slip faulting
along NNE-SSW/WNW-ESE-trending planes, with a
corresponding tensional axis compatible with the
surrounding normal faulting events.

5.2.4. Karthala volcano in Grande Comore

Most of the seismicity located in Grande Comore
is associated with the eruptions of the Karthala vol-
cano (Figure 2). The Karthala volcano has erupted ev-
ery 8-12 years on average since the middle of the 19th
century and the last eruption dates back to January
2007 [Bachelery et al., 2016]. In the recent period, the
eruptions of 1977, 1991, and 2005 to 2007 were ac-
companied by earthquakes felt by the population but
not detected by the international networks because
the magnitudes remain smaller than 4.5-5.0. For the
1991 eruption, the OVK observed earthquakes with
a magnitude up to Ml = 4.3 [Savin et al., 2005], and
the seismic network of Madagascar detected only the
strong events, with magnitudes Ml ranging from 3.8
to 4.3 (converted to Mw 4.3-4.6 in our catalogue).

Two seismo-volcanic sequences are remarkable.
The first one occurred in August 1918, with a strong
earthquake felt up to Moheli on 23 August 1918 and
other strong shocks felt two days later. This sequence
was associated with a phreatic eruption and a sum-
mit collapse [Lacroix, 1920, Bachélery et al., 2016].
Worldwide seismographs captured the tremor of
the former, suggesting a magnitude above 6.0. The
newspapers of the colony of Madagascar mentioned
with fright these tremors as strongly felt, but neither
indicate victims nor describe consequent damages.
The second seismo-volcanic sequence occurred in
January-February 1953, and the strong seismic ac-
tivity worried the population and caused moderate
damage to buildings. A comprehensive macroseis-
mic report was made at the time [Boulanger, 1953].
The main earthquake of 20 January 1953 would have
produced intensity VII in Moroni (rather VI on an
EMS98 scale). It was preceded the same day by 28 felt
tremors [Boulanger, 1953]. The epicentre is located
on the western flank of Karthala (towards the city of
Boboni) and the main shock is shallow (depth of ~2—
3 km). Worldwide networks did not detect the main
shock and its magnitude remains unknown. Events
are reported until 3 February 1953. No aerial volcanic
eruption has been observed and the sequence is
likely a crustal magmatic intrusion that did not reach
the surface.
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Despite the occurrence of significant earthquakes
at Karthala, no seismic swarms comparable in dura-
tion and number of large shocks as during the cur-
rent Mayotte sequence were observed since at least
the 19th century.

5.2.5. Mayotte and western Comoros archipelago

Across the Comoros (Figure 2), the seismicity is
spread over a vast 500-km-long and 200-km-wide
zone, from Grande Comore at 43° E to the Leven
bank at 48° E. From West Mayotte (44.5° E) to the
Leven Bank, the seismicity forms a narrower 350-
km-long and 70-km-wide band. West of Mayotte (be-
tween 43° E and 44.5° E) and in the vicinity of the is-
lands of Anjouan, Moheli and Grande Comore, the
seismicity appears to be more diffuse. While most
of the earthquakes remain fairly close to the islands,
a few of them are localized both in the Somalia
Basin (such as the 14/10/2010 Mw 5.2 normal fault-
ing event more than 120 km north of Grande Co-
more, Figure 2) and in the Comoros Basin (such as
the 23/04/1993 Mw 5.4 event located 80 km south of
Mayotte, Figure 2; and the 29/04/1952 Mw 6.0 event
located more than 250 km south of the archipelago,
Figure 1).

The strongest earthquakes observed have a mag-
nitude above 5.0. Nine of them occurred between
1982 and 2020. In comparison, up to 30 events with
M = 5.0 occurred during the 2018-2020 Mayotte se-
quence. The earthquake of 15 July 1960 is located
70 km northeast of Mayotte, close to the two sub-
parallel Jumelles volcanic ridges [Tzevahirtzian et al.,
2021 and Figure 2]. This event has been detected by
140 stations of the worldwide network but its magni-
tude has not been clearly estimated. However, both
the number of records and the fact that it was widely
felt in Mayotte, i.e. more than 70 km away, suggest
a magnitude greater than 5.0. We note that some of
these magnitude =5 earthquakes are accompanied
by aftershock sequences such as the 2016 event in
Moheli. No clear seismo-volcanic swarm behaviour
is observed.

Mayotte is at the centre of this zone of diffuse seis-
micity, since strong felt tremors are located in the
west (earthquakes of 1936, 1993, 2011), the north-
west (2020), the northeast (1960), the east (2018-
2021 sequence), and even the south (1993) (Figure 3).
Tectonic structures related to these earthquakes re-
main unknown up to now [Thinon et al., 2020].
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Five events have strike-slip focal mechanisms with
N80°-100° E and NS-trending nodal planes, which
is very similar to most of the mechanisms deter-
mined for the magnitude 5 events of the 2018-2021
Mayotte sequence, and particularly its main Mw 5.9
shock (Figure 4; see Section 5.3 below). Two events
have normal fault focal mechanisms with NNW-SSE-
trending or E-W-trending nodal planes.

5.2.6. Madagascar

The located seismicity in Madagascar is spread all
over the island (Figures 1 and S1). The seismicity in
its central part is well detected and located because
the short-period network of the Observatory of Tana-
narive is installed in this area. In the northern and the
southern parts of the island, the detection threshold
remains higher than 4.4, even after the installation of
the broadband stations SBV, ABPO, VOI and FOMA
(Table 1, see Section 4.1.2).

The strongest known earthquake occurred on
29/03/1943 (Mw = 6) on the west coast of the island
(Figure 1). This earthquake seems to be isolated, out-
side the active seismic zones detected so far. Over
the 1980-2020 period, ten earthquakes of Mw = 5.0
occurred in Madagascar and its surrounding ar-
eas, while eight Mw > 5.0 events occurred along
the Comoros-Geyser-Leven banks zone over the
same period, excluding the specific seismo-volcanic
swarm near Mayotte.

In the north of Madagascar, the seismicity is
broadly distributed in the Baie d’Antongil-Nosy-Be
~N140-160-trending axis, where Neogene and Qua-
ternary volcanics outcrop [Bertil and Regnoult, 1998,
Rufer et al., 2014; Figure S1]. Together with the large
Miocene stratovolcano of Massif d’Ambre that forms
the northern Madagascar peninsula [Cucciniello
et al., 2011], this seismo-volcanic zone represents
the easternmost expression of seismicity and volcan-
ism at the eastern end of the Comoros archipelago.
Overall, even in the absence of a continuous struc-
ture across Madagascar, it is tempting to delineate
an active, segmented, mostly extensional zone from
the province in the north to the Bekily region in the
south, through the Ankay-Alaotra graben and the
Ankaratra volcanic field and associated seismicity
[e.g., Kusky et al,, 2007, Rakotondraibe et al., 2020].
Although the kinematics of such a discontinuous
structure remains to be determined, it may act as
a boundary between the Lwandle microplate to the
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west and the Somalia plate to the east, and as such,
as the easternmost expression of the EARS.

5.3. The 2018-2020 Mayotte seismo-volcanic se-
quence

After the Mw 4 event that occurred on 10 May 2018
40 km east of Mayotte at the onset of the unexpected
long seismo-volcanic sequence [Figures 3 and 4;
Bertil et al., 2019, Lemoine et al., 2020a], the following
earthquakes were distributed into two clusters, clus-
ter A and cluster B (Figures 5 and 6).

Cluster A is located 40 km east of Mayotte, and
encompasses all the earthquakes of the first two
months of the sequence (mid-May to mid-July 2018).
By including all the strongest events (32 events with
a magnitude above 5.0), more than 80% of the total
cumulative seismic moment of the whole sequence
was released within the cluster A (Figure 6a). During
the first four months, our catalogue contains 365
earthquakes and three main temporal phases can be
identified corresponding to the onset of the Mayotte
sequence.

First, from 10 May to the end of May 2018, a total
of 40 events have been felt with 11 M > 5 events.
The strongest event (Mw 5.9) of the whole sequence
occurred on 15 May 2018 after five earthquakes of
Mw > 4 of the first Mw > 5 event on 14 May 2018.

Second, during the first half of June 2018, the seis-
micity was the most intense, in terms of frequency
and magnitude, with more than 60 felt earthquakes
including 12 Mw 5+ events in less than two weeks.

Third, from mid-June to end of September 2918,
strong activity resumed with an average of one felt
(M4+) earthquake per day, including four M5+, over
20 days. The 27 June 2018 earthquake is the last M5+
until January 2020, and subsequent seismic activity
remained low with only one M4+ event recorded un-
til mid-August. The last burst of cluster A occurred
over the whole month of September 2018, with ~120
events, including 30 events above M3.5 and two M4+
events.

Finally, from October 2018 to October 2020, clus-
ter A is regularly active, with a slow decrease in
its seismic activity from April 2019 (Figure 6b, 148
earthquakes from October 2018 to October 2019, and
only 35 earthquakes from October 2019 to October
2020). From June 2020, the Mw > 3 earthquakes of the
whole area belong to cluster A.
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Figure 4. Mw 3.1+ (Mlv 3.5+) events of 2018-2020 Mayotte seismic sequence. Star is Mw 5.9 largest event
of the sequence (15/05/2018). Red circle is new submarine volcanic edifice [Feuillet et al., 2021]. White
circles represent earthquakes preceding the 2018-2020 Mayotte seismic sequence. Bathymetry compiled
in Lemoine et al. [2020b] from data in SHOM HOMONIM, Audru et al. [2006] and Feuillet et al. [2021].

The hypocentres belonging to cluster A are located
at a depth ranging from 20 to 45 km, northwest of the
new volcanic edifice (Figure 4) discovered in 2019,
50 km east of Mayotte [Feuillet et al., 2019a, 2021,
Deplus et al., 2019].

Cluster Bbecame active in August 2018, with the oc-
currence of low magnitude events (3 to 3.7; Figures 5
and 6b). While the activity slightly decreased in Sep-
tember when the last burst of the cluster A occurred,
it became dominant from October 2018 to Septem-
ber 2019, with many earthquakes felt but with magni-
tude below 5.0. The largest earthquake (Mw = 4.9) oc-
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curred on 14 May 2019, rather at the end of the most
active period. For the cluster B, the catalogue encom-
passes a total of 1330 earthquakes from August 2018
to September 2019, and 54 events from October 2019
to October 2020.

A remarkable characteristic of the Mayotte seis-
mic sequence is that the recorded seismicity is
deep, distributed from 20 to 50 km [Jacques et al.,
2019, Feuillet et al., 2021, Saurel et al., 2021], i.e.
below the estimated Moho depth around 20 km
[Barruol et al., 2018]. For the May-June 2018 period,
Cesca et al. [2020] interpret the seismicity migra-
tion as the propagation of a magmatic dyke through
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the whole crust followed by the draining of a large,
sub-Moho magma reservoir. Combining seismic and
GNSS data, Lemoine et al. [2020a] proposed that the
evolution of the seismic activity corresponds first to
the fracturing of the crust, followed by the ascent
of magma from a deep magma reservoir leading to
the eruptive period. The significant subsidence in
Mayotte is consistent with the deflation of a large
and deep magma reservoir since the beginning of
the eruption [Briole, 2018], possibly involving a small
secondary source [Lemoine et al., 2020a].

Since the discovery of the new volcanic edifice on
the seafloor eastward offshore of Mayotte [Feuillet
etal., 2019b, 2021], several marine surveys have been
conducted in order to deploy and retrieve ocean bot-
tom seismometers (OBS) from late February 2019
and monitor the volcanic activity, and particularly
that of the eruption which was still active in Octo-
ber 2020 (Revosima bulletin n° 27 and MAYOBS 15
doi:10.18142/291). The use of the data acquired by
such networks are crucial for accurate hypocentral
locations from the end of February 2019 [Saurel et al.,
2021, Lavayssiere et al., 2020, Hoste-Colomer et al.,
2020]. However, we did not include the locations
from OBS data in this present study. Nevertheless, we
present an homogeneous M3.5+ catalogue built from
available data acquired by onshore regional and
local stations. Mercury et al. [2020] initiated a
more exhaustive analysis of the first weeks of the
sequence that will help conduct a much finer
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analysis of the distinct phases of the onset of the
eruption.

Unusual Very Long Period (VLP) signals have also
been observed throughout the sequence. An ex-
ceptional event occurred on 11 November 2018: a
long-lasting monochromatic VLP, recorded world-
wide, showing a decaying oscillation associated with
aperiod of oscillations of ~16 s [Poli et al., 2019, Satri-
ano etal., 2019, Cesca et al., 2020, Laurent et al., 2020,
Lemoine et al., 2020a]. Cesca et al. [2020] reported
more than 400 of such VLP events during the first
year of the Mayotte seismo-volcanic sequence. Some
small events can be embedded within such signals.
VLP events may attest to magmatic processes, how-
ever, their interpretation is outside the ambit of the
present paper and their locations are not included
in this catalogue. According to Laurent et al. [2020]
epicentral locations of VLP events are 20 km east of
Petite Terre, i.e. in the vicinity of seismic cluster B.

6. Discussion
6.1. Network evolution and catalogue

The catalogue presented in this study covers 120
years of seismicity within the Mozambique Chan-
nel and the Comoros archipelago, while the very
recent evolution of the regional network offer the
opportunity to get a refined image of the space-time
distribution of the seismicity in this region. With the
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Figure 6. (a) Time evolution of magnitude for Mlv > 3.5 events for 2018-2020 Mayotte seismo-volcanic
sequence (black dots) and cumulative seismic moment (orange line). (b) Evolution of S-P arrivals from
station YTMZ with time with S-P limits for clusters A and B and the new volcanic edifice area. (c) Evolution

of focal depth with time.

improvement of the monitoring network, not only for
the survey of the current seismic sequence offshore
of Mayotte, but also, for instance, for the survey of the
regular volcanic activity in Karthala (OVK), the recent
seismic datasets give an accuracy on the hypocen-
tral parameters for the events affecting the whole
archipelago that had not been reached up to now.

It is for the first time that all the seismicity data
from the Comoros and its surroundings is gathered in
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a comprehensive and homogeneous catalogue. Our
new catalogue allows a better analysis of seismicity
distribution and magnitudes. The seismicity appears
mainly distributed along the Comoros archipelago,
with earthquakes of magnitude higher than 5.0 oc-
curring around the islands (Figure 2). Moreover, the
epicentres are relatively aligned from east of Mayotte
to the Leven bank following a N70-90° E oriented
100-km-wide band, while the seismicity is more



Didier Bertil et al. 227

diffuse to the west of Mayotte, between Mayotte and
Grande Comore. This distribution of seismicity could
be either phenomenological, due to an area of more
distributed deformation westward from west of May-
otte island or partly related to location biases due to
the monitoring network limitations and its geome-
try before its recent improvement. Remarkably, even
though the catalogue is incomplete until only re-
cently, the recent Mayotte seismic sequence together
with its large event of Mw 5.9 and the long-lasting
swarms appear to be unique in the seismic history
of the region. Located offshore, only marine surveys
[e.g. Thinon et al., 2020] may indicate if such ocean
bottom volcanic eruptions and sequences occurred
in the past. In any case it probably means that simi-
lar large seismo-volcanic sequences occur over cen-
tennial or millennial timescales, in accordance with
the long-lasting Neogene volcanic activity in the Co-
moros islands and the slow strain in the region.

6.2. Hypocentre depth

The hypocentre depths of our catalogue remain
poorly constrained, in particular for offshore events
far from the seismic stations. A large number of re-
gional earthquakes located by the ISC have a fixed
depth of 10 km. For the eight earthquakes with GCMT
locations in the Comoros region and outside of the
recent Mayotte sequence, their depths range from 15
to 55 km. Better constraints on the focal depth of the
main events of the area would be crucial for point-
ing out spatial variations of the seismogenic layer and
eventually identifying distinct active regions.

From 2018, most earthquakes of the Mayotte se-
quence are between 20 and 45 km depth, i.e. below
the Moho, whose depth is estimated around 20 km
[Barruol et al., 2018] (Figure 6¢). The depths from the
GCMT catalogue and from our catalogue are consis-
tent and show a progressive rise of the hypocentres
between 10 May and 27 June 2018: mean depth of
39 km, 25 km and 4 km respectively in May, the first
half of June, and the second half of June [see Figure 6
from Lemoine et al., 2020a, Cesca et al., 2020, Supple-
mentary Table S2].

For the period from 26 August 2018 to 1 October
2020, the comparison of mean depths between Clus-
ter A (30 + 13 km) and Cluster B (33 + 6 km) does not
show a significant difference. Locations using OBS
from late February 2019 are clearly more suitable to
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better estimate the focal depth for offshore events
[Saurel et al., 2021].

6.3. Focal mechanisms and seismotectonics

Between Mayotte and the Leven bank, the distribu-
tion of seismicity from our catalogue forms a N70-
90° E 100-km-wide band. At large scale, this direc-
tion is reminiscent of the N81° E azimuth of one of
the nodal planes of the largest event of the May-
otte seismic sequence (Mw 5.9 on 15 May 2018).
Similar focal mechanisms were observed for most
of the large events of the Mayotte seismo-volcanic
sequence (Figure 3), but also to the east, like the
event of 23 June 2007 recorded in Zelee & Geyser
banks (Figure 2) and some of the events west of May-
otte (Figure 2). Although our catalogue is incom-
plete and the locations of small magnitude earth-
quakes disputable, these observations are consistent
with an interpretation that considers the Comoros
archipelago as an E-W striking right-lateral plate
boundary [e.g., Kusky et al., 2007, Stamps et al., 2018].
At a more local scale, both field observations of tec-
tonic (faults) and magmatic (dykes) structures in the
Moheli, Anjouan and Mayotte islands are compati-
ble with regional E-W right-lateral strike-slip shear
[Famin et al., 2020], as also the features of the May-
otte seismo-volcanic current phenomenon, which
are consistent with transtensional behaviour in the
area [Lemoine et al., 2020a, Feuillet et al., 2021].
West of Mayotte, the earthquake distribution does
not underline a preferential direction. The lack of ob-
served spatial organization of the seismicity could re-
sult either from a poor monitoring network as men-
tioned above or from more distributed deformation.
Differences between the ISC and GCMT epicentral
locations can reach more than 30 km for both the
Mw = 5.2 Moheli 2000 and 2016 earthquakes and
the Mw = 5.0 2011 event located between Anjouan
and Mayotte. Together, epicentre location uncertain-
ties, the large spread of seismicity, as well as a wider
zone of deformation, also underlined by the north—
south extension of the Grande Comore volcanic is-
land for instance, make any simple interpretation
of the seismicity west of Mayotte difficult. In addi-
tion, the few focal mechanisms (Figure 2) in the area
show large variations. All together, the seismicity pat-
tern revealed by our catalogue, underlines its limi-
tation, but may also result from an immature plate
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boundary making its way across an old oceanic litho-
sphere with a slow strain rate.

6.4. Does the Mayotte seismic sequence improve
the understanding of regional seismicity?

Only eight earthquakes were recorded in the region
of the Mayotte seismic sequence before 2018, all of
them during the 1978-1995 period covered by the
catalogue compiled by Bertil and Regnoult [1998].
With a magnitude of Mw = 4.8 (or mb = 4.4), the
strongest event occurred on 01/03/1990 and was not
detected by the international networks. For all the
events in this area, no related swarm activity has been
described and their small number and large location
uncertainties prevent the detection of a specific di-
rection from their spatial distribution.

With respect to the number of events and their
magnitude, the recent sequence east of Mayotte
is thus unprecedented. Although the Mayotte
2018-2020 swarm of epicentres is located in the
already mentioned east-west band of events ob-
served to the east of Mayotte as far as the Leven
Bank, it occurs in an area without significant events
before 2018. From recent bathymetric mapping east
of Mayotte [Audru et al., 2006, Paquet et al., 2019,
Feuillet et al., 2021], a volcanic ridge between the
island of Mayotte and the new volcano follows a
N110° E trend. Both clusters A and B and the new
volcanic edifice are broadly distributed along this
alignment of submarine volcanic cones. However,
the intense seismicity that preceded the onset of the
eruption was associated with magmatic dyke prop-
agation [Cesca et al., 2020, Lemoine et al., 2020a,
Feuillet et al., 2021]. Inversion of GNSS data covering
the “magma ascent phase” constrained a N138° E-
trending conduit [Lemoine et al., 2020a] that would
correspond to an opening in the N48° E direction.
Although GCMT focal mechanisms reported at the
beginning of the Mayotte seismic sequence show
mostly strike-slip faulting with average and mean
scatters of 260 + 12°, 85+ 11° and 152 £+ 9° for one
plane, they are consistent with a NE-SW direction
of extension. In other words, the seismicity that pre-
ceded the eruption and the events of Cluster A results
from a large-scale magmatic process that interacted
with the regional tectonic stress field.

Moreover, further north, the Jumelles volcanic
ridges follow a N135° E orientation. Onshore, most
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of the volcanic feeder dykes reported by Nehlig et al.
[2013] northwest of Mayotte island show a mean
azimuth of N140° E. Intense magmatic processes at
the origin of this exceptional sequence are consistent
with the regional context [focal mechanisms, dyke
orientations, distribution of seismicity; Famin et al.,
2020, Lemoine et al., 2020a, Feuillet et al., 2021].
Within the framework of this sequence, a strong in-
teraction between volcanism and tectonics can be
observed, but their respective impact is yet to be
understood.

6.5. Does the seismicity of the Comoros
Archipelago reveal the Lwandle-Somali
plates boundary and its kinematics?

The plate kinematic models deduced from re-
gional geodetic studies in southeastern Africa and
the southwestern Indian Ocean require the exis-
tence of the Lwandle plate between the Nubia and
Rovuma plates to the west and the Somali plate to
the east [Horner-Johnson et al., 2007, Saria et al.,
2013, Stamps et al., 2018]. The northern and east-
ern boundaries of this plate remain however poorly
constrained. Some studies infer a boundary sepa-
rating the Lwandle and Somali plates that would
longitudinally cross central Madagascar [Horner-
Johnson et al., 2007, Saria et al., 2013, Stamps et al.,
2014]. However, there is no evidence of east-west
striking active faults across the island of Madagas-
car. Seismotectonic studies in Madagascar propose
east-west extension associated with both the pres-
ence of localized graben and volcanic activity to
the north and in the centre [Bertil and Regnoult,
1998, Rindraharisaona et al., 2013, Rakotondraibe
et al., 2020]. It has been proposed that the Lwandle
northern plate boundary is located at the level of
the Comoros archipelago [Kusky et al., 2007, Stamps
et al., 2018, Famin et al., 2020]. Geodetic data, al-
though sparse, are in agreement with a right-lateral
strike-slip boundary consistent with onshore fault
kinematic indicators [Famin et al., 2020], compatible
with the presence of seismicity across the north-
ern Mozambique Channel (Figure 2) and some of
the large earthquake focal mechanisms (Figure 1).
The large spread of seismicity across the Comoros
archipelago as well as the seismicity gaps westward
towards the Davie Ridge and eastward towards the
coasts of Madagascar (Figures 1 and 2) have been
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interpreted as the existence of either a diffuse plate
boundary [e.g., Stamps et al., 2020] or a segmented
and immature volcano-tectonic strike-slip shear
zone [e.g., Famin et al., 2020, Feuillet et al., 2021].

7. Conclusion and perspectives

Our catalogue is the first at this scale, integrating his-
torical and instrumental seismicity of the Comoros
archipelago. The lack of archives and data available
for the area makes it difficult to compile such a cata-
logue. Although the region is moderately seismic, the
Mayotte 2018-2020 seismic sequence underlines the
importance of improving the knowledge of seismic
hazard in the region and therefore of having a seis-
micity catalogue as exhaustive as possible.

The seismicity of the region highlights the activ-
ity of structures associated with the continuity of the
East African Rift to the south, in particular the Ker-
imba Basin and the Davie Ridge, with mainly normal
fault mechanisms.

On the island of Grande Comore, a large part
of the seismicity is related to the Karthala volcano,
suggesting that most of the activity is of volcano-
tectonic origin. East of Grande Comore, the origin of
the seismicity remains more ambiguous. The analy-
sis of our catalogue suggests the existence of a defor-
mation zone more distributed in the western part of
the archipelago, whereas the seismicity seems more
concentrated eastward from Mayotte. The rare focal
mechanisms are consistent with a strike-slip stress
regime.

At the regional scale, the seismo-volcanic se-
quence of 2018-2020 is exceptional and unexpected:

» due to the very long duration of the seismic-
volcanic sequence (more than 2 years) and
the maximum magnitude reached (Mw =
5.9),

* because of the complexity of the spatial dis-
tribution with two distinct clusters and the
setting up of a volcano outside these two
clusters,

» from the positioning of this volcanic swarm
to the east of Mayotte, whereas the active vol-
cano of the archipelago (Karthala) is 280 km
away and the most recent volcanism of May-
otte was several thousands of years old.

In addition, the seismo-volcanic sequence is set up
in the middle of a zone of moderate diffuse seismicity
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several hundreds of kilometres wide, little known and
not monitored until now. Neither is there any trace
in the memory of the population nor in the histori-
cal archives, of an equivalent phenomenon with hun-
dreds of earthquakes felt in a few months.

Seismic monitoring has been set up progressively
without being able to surround the sequence zone
because of the island context, until OBS deploy-
ments nine months after the unrest in the seismic se-
quence. It is only from March 2019 that three broad-
band stations were set up in Mayotte and one in
Glorieuses as part of the scientific Tellus-Mayotte
programme (CNRS/INSU). These stations are main-
tained till today as part of the monitoring mis-
sion of the Volcanological and Seismological Mon-
itoring Network of Mayotte REVOSIMA set up in
June 2019.

At the same time, MAYOBS oceanographic cam-
paigns have allowed the monitoring of seismic and
volcanic activity thanks to a network of OBS regularly
deployed and recovered (DOI 10.18142/291). The
processing of these data is done in collaboratively
after each OBS recovery [Saurel et al., 2021]. This
treatment concerning only the strongest events, for
all the records, detection methods and automatic lo-
calizations are currently developed [Retailleau et al.,
2020].

Research on seismicity data accumulated since
2018 has just begun. The locations of the first months
of the crisis have been taken up again [Mercury et al.,
2020], refining the spatio-temporal evolution of the
first months of the seismic sequence. The network
installed in 2019 (ground onshore stations and off-
shore OBS) allows to analyse the structure of clus-
ters [Jacques et al., 2020], with an even finer vision by
relative hypoDD localizations [Hoste-Colomer et al.,
2020]. The detection, localization and characteriza-
tion of VLP events are the subject of specific stud-
ies in progress [Laurent et al., 2020]. Volcanic plumb-
ing system is analysed using local passive tomogra-
phy [Foix and Aiken, 2020], petrological studies [e.g.
Berthod et al., 2021] or magnetotelluric sounding
[Darnet et al., 2020].

The volcano formation and evolution is described
by Feuillet et al. [2021].

There are still knowledge gaps about the regional
tectonic and geodynamic context. The ANR Coyotes
project  [https://anr.fr/Projet-ANR-19-CE31-0018,
Thinon et al., 2020] aims to understand the
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distribution of active and recent deformations
around the Comoros archipelago, to visualize the
crustal structuring and to study the recent tectono-
sedimentary evolution. It is based on an oceano-
graphic campaign SISMAORE [http://www.geocean.
net/coyotes/doku.php?id=autreprojet2:start, Thinon
et al., 2020]. The still largely unknown oceanic bot-
tom may reveal submarine structures that could ex-
plain the diffuse regional seismicity described here.

The REVOSIMA seismological monitoring net-
work, with the stations installed in Mayotte and the
sharing of regional data, has made it possible to lower
very significantly the detection threshold at magni-
tude 2.5 to 3 around Mayotte and to 3.5 over the
whole region.

We therefore expect rapid evolution of knowledge
in the coming years in the hope of answering some of
the current questions on the seismic behaviour in the
area.
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