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ABSTRACT

The origin of the Comoros archipelago in the Mozambique channel is the subject of a longstanding controversy. This volcanic chain has been successively interpreted as
a hotspot track, as built on an intraplate fracture zone or a passive margin, or as the northern limit of a diffuse deformation zone in the Nubia-Somalia plate system,
none of these interpretations being entirely satisfactory. It is also possible that the volcanism of the Comoros is a branch of the East African Rift System, and delineates
the still poorly constrained northern boundary between the Lwandle and Somalia plates. To better understand the origin of the Comoros archipelago, we combined a
formal stress inversion of earthquake focal mechanisms and deformation structures (faults and dykes) observed on three islands (Mayotte, Anjouan, and Mohéli) with a
morphologic study of the repartition of onshore and offshore volcanic vents in the area.

Earthquake focal mechanisms and field-observed deformation structures both yield a generalized strike-slip regime with a maximum horizontal stress oriented NW-
SE. In tandem, the study of topographic and bathymetric features shows that volcanic vents follow a preferential repartition along two trends: N105 + 10° lineaments
up to 100 km-long, and N145 + 10°, less than 60 km-long lineaments organized in an en échelon fashion. Earthquakes, deformation structures, and volcanic vents all
consistently designate the Comoros archipelago as an E-W elongated, 150 km-wide zone of right-lateral tear in the lithosphere. Because the clockwise rotation of
Somalia relative to Lwandle requires the existence of such a right-lateral shear zone, we interpret the Comoros archipelago as the northern boundary between the two

plates. This plate boundary is still in an immature state, which is why it remained undetected until now.
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1. Introduction

The geodynamics of the Mozambique channel, between East Africa
and Madagascar, remains enigmatic in many aspects. One of these as-
pects is the decomposition of the region into tectonic plates. Plate
motion data impose the existence of at least three lithospheric blocks
between Nubia and Somalia, Victoria, Rovuma and Lwandle (Horner-
Johnson et al., 2007; Stamps et al., 2008), but some of their boundaries
are not well constrained (Fig. la). For instance, the limit between
Lwandle and Somalia has been alternatively drawn along the Davie
ridge and central Madagascar (Hartnady, 2002; Saria et al., 2014),
along the Comoros and the east passive margin of Madagascar (Stamps
et al., 2018), or even as a diffuse deformation zone encompassing most
of Madagascar or even the whole Mozambique channel (Horner-
Johnson et al., 2007; Stamps et al., 2008; Kusky et al., 2010). The

connection of this boundary with the East African Rift System (EARS)
that delimits the separation of the Lwandle and Rovuma blocks is also
unclear (Fig. 1a).

Related to the difficulty of defining plate boundaries in East Africa,
the nature of volcanism in the Mozambique channel is another enig-
matic aspect of the regional geodynamics. If the northern boundary of
the Lwandle plate runs through the Davie ridge and central
Madagascar, then the Geyser and Zélée banks, the Jumelles seamounts,
and the Comoros archipelago (including Mayotte, Anjouan, Mohéli and
Grande Comore) must be considered as intraplate volcanism affecting
Somalia (Fig. 1b). In this category of interpretations, hotspot volcanism
is supported by the enriched mantle (EM) signature of the volcanism in
Grande Comore (Class et al., 2009 and references therein), and by the
apparent younging of islands from Mayotte to Grande Comore that
suggests a westward progression of a plume-related volcanism (Hajash
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and Armstrong, 1972; Emerick and Duncan, 1982). However, this E-W
volcano trail does not match the northward or NNW-directed absolute
motions of the Somalia and Lwandle plates (Morgan and Phipps
Morgan, 2007; Wang et al., 2018). Continental xenoliths found in vol-
canic rocks from the four islands support the idea that the Comoros
archipelago may be built on a stretched passive margin (Montaggioni
and Nougier, 1981). For this reason, and because more recent geo-
chronological works dispute the proposed age progression of volcanism
(Nougier et al., 1986; Pelleter et al., 2014), it has been proposed that
the Comoros volcanism might be controlled by reactivation of crustal
structures linked to the continent-ocean transition (Nougier et al.,
1986), possibly in relation with the EARS (Michon, 2016). A third, more

Fig. 1. a) Tectonic map of the western Indian Ocean
and the East African Rift System (EARS), showing
regional seismicity (NEIC catalogue, USGS), GNSS
plate motions in a Somalia-fixed framework (King
et al.,, 2015), Neogene-to-present volcanism (red
areas) and major faults (compilations from Michon,
2016; Deville et al.,, 2018), and proposed plate
boundaries (black hatched lines: Saria et al., 2014;
red hatched lines: Stamps et al., 2018) or zones of
diffuse deformation (grey hatched areas: Stamps
et al., 2008; clear blue-framed area: Kusky et al.,
2010). b) Volcanic seamounts and islands of the
Comoros archipelago. Active faults from Franke
et al., (2015); Deville et al., (2018) and earthquake
focal mechanisms from the Global CMT Catalogue
(Dziewonski et al., 1981; Ekstrom et al., 2012) and
from Barth et al. (2007). Compilations of Neogene-
to-present volcanic ages from Pelleter et al., (2014);
Cucciniello et al., (2016). Elevation/bathymetry
grids are from SHOM, 2016) in the Mayotte area and
from GEBCO elsewhere. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

recent hypothesis is to consider the Geyser-to-Grande Comore volcanic
alignment (hereafter called GCVA) as the northern limit of the Lwandle
plate connecting the EARS to the Tertiary-to-Quaternary volcanism and
rifting of Madagascar (Stamps et al., 2018). Growing earthquake cata-
logues show that the GCVA is indeed a zone of focused seismicity (Bertil
and Regnoult, 1998; Rindraharisaona et al., 2013), and thus a potential
plate boundary (Fig. 1a). The nature of this hypothetic boundary, its
kinematics, and the reason why it concentrates volcanism, remain to be
elucidated.

The seismic crisis initiated 20 to 50 km east of Mayotte in May 2018
(Fig. 1b), still ongoing at the time of writing (REVOSIMA, 2020), as-
sociated with magmatic activity and the birth of a new submarine



volcano (Feuillet et al., 2019; Cesca et al., 2020), reactivates the con-
troversy about the nature of the Comoros volcanism. Is the GCVA a
plume-related intraplate hotspot trail, a zone of volcanic rifting, and/or
a plate boundary? Answering this question is critical, not only for a
fundamental understanding of the regional kinematics, but also for a
practical assessment of the hazards represented by the ongoing volcanic
and seismic crisis. Hence, we combine a formal stress inversion of
earthquake focal mechanisms in the area, a field survey of deformation
meso-structures and intrusions in Mayotte, Anjouan and Mohéli, and a
mapping of onshore and offshore volcanic cones along the GCVA based
on digital surface models. Added to the existing knowledge, the ob-
servation facts described in this paper allow us to propose a new tec-
tonic interpretation of the GCVA, and an answer to the above questions.

2. Regional geology

A large part of the controversy about the nature of the GCVA re-
volves around the existence, or absence, of a progression of volcanism
along the chain. The Leven and Geyser & Zelée banks are volcanic
seamounts very likely related to Neogene-to-present volcanism
(Fig. 1b), but the age of these structures is unknown (Daniel et al.,
1972; Maugé et al., 1982). Radiometric ages of 10.6 Ma to 4 ka on
Mayotte, 11.1 Ma to 360 ka on Anjouan, 5 Ma to 480 ka on Mohéli, and
130 to 0 ka on Grande Comore (Pelleter et al., 2014 and references
therein), neither support nor refute such a progression, unless the
Neogene-to-Quaternary volcanism of northern Madagascar (17.5 to
0.55 Ma) is included in the chain (Fig. 1b). Nevertheless, the eroded
shape and well-developed fringing reef of Mayotte and the active Kar-
thala volcano in Grande Comore suggest a westward younging of vol-
canism. The formation of a new volcano in 2018, 50 km east of Mayotte
on the ocean floor, contradicts this apparent volcanic age progression.
Despite this lack of hotspot trail chronology, a true mantle plume Sr-Nd-
Pb-Os-He isotopic signature is evidenced in the volcanism of the Grande
Comore showing EM and depleted MORB mantle (DMM) contributions
(see reviews by Class et al., 2009 and Pelleter et al., 2014). This mantle
source is not obvious on the other islands of the GCVA dominated by
DMM and HIMU signatures, which suggests more lithospheric (either
oceanic or continental) magma sources. North of the GCVA, the seafloor
shows a typical oceanic fabric with magnetic anomalies starting at
M24Bn (152.43 Ma) and becoming symmetric around a paleo-ridge axis
from M18r (141.22 Ma) to MOr (120.8 Ma) (Davis et al., 2016). South of
the GCVA, in the Comoros basin, the nature of the crust is unclear, with
neither well-defined magnetic anomalies nor obvious free air gravity
structures (Phethean, 2016). With such uncertainties, it is possible that
the continental passive margin of northern Madagascar may extend
northward up to the GCVA, as suggested by the detrital xenoliths found
on all the Comoros islands (Esson et al., 1970; Flower, 1972;
Montaggioni and Nougier, 1981).

The subaerial volcanism of Mayotte may be subdivided into five
main stages (Nehlig et al., 2013): (1), A substratum basanitic volcanism
from the middle Miocene to 5 Ma present on the south of the island; (2)
two primitive shields from 5 to 3.2 Ma on the north-eastern and
southern parts of the island, respectively (Phases I and II); (3) more
differentiated lavas from 2.9 to 1.2 Ma in the centre and south (Phases
III and IV); (4) Strombolian basaltic and basanitic volcanism in the
north from 0.8 to 0.2 Ma (Phase V); (5) very recent (200 to 4 ka)
phonolitic phreatomagmatism with well-preserved maar structures on
Petite Terre and in the northeast (Phase VI). The subaerial construction
of Anjouan and Mohéli may described by a roughly similar chronology
(Nougier et al., 1986): older series of basanites and nephelinites prior to
5 Ma, middle series of ankaramites, basanite and hawaiites from 4 to
2.5 Ma; younger series of basanites to nephelinites from 2.5 to 1.5 Ma,
and recent Strombolian volcanism since 0.8 Ma.

Based on earthquake focal mechanisms, fault-slip data, and bore-
hole breakouts from the World Stress Map in the East Africa and
Mozambique channel area (Heidbach et al., 2010), the GCVA is

interpreted as the limit between two stress regimes with a NW-SE
maximum horizontal stress (Sgmax), dominantly strike-slip to the north
and extensional to the south (Bird et al., 2008; Ghosh and Holt, 2012).
Even before the 2018 volcanic and seismic crisis, seismicity was already
occurring in the vicinity of Mayotte along the GCVA. The ongoing crisis
associated with the new submarine volcano has strongly increased the
level of seismicity, with earthquakes of magnitude up to 5.9 (Lemoine
et al., 2020).

3. Methods

The first approach used in this study is a formal stress inversion of
earthquake focal mechanisms, and of markers of rock deformation
(mostly fault-slip data) and planar intrusions measured in the field.
Earthquake focal mechanisms come from the Global Centroid-Moment-
Tensor (GCMT), which routinely determines focal mechanisms by mo-
ment tensor inversion of both long period body- and surface-waves for
M,, = 4.7 earthquakes (Dziewonski et al., 1981; Ekstrom et al., 2012).
Deformation meso-structures are observed at the outcrop scale and
include faults with striated surfaces and/or observed slip sense (normal,
inverse, dextral or sinistral), and extension fractures. Intrusions mea-
sured in the field are planar dykes or sills considered to have formed as
extension fractures filled with magma, even though a shear component
may occur in some intrusions. Deformation and intrusion data were
manually sorted into subsets, based firstly on field-observed chron-
ological criteria such as crosscutting relationships, and based secondly
on their orientation. A confidence level was attributed to each de-
formation marker (certain, probable, supposed, unknown) using the
conventions of fault-slip analysis (Angelier, 1984; Delvaux and Sperner,
2003; Sperner et al., 2003; Sperner and Zweigel, 2010).

Stress orientations were obtained by separate and independent in-
versions of earthquake focal mechanisms, deformation structures, and
intrusions, following procedures described in Delvaux and Sperner
(2003) and Delvaux and Barth (2010), and briefly recalled here. These
stress inversion methods are based on a number of assumptions
(stresses coaxial to strains; small displacements on fractures and focal
planes compared to the volume of the rock mass; no interaction be-
tween fractures; intrusions opened as extension fractures without slip;
slip vector colinear to maximum shear stress on fault and focal planes),
which have proven to be reasonable in practice (Lacombe, 2012).
Earthquake focal mechanisms and deformation structures allow re-
constructing a reduced stress tensor composed of four parameters, the
three orthogonal directions of principal stresses (0; = 0, = 03) and the
ratio R = (03 - 03)/(07 - 03). Intrusions only provide the direction of the
least principal stress (03). While earthquake inversion yields an esti-
mate of the present-day stress field over a given region, deformation
markers and intrusions provide “paleostresses”, i.e. stresses that oc-
curred in the past after the emplacement of rocks.

For the inversion, we used the Rotational Optimization Method of
the Win-Tensor software (Delvaux and Sperner, 2003). This iterative
inversion method consists in finding the orientations of principal
stresses that satisfy the following conditions: (1) for focal planes and
faults, maximizing the resolved shear stress magnitude and minimizing
the resolved normal stress magnitude to favor slip, while minimizing
the averaged deviation between observed and computed slip vectors on
each nodal/fault plane; (2) for extension fractures, minimizing both the
normal stress and the shear stress to favor opening and prevent slip. For
stress tensors deduced from focal mechanisms and deformation data,
the horizontal maximum and minimum stress orientations (Sgmax and
Shmin, respectively) and their 1o standard deviation were computed
from the values and uncertainties of the four parameters of the reduced
stress tensor using the method of Lund and Townend (2007). As only
the orientation of 03 is known from the inversion of intrusions, Spmin
and Spmax deduced from these data were computed as the projection of
the o3 axis in the horizontal plane and its perpendicular, keeping in
mind that such projection may yield erroneous results whenever two



principal stress magnitudes are close to each other.

The procedure used for the inversion of focal mechanisms is the one
developed by Delvaux and Barth (2010). Focal mechanisms were sorted
into subsets in which the stress field is considered as uniform and in-
variant in space over the selected area, and in time over the duration of
seismicity. Here we considered two subsets, one encompassing focal
mechanisms occurring over the GCVA for the period 1976-2017, the
other associated with the 2018 seismic crisis east of Mayotte. Within
each subset, inversion was made in two steps. In the first step, focal
mechanisms were inverted into a preliminary reduced stress tensor
using their two nodal planes. The nodal plane of each focal mechanism
that is best explained by this preliminary stress tensor was then selected
as the true fault plane. In the second step, the final inversion was
performed by finding the best reduced stress tensor fitting the subset of
selected nodal planes. The quality of the final reduced stress tensor was
estimated using the quality index (QRgy,) for focal mechanisms of the
World Stress Map Project (Heidbach et al., 2010, 2018), ranging from A
(best quality) to C (worst) in the case of M = 2.5 earthquakes:

QRf, = A for Spmax within + 15°, number of data n = 15, and
average slip deviation a,ye, < 12°%

QRf, = B for Symax within + 15-20°, 8 < n < 15, and
12 < Oayer < 20%

QRg, = C for individual earthquakes, or for subsets with Symax
within 20-25°, n < 8, and Qe > 20°.

The procedure for the inversion of deformation and intrusion data
was also designed in two steps in order to allow inter-comparison of
paleostress tensors with earthquake-derived stress tensors. In the first
step, inversion was performed on subsets corresponding to each out-
crop, by processing separately deformation and intrusion data. This
separated inversion has the advantage of allowing a comparison of
magmato-tectonic and purely tectonic strain markers. The quality of
these outcrop-scale reduced paleostress tensors was estimated using
two indexes ranging from A (best) to E (worst), as defined by Delvaux
and Sperner (2003). The first index, QR,y, rates the quality of principal
stress orientations, depending on (1) the number of data per tensor n,
(2) the proportion of data used in the tensor relative to the total number
of data measured at each outcrop n/n,, (3) the average slip deviation
Qaver; (4) the average confidence level of the subset of deformation
markers CL,, and (5) the average type of data used for tensor de-
termination DT,,, based on the usefulness of each deformation marker
in stress inversion (1 for striated faults; 0.5 for tension fractures or
dykes, and 0.25 for faults with slip sense but no striation). The second
index, QRr, rates the quality of R estimates using all the criteria of QR,,,
plus two criteria related to the diversity of fault planes (Delvaux and
Sperner, 2003). In the second inversion step, outcrop-scale paleostress
tensors (from deformation or intrusion data) were considered as “paleo-
earthquake focal mechanisms”, sorted into three subsets (Mayotte,
Anjouan, and Mohéli), and weighted according to their QR,, quality.
Final inversions were run on these three subsets following the same
procedure as for focal mechanisms, hence using the quality criterion

Table 1

Summary of stress and paleostress tensor parameters for the Comoros archipelago.

QRfrn~

To compare our stress inversion with geomorphic data, we also
mapped the onland and offshore repartition of monogenic volcanic
cones. This repartition was assessed by manually picking volcanic cones
on two types of digital surface models (DSM): the ALOS World 3D -
30 m DSM for Mayotte, Anjouan, Mohéli and Grande Comore onshore
(Tadono et al., 2014), and a 100 m-resolution digital bathymetric
model from the Service Hydrographique et Océanographique de la
Marine for Mayotte offshore (SHOM, 2016). Although used in figures,
the GEBCO elevation/bathymetric grid was not used for mapping of
individual volcanic cones because of its too low resolution. The iden-
tification of volcanic alignments was made with the procedure of
Paulsen and Wilson (2010). This procedure starts by constructing best-
fit ellipses to match the shape of each vent, in order to take the elon-
gation of monogenic cones into account. Volcanic alignments are then
preliminarily defined by drawing a line through the long axes of a series
of elongated vents, and/or through circular vents that are in clear visual
alignment because of their close spacing distance (< 1 km). The final
best-fit line is then calculated by minimizing the orthogonal distance
between the centres of the ellipses and the line (i.e. Deming regression
analysis). The reliability of vent alignments determination was classi-
fied in four grades (A > B > C > D) based on (1) the number of
vents (A = 25,B = 15, C = 10, D = 8), (2) the standard deviation of
vent centres from the best-fit line using the grades of Suter et al. (1992)
(A < 750m, B < 1500 m, C < 2250 m, D > 2250 m), (3) the
average shape ratio of elongated vents (A = 1.4,B = 1.3, C = 1.2,
1.2 > D > 1), and (4) their average angular deviation from the best-
fit line (A < 30°, B = 35°,C < 40°, D > 40°).

4. Results
4.1. Earthquake focal mechanisms

The GCMT catalogue contains 33 earthquake focal mechanisms for
the GCVA area over the 1976-2019 period, all of them occurring at
lithospheric depth < 68 km (Table S1). Of this dataset, 28 focal me-
chanisms belong to the 2018- crisis whereas only five events occurred
earlier in 2000, 2007, 2011, 2012, and 2016. All but one of the 2018-
focal mechanisms are in strike-slip stress regime, and are located in the
vicinity of the new submarine volcano, ~50 km offshore east of
Mayotte. The remaining one, occurring in 2019, is in compression. Four
of the five focal mechanisms available for the 1976-2017 period are
also of the strike-slip regime, the remaining one being extensional.
These five focal mechanisms occur across all the GCVA, near the Geyser
bank, northeast of Anjouan, southwest of Mohéli, and north of Grande
Comore.

Stress tensors deduced from the inversion of earthquake focal me-
chanisms are provided in Table 1. Focal mechanisms from the 2018-
crisis yields a reduced stress tensor of the best quality (QRgy,: A), cor-
responding to a strike-slip stress regime with an Syp.x oOriented

Subset definition

Reduced stress tensor parameters

Statistics and quality rank

No Location o; dip/dip direction 0 dip/dip direction o3 dip/dip direction R Stimax (V) Stress regime”  Qayer () Amax ) n/ng QR
Earthquake focal mechanisms

1 2018- crisis 14/322 59/077 27/224 0.8 135 = 13.4 SS 6.6 = 4.8 15.7 28/28 A

2 1976-2017 35/316 51/165 14/057 0.2 139 * 6.8 SS 5+ 27 8.2 5/5 C
Paleostresses

3 Mayotte 01/161 81/260 09/071 0.1 160 + 6.4 SS 11.7 = 9.6 36.6 22/24 A

4 Mayotte 01/254 63/162 27/345 0.25 074 = 95 SS 6.5 * 4 13.7 7/9 C

5 Anjouan 72/139 16/351 09/258 0.55 166 + 9.1 NF 85 * 75 24.3 7/9 C

6 Mohéli 48/358 31/128 26/235 0.01 178 = 4.8 NS 11.4 = 139 345 4/5 C

@ Abbreviations TF, SS, NF, NS refer to thrust, strike-slip, normal, and hybrid normal/strike-slip faulting, respectively.
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Fig. 2. Average stress and paleostress tensors obtained by inversion of a) earthquake focal mechanisms from the 2018- seismic and volcanic crisis, b) focal me-
chanisms for the 1976-2017 period, c) quality (QR,,)-weighted paleostress tensors from the dominant population of deformation and intrusion data found all over
Mayotte, d) quality-weighted paleostress tensors from the minor population of deformation structures in central Mayotte, e) and f) quality-weighted paleostress
tensors for Anjouan and Mohéli, respectively. Abbreviations SS, NF, NS refer to strike-slip, normal and hybrid faulting, respectively. Stereo diagrams are equal area
projections, lower hemisphere.
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N135 =+ 13.4° (Fig. 2a). Given their limited number, the five focal
mechanisms from 1976 to 2017 yield only a low-quality reduced stress
tensor (QRgy: C), nevertheless also in strike-slip regime and with Sypax
at N139 = 7° (Fig. 2b), thus being compatible with the stress regime of
the 2018- crisis.

4.2. Deformation and intrusion data

Examples of deformation structures observed in the field are given
in Fig. 3. Paleostress inversions of these data are summarized in Table 2
and represented in Fig. 4. The full set of structural data is also provided
as a Mendeley database [Famin and Michon, 2020], as stereo nets in
Fig. S1, and as a site-by-site description of the observed structures in
Table S2. A striking feature of our investigation of Mayotte is the
abundance of deformation structures observed in the field (e.g. Fig. 3a).
Over 730+ outcrop-scale faults and extensions fractures have been
measured at 30 sites (Table S2), of which 20 sites yield acceptable
paleostress tensors (Table 2). Most of the deformation structures consist
in thrust or strike-slip faults (Fig. 3a), yet other structures such as
folding or fracture schistosity also occur. Field-observed relationships
and statistical analysis show that two populations of mechanically in-
compatible deformation structures coexist. The dominant population in
terms of abundance, comprising > 450 structures found at 19 sites all-
over Mayotte, yields reduced paleostress tensors indicative of thrust or
strike-slip regimes with Sy, oriented NW-SE to N-S (Table 2, Fig. 4).
The minor population, made of < 150 structures only found at 7 sites
on the central part of the island, is mostly made of thrust faults com-
patible with WSW-ENE to E-W shortening. No clear chronological re-
lationship between the two populations is observed, except at one site
(MA19) where the dominant population postdates and reactivates the
minor one (Table 2). Importantly, the dominant population can be
found as capped by volcanic deposits of the Strombolian phase V aged
of 800-200 ka (site MA16, Fig. 3a), or as cutting the latest phonolitic
tephras of Petite Terre (site MAS0, Fig. 3b), aged of less than 200 ka and
possibly as young as 4 ka (Zinke et al., 2003; Pelleter et al., 2014).
These chronological criteria indicate that deformation occurred from at
least 800 ka to very recent times. A total of 167 intrusions (mostly
subvertical dykes) has been measured at 6 sites in Mayotte, the majority
being found in the less altered northern side of the island (Table 2). The
main orientation of dykes is N150-160°, but a secondary N100-120°
dyke trend is found on the northern shore of Mayotte (Fig. 4). These
two dyke trends are mechanically compatible with paleostress tensors
of the dominant population of deformation data. The final inversion of
both the dominant population of deformation data and intrusions yields
a strike-slip paleostress tensor of high quality (QRgy: A) with Spmax at
N160 =+ 7° (Table 1, Fig. 2c). The final inversion of the minor popu-
lation of deformation data yields a strike-slip paleostress tensor of lower
quality (QRgm: C) with Sgmax at NO74 = 10° (Table 1, Fig. 2d).

In comparison with Mayotte, few deformation structures have been
measured in Anjouan (130 faults at 5 sites) and Mohéli (89 faults at 3
sites), but this partly reflects the smaller amount of fieldwork allotted to
these islands and also partly their high vegetation cover. Paleostress
tensors obtained for Anjouan are in strike-slip and extensional regimes
whereas those of Mohéli are dominantly in thrust regime, with Symax
oriented NNW-SSE or N-S on both islands (Table 2, Fig. 4). As for
Mayotte, deformation is found even in the most recent (< 800 ka)
Strombolian volcanic deposits of Anjouan and is even synchronous with
those deposits (Fig. 3c). 77 and 31 dykes and sills were measured in
Anjouan and Mohéli, respectively, with two preferential directions,
N140-160° to N-S and N050-060° (Fig. 4). For Anjouan, the final in-
version of deformation and intrusion data yields a paleostress tensor in
extension regime with Sy, oriented N166 * 9° (QRgy,: C, Table 1,
Fig. 2e), whereas for Mohéli, the limited number of data only provides a
poorly constrained tensor in between normal and strike-slip regimes,
with an Symax at N178 + 5° (QRgy,: C; Table 1, Fig. 2f).

4.3. Spatial repartition of volcanic cones

Onshore and offshore mapping of volcanic cones in the GCVA area
are illustrated in Figs. 5 and 6. The raw topographic and bathymetric
grid without mapping is provided in Fig. S2. The volcanic alignments
determined from the elongation and repartition of eruptive vents, and
their reliability criteria, are given in Table 3. Onshore mapping reveals
two different repartitions of eruptive vents (Fig. 5). The islands of
Grande Comore and Anjouan, and to a lesser extent Mohéli, display a
vent repartition following the topographic ridges of the islands, N0O05°,
N142° and N153° for Grande Comore, N105° and N152° for Anjouan,
and N115° for Mohéli. The island of Mayotte does not present any
marked rift zone, and yet displays a general NNW-SSE repartition of its
most recent volcanic activity (< 200 ka) from the north shore of the
main island to the islet of Petite Terre (Fig. 4). The bathymetric data,
only available for an area covering the east of Anjouan to the Geyser
and Zélée banks, reveal the following additional features in the re-
partition of submarine eruptive vents (Figs. 5, 6): (1) The N105° and
N152° rift zones of Anjouan have an offshore extent of at least ~10 km
toward the east and the south, respectively. (2) The recent onshore
volcanism on Mayotte is in fact the westward extremity of a N109° cone
alignment extending at least 50 km offshore toward the new volcano
and beyond. (3) Offshore volcanism north of Mayotte is delimited by a
N135° axis (Fig. 6). (4) The four volcanic alignments of the Anjouan-to-
Mayotte area delimit a sigmoidal pattern of preferential volcanic cone
repartition (Fig. 6). (5) Two subparallel N135° and N136° lineaments of
volcanic cones are observed along the Jumelles ridges, which confirms
that these structures have focused Neogene-to-present volcanism. (6) A
N101°-elongated swarm of volcanic cones is found south of the Geyser
and Zélée banks and parallel to their NO95° alignment, also confirming
a Neogene-to-present volcanism along these structures.

5. Discussion
5.1. Stress and paleostress states in the Comoros archipelago

While earthquakes provide a snapshot of the present-day stress state
of the Comorian lithosphere, deformation structures and intrusions give
an integrated view of superficial, past stress fields over several million
years. The question then arises as whether the two kinds of information
can be compared in space at the scale of the entire GCVA, and in time at
such different timescales. The spatial homogeneity of our dataset may
first be tested among earthquake focal mechanisms only, which has the
advantage of reducing the time interval considered. The average stress
tensor from focal mechanisms of the 1976-2017 period all-over the
GCVA (strike-slip faulting, Spmax: N139 * 7°, subset 1 in Table 1) is
consistent within uncertainty with the stress regime of the 2018- crisis
(strike-slip faulting, Spymax: N135 = 13.4°, subset 2 in Table 1). This
consistency suggests that the stress field inferred from earthquakes is
very homogeneous in the GCVA over the 1976-2018 period, before and
during the volcanic and seismic crisis. Spatial comparisons may also be
tested among average paleostress tensors on the three investigated is-
lands. The remarkable homogeneity of the dominant Sy, in Mayotte
(Fig. 4), and the absence of a radial or concentric pattern, clearly in-
dicates that the paleostress state of this island is primarily of tectonic
origin, and that volcanic activity or spreading play only a minor role in
the deformation of the edifice. Extending the comparison to a wider
spatial scale, the dominant average tensor of Mayotte and that of Mo-
héli are both in strike-slip regime whereas the average tensor of An-
jouan is extensional. Despite this difference, the maximum horizontal
stresses of these three average tensors are consistently oriented NNW-
SSE (Stmax: N160 * 7°, N166 *+ 10°, and N178 =+ 5°, subsets 3, 5,
and 6 in Table 1, respectively), suggesting that paleostresses, as re-
corded in subaerial volcanism, are also relatively homogenous in space
over the GCVA, further substantiating a regional tectonic origin. As the
mean virtual geomagnetic pole for volcanic rocks from Mayotte,
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Fig. 4. Onshore spatial repartition of paleostress tensors and volcanic cones on the islands of Mayotte, Anjouan, and Mohéli. Paleostress data are represented as Spmax
axes, the length of which is proportional to the quality of the inversion (QR,,) for faults or to the number of data measured in the field for dykes. Outcrops with
observed deformation structures that could not yield acceptable paleostress tensors are also represented (see Table S2 for site descriptions). The geologic map of
Mayotte is drawn according to the paleomagnetic map and phase subdivision of Nehlig et al. (2013). The geologic maps of Anjouan and Mohéli and their chron-
ostratigraphies are from Robineau [pers. com.] and Nougier et al. (1986), respectively.

Anjouan, Mohéli and Grande Comore coincides with the present spin
axis of the Earth (Hajash and Armstrong, 1972), it can be assumed that
this regional paleostress field has not been disturbed by rotation of
these islands.

The temporal homogeneity of our composite stress estimates may be
tested by comparing closely-spaced paleostress and stress tensors. For
instance, the closest deformation site from the 2018- seismic crisis is the
one obtained at Petite Terre in tephras younger than 200 ka (site MAS50,
Fig. 3b). Deformation at this site yields a paleostress tensor (strike-slip,
SHmax: N128 * 5°, Table 2) consistent in both stress regime and or-
ientation with the tensor obtained for the 2018- crisis, which suggests
that focal mechanisms and deformation data in young (< 200 ka)
volcanic rocks 50 km apart record a similar stress field.

Temporal comparisons may then be extended to longer timescales
by considering jointly averaged paleostress tensors and earthquakes. In
this respect, the dominant average paleostress tensor of Mayotte (subset
3in Table 1, Fig. 2¢) is relatively consistent with that of the 2018- crisis
(subset 1, Table 1, Fig. 2a), although with a slightly higher Symay strike.
The average paleostress tensor of Anjouan (subset 5, Table 1, Fig. 2e) is
very similar in stress regime and orientation to the focal mechanism of
the 2011 Anjouan earthquake (Fig. 5). Likewise, the average paleostress
tensor of Mohéli (subset 6, Table 1, Fig. 2f) is also mechanically com-
patible with the two focal mechanisms of the 2000 and 2016 earth-
quakes (Fig. 5).

These multiple cross-comparisons confirm an overall spatial and
temporal agreement between earthquake, deformation, and intrusion
data as markers of stress and paleostress estimates, which in turn sug-
gests that the stress field of the GCVA has been relatively homogeneous
over the studied area and since at least the period of Strombolian vol-
canism (< 0.8 Ma). This stress field is dominantly in strike-slip regime
with a NW-SE maximum horizontal stress axis. Our results corroborate,

with a considerably higher resolution, global plate stress models that
predict a strike-slip or extension with a NW-SE Syp.x in the
Mozambique channel (Bird et al., 2008; Ghosh and Holt, 2012), and
more recent geodetic strain rate models that consider the Comoros as a
transitional zone between the EARS undergoing extension and Mada-
gascar under transpression (Stamps et al., 2018). Our inversion results
are also consistent with and earthquake focal mechanism inversions
that yield a consistent NNW-SSE Synax across East Africa (Delvaux and
Barth, 2010).

Another element of our deformation data that remains to be dis-
cussed is the secondary paleostress tensor obtained in Mayotte (subset 4
in Table 1, Fig. 2d). This paleostress tensor is in strike-slip regime as the
main tensor, but its maximum horizontal stress is almost perpendicular
to that of the main tensor (Fig. 5). We note that this minor deformation
is only found in the central part of Mayotte (Fig. 4). The lack of any
convincing chronological criteria and the mutual crosscutting between
the dominant and the minor populations of deformation data suggests
that both occurred during the same time interval (Table 2). Repeated
magma injections in a volcanic edifice are known to modify sig-
nificantly the internal stress field of the edifice, and may possibly lead
to permutations of stress and/or strain axes (Chaput et al., 2014, 2017).
We therefore interpret this secondary set of deformation data as due to
stress or strain permutations in the internal part of Mayotte.

5.2. Distribution of latest volcanism

Because small volcanic cones are rapidly eroded, these edifices re-
present the latest and most easily identified manifestation of volcanism.
The repartition of volcanic cones may therefore be used as a proxy to
infer the zones of preferential magma pathways in the crust. Onshore,
cones corresponding to the phreatomagmatism of Mayotte are younger
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10 20 km

Grande Comore

Fig. 5. Best-fit ellipses (in yellow) representing volcanic cone shapes onshore and offshore, and best-fit lines (in red) obtained by Deming regression analysis of cone
centres, following the method of Paulsen and Wilson (2010). See Table 3 for cone alignment parameters. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Onshore and offshore repartition of volcanic cones in the Anjouan-to-Geyser area. For the sake of graphic representation, the yellow dots represent the centres
of cones and are not fitted to cone sizes and shapes, as opposed to the ellipses of Fig. 5. The red lines represent the best-fit of cone alignments, as in Fig. 5. The
topographic/bathymetric grid without cone mapping is provided in Fig. S2. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)



Table 3
Parameters of volcanic alignments.

Volcanic vent # vents included Average shape ratio  Standard deviation Standard angular Alignment length ~ Alignment Alignment
alignment in regression of elongated vents best-fit line distance deviation vent long (km) azimuth (°N) grade
(m) axes (°)

Grande Comore north 61 1.7 483 23 22 142 A
Grande Comore N-S 177 1.6 709 23 36 5 A

rift zone
Grande Comore south 194 1.6 739 19 48 153 A

rift zone
Mohéli 12 1.4 1413 27 44 115 C
Anjouan N-S rift zone 63 1.5 733 18 52 152 A
Anjouan E-W rift zone 48 1.5 608 22 71 105 A
Mayotte offshore 23 1.2 1034 19 60 135 C

north
Mayotte offshore east 39 1.4 615 16 78 109 A
Jumelles west 40 1.4 824 18 60 136 B
Jumelles east 43 2 1220 17 56 135 B
Geyser-Zélée banks 11 2.1 839 6 93 95 C
South of Geyser 26 1.2 1518 27 41 101 C

than 200 ka, while cones corresponding to the Strombolian volcanism
of Mayotte and Anjouan are younger than 800 ka, and vents and fis-
sures from Grande Comore are younger than 130 ka (see Pelleter et al.,
2014 for a review of radiometric ages). On the offshore zones of the
GCVA, the age of volcanic cones is unknown, yet submarine edifices of
similar shapes have been dated at up to 8.5 Ma elsewhere (e.g. Janin
et al.,, 2011). It must therefore be kept in mind that volcanic
morphologies are much better preserved offshore than onshore. The
field observation of dykes somewhat compensates this possible tem-
poral bias, because it provides complementary information about on-
shore magma pathways and weakness zones over longer timescales
than volcanic cones. On Mayotte for instance, the comparison of cone
and dyke data suggests that the alignment of phreatomagmatic vents of
Petite Terre may be prolonged westward along the northern shore of
the island (Fig. 4).

Taken together, cones and dykes reveal that two directions of pre-
ferential volcanism - and hence of magma pathways — dominate the
GCVA (Fig. 7). The first direction is made of N105 * 10°, up to
100 km-long lineaments, represented by the Geyser — Zélée banks and
by the volcanic alignment on their southern flanks, by the cone and
dyke alignment running from the new submarine volcano to the
northern shore of Mayotte, by the western rift zone of Anjouan pro-
longed offshore to the east, and by the elongated shape and volcanic
alignment of Mohéli. The second direction is made of less than 60 km-
long, N145 + 10° lineaments such as the Jumelles seamounts, the
main dyke orientation of Mayotte or the cone alignment on its northern
submarine slope, the principal rift zone in Anjouan onshore and off-
shore, and also by two of the three Grande Comore lineaments. Im-
portantly, these N145° segments are arranged in an en échelon fashion.
Overall, volcanic alignments identified in the GCVA depict a roughly E-
W zone of preferential volcanism and crustal weakness, in which the
long N105° and shorter N145° segments form a rhombohedral geometry
dipping east. The sigmoidal shaped repartition of preferential vol-
canism of Mayotte and Anjouan occupies a central position in this array
of crustal weaknesses.

5.3. Comparison of stresses and volcanism

The superposition of stress and paleostress fields on the map of
volcanic cone and dyke alignments reveals two important additional
features (Fig. 7). First, the general orientation of past and present Syyax
makes an acute angle with the longest, N105° volcanic lineaments, and
is also parallel to the shorter en échelon N145° lineaments. Second, the
rhombohedral geometry of these lineaments is mechanically consistent
with the strike-slip stress or paleostress regimes. These two features
lead us to interpret the GCVA as a broad (~150 km wide), E-W- to ESE-

WNW-trending zone of distributed right-lateral wrenching. In this
broad deforming domain, the major N105° volcanic structures are in the
configuration of Riedel shear zones whereas the en échelon N145° seg-
ments occupy the position of extension fractures parallel to the average
Shmax (Fig. 7). Given the width of the sheared domain and the absence
of obvious mature faults throughout the studied area, we propose that
right-lateral tear is still in an incipient state of strain localization. De-
formation in the Mozambique channel is thus not as diffuse as proposed
by Kusky et al. (2010). In this nascent deformation zone, the alignments
of Mayotte and Anjouan represent perhaps the most evolved set of
Riedel shears and extension fractures, between which the sigmoidal
repartition of volcanic cones might be interpreted as a pull-apart or
strike-slip duplex in the right-lateral shear zone. The new submarine
volcano and the associated seismic crisis, located at the eastern tip of
this sigmoidal pattern, suggest that deformation is still propagating SE,
away from this growing structure. Following this interpretation, the
lower (~N135°) azimuth of Syp.x in the area of the 2018- seismic
swarm than in Mayotte, Anjouan and Mohéli (~N160°) could result of
stress concentration at the tip of the N105° segment propagating to the
SE.

An important question that arises is whether these deformation
structures are newly-formed or whether they reactivate the pre-existing
fabric of the crust. Oceanic transform faults in the Somalia basin, north
of the Comoros archipelago, provide N140-150° inherited structures
(Phethean, 2016) candidate to reactivation as extension fractures.
However, the N105° Riedel-like lineaments cannot come from an
oceanic fabric, and require either neoformation, or a more complicated
scenario like the reactivation of a E-W-trending passive margin. In this
respect, the geodynamics of the Comoros area might be comparable to
that of the Canary archipelago, also interpreted as a mantle anomaly
interacting with the passive margin of western Africa under strike-slip
tectonics (e.g. Anguita and Hernan, 2000).

Another open question is why deformation localizes in tandem with
volcanism in the Comoros archipelago. Given the EM isotopic flavour of
Grande Comore (Class et al., 2009), it is likely that a plume-related
thermal anomaly weakens the lithosphere beneath this island. How-
ever, the other islands are more influenced by DMM and HIMU mixing,
which implies more lithospheric melting sources. Deformation might
play a feedback role in this dual signature, by weakening the litho-
sphere away from the mantle plume head, thus favouring the rise of
melts related to the thermal anomaly but unconnected to the EM
source. This scenario allows DMM-HIMU volcanism to occur simulta-
neously with EM volcanism along the zone of localized deformation,
which better explains the present-day volcanic activity of the GCVA
than the hotspot trail model.

The GCVA is a volcanic and seismic zone that connects the EARS to
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Fig. 7. Tectonic map of the Comoros archipelago, showing stress and paleostress regimes as Symax axes proportional to the quality of their determination (QRgy),
focal mechanisms prior to and during the ongoing seismic and volcanic crisis, volcanic cones, and alignments of volcanic cones and dykes. Also represented are
motion vectors of the Somalia plate relative to a fixed Lwandle block for different plate motion models, assuming the Comoros archipelago as built on a plate
boundary (1- (Horner-Johnson et al., 2007); 2- GEODVEL, (Argus et al., 2010); 3- GRSM v2.1, (Kreemer et al., 2014); 4- (Saria et al., 2014); 5- (Graham et al., 2018);
6- T25M, Wang et al., (2018)). The inset represents our interpretation of the study area as a right-lateral principal shear zone (PSZ) with secondary Riedel shears (R)

and extension fractures (T).

the Tertiary-to-Quaternary volcanism and rifting of northern and cen-
tral Madagascar (Fig. 1b). This connection to known plate boundaries
makes of the GCVA a candidate for the northern limit between the
Lwandle and Somalia plates, a limit recently used by Stamps et al.
(2018). Our study further substantiates this idea by identifying the
GCVA as a zone of right-lateral tear in the lithosphere. Considering the
GCVA as a plate boundary yields large (almost 90°) angular variations
in the predicted velocity field of Somalia relative to Lwandle in the
Comoros area depending on the chosen plate model (Fig. 7). This is
quite unsurprising because the lack of geodetic data on the Lwandle
plate — mostly covered by oceans, and the small relative motion of the
two plates, hampers a precise determination of Euler vectors (Horner-
Johnson et al., 2007; Morgan and Phipps Morgan, 2007; Saria et al.,

2014; Graham et al., 2018; Wang et al., 2018). Despite these limita-
tions, all the models yield a Somalia plate motion of 1.1-2.5 mm/yr
toward the ENE to SE relative to Lwandle in the Comoros area, which
implies a dextral transtension to transpression along the GCVA. Our
findings are consistent with this predicted relative plate motion. We
note that plate motion models based on interseismic geodetic data or
spreading rates along the South West Indian Ridge (e.g. Horner-
Johnson et al., 2007; Saria et al., 2014; Graham et al., 2018) predict
pure strike-slip or transpression along the GCVA, in better match with
our proposed kinematics than those based on hotspot tracks (e.g.
Morgan and Phipps Morgan, 2007; Wang et al., 2018). In this respect, it
is important to recall that the Comoros archipelago is always an outlier
hotspot track in these later models.



Based on all these lines of evidence (localization of volcanism,
seismicity, and deformation, stress and paleostress fields, and plate
kinematics), we conclude that the GCVA is more consistent with being
the northern Lwandle-Somalia plate boundary than being a hotspot
track. This plate boundary, initiated by a mantle thermal anomaly, is
probably still in an incipient state of strain localization, the reason why
its interpretation remained so controversial. The connection of this
dextral strike-slip fault zone to the Kerimba grabens toward the west,
and to the volcanism and grabens of northern Madagascar toward the
east, will require further investigations to improve the location and
kinematics of the Lwandle-Somalia boundary. More work is also needed
to determine whether this limit is in transtension, pure strike-slip or
transpression. Nevertheless, the practical implication of our study is
that the GCVA, and particularly the Mayotte-Anjouan area, is a tecto-
nically active zone. The likeliness and consequences of a right-lateral
reactivation of the ~N110° structure east of Mayotte should therefore
be included in any hazard assessment plan of the region, as is its vol-
canic activity.

6. Conclusion

Our combined stress inversion of earthquake focal mechanisms,
deformation structures, and intrusions, reveals that the Comoros ar-
chipelago undergoes a generalized dextral shear deformation with a
NW-SE-directed maximum horizontal stress, active since at least the
past million years. From the examination of digital surface models and
intrusion data, we identified two trends of preferential volcanic vents
repartition onshore and offshore in the Comoros area: a N105° trend of
up to 100 km-long lineaments, and a N145° trend of <60 km-long, en
échelon segments. Taken together, our results indicate that the Comoros
archipelago is an approximately E-W zone of right-lateral wrenching of
the lithosphere. Among the major implications of this finding, one is
that the volcanic chain running from Northern Madagascar to the
Comoros is not a classical hotspot track, which explains why it is always
an outlier in absolute plate motion models based on hotspot trends.
Rather, we propose that the Comoros archipelago represents the
northern boundary between the Lwandle and Somalia plates. This E-W,
right-lateral boundary, consistent with plate motions, is still in an im-
mature state, the reason why it was interpreted as a hotspot trail.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2020.228539.
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