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OPGC, Clermont-Ferrand, France, 4CNRS, EPOC, UPHE, UMR 5805, Université de Bordeaux, Pessac, France, SCNRS-
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Abstract Two volcanic provinces have been recently discovered during the SISMAORE oceanographic
cruise in the Comoros archipelago in the North Mozambique Channel between Madagascar and East Africa:
N’Droundé, along the North-eastern insular slopes of Grande Comores Island and Mwezi, in the abyssal plain,
north-east of Mayotte and Anjouan islands. By combining bathymetry and backscatter data, high-resolution
seismic reflection and sub-bottom profiles, we have identified and mapped various tectonic (faults, forced folds)
and volcanic structures (lava flows, edifices, sills, dykes) at several spatial scales on the seabed and in cross-
section within the sedimentary cover. We have characterized the volcano-tectonic structures (geometry,
segmentation, and kinematics) to better understand the link (geometry, chronology) between tectonic and
volcanic processes. We show that volcanic and tectonic features are controlled by tectonic processes and vice-
versa. Ridges, volcanic cones and lava flows are set up along fissures and dikes during main rifting events to
accommodate a N40°E regional extension within an E-W right lateral shear transfer zone. The volcano tectonic
features are Plio-Pleistocene. This transfer zone lies between the offshore branch of the East African rift system
and Malagasy grabens and may have formed when the East African rifts propagated offshore. We evidence a
major rifting episode in the last Ma. The estimated volume and flux of extruded lavas show that the volcanism of
the Comoros could be related to shallow tectonic processes.

1. Introduction

As in many regions of the world, the origin of intraplate volcanism in the Comoros archipelago (North
Mozambique channel, between Madagascar and East Africa) is poorly understood and opposing models have
been proposed (Deep mantle plumes vs. surface processes). Interest in the submarine domain of this area was
renewed after the largest submarine eruption ever documented occurred off Mayotte in the Comoros archipelago
and gave birth to a new volcano (Fani Maore) in 2018 (Feuillet et al., 2021). At least 6.5 km? of basanitic magma
was extruded in a few months from deep mantle reservoirs (Berthod et al., 2021; Feuillet et al., 2021; Lemoine
et al., 2020), a volume larger than the recent massive basaltic 2018 Hawaii and 2020 Iceland eruption (Dietterich
etal., 2021). The Fani Maore eruption came as a surprise in a region where no other historical eruptions have been
documented, with the exception of Karthala on the island of Grande Comores. Several hypotheses have been put
forward to explain the origin of the Comoros archipelago: Emerick and Duncan (1982) inferred that it was part of
a hotspot track: Nougier et al. (1986) proposed that it resulted from the reactivation of old late-Triassic and early-
Jurassic fractures zones inherited from the opening of the North Mozambique Channel (Nougier et al., 1986) and
more recently, Michon (2016) suggested that it belongs to the East African Rift System (EARS, Michon, 2016).
Since the discovery of the new volcano, a large amount of geological and geophysical data has been collected
during several campaigns at sea (MAYOBS, Rinnert et al., 2019, GEOFLAMME, Rinnert et al., 2021; SIS-
MAORE, Thinon et al., 2020). Those data provided evidence of Paleogene to Quaternary volcanic activity in the
entire archipelago (Feuillet et al., 2021; Masquelet et al., 2022, 2023; Rusquet et al., 2023; Thinon et al., 2022)
that contributed to the edification of the volcanic islands during several volcanic phases, which are coeval to those
in the EARS and in Madagascar (Michon et al., 2022). Chauvel et al. (2024) showed that the volcanic products
(basanite, tephri-phonolites and phonolites) emitted off Mayotte during the 2018 eruption (and earlier in the
region) came from the melting of a carbonated mantle source common to the African rift. These recent discoveries
contradict the oldest hotspot model and suggest a relationship between the offshore branch of the EARS, the
Comoros archipelago and the rifts in Madagascar (Feuillet et al., 2021; Michon, 2016; Michon et al., 2022). Such
interactions share similarities with other rift-to-rift interactions observed in the EARS (such as the Rukwa and
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Mweru-Wantipa rifts, Ajala et al., 2024; Kolawole & Ajala, 2024) but at greater distances. However, the way in
which these main systems interact with each other is not yet understood as we are missing high resolution multi-
scale characterization of the volcano-tectonic structures in the Comoros archipelago. Block models of the Global
Navigation Satellite System (GNSS) showed that several lithospheric plates exist in this region (Victoria, Nubia,
Lwandle, Rovuma, Somalia, Calais et al., 2006; Saria et al., 2014; Stamps et al., 2018, 2021, inset of Figure 1a).
The nature, location and kinematic of the plate boundaries are however still unprecise in the Mozambique channel
although several deformation models have recently been proposed in the literature: (a) from the identification of
various tectonic structures (Riedel shear, en-échelon tension cracks and folds), Famin et al. (2020) inferred that
the Comoros archipelago lies on an immature right-lateral transpressional boundary between Lwandle and So-
malia plate; (b) Stamps et al. (2021), based on GNSS models, rather concluded that this boundary is a 1,000 km
wide diffuse zone of deformation including the archipelago; (c) Thinon et al. (2022), from spatial distribution and
orientation of vast volcanic provinces along the Comoros archipelago (see details later in part 2), inferred the
existence of a dextral shear corridor along an immature plate boundary (dashed zone in the inset of Figure 1a); (d)
Feuillet et al. (2021) proposed an alternative model and inferred an E-W striking right-lateral transtensional
transfer zone between the EARS offshore branch and the Malagasy rift (i.e., Aloatra-Ankay grabens, Ambre
Massif, Figure 1b). The extensional and oblique structures (NNW-SSE-striking step overs and E-W diffuse relay
zones), accommodating the deformation in this transfer zone, guide the emplacement of volcanic products and
constitute high-permeability zones where reservoirs and magma plumbing systems could develop. This later
hypothesis implies that the volcanism in the Comoros could be in part controlled by extensional strain, conserved
along an 800 km-long transfer zone between main rift segments of the EARS.

Transfer zones between rift segments were mainly identified and documented in the continental domain along the
EARS (i.e., Kolawole & Ajala, 2024; Kolawole et al., 2021; Nelson et al., 1992, and reference therein) and studied
via analog sand box models (Acocella et al., 2005; Corti, 2012; Corti et al., 2007; De Souza Rodrigues
et al., 2023). They are a wide zone of diffuse complex deformation of various styles and geometries (extensional,
strike -slip oblique) within overlapping or underlapping rift segments (Corti, 2012; Kolawole et al., 2021 and
reference therein). In the offshore domain, oceanic ridges interact each-others via transform fault systems. Analog
models showed that their nature and geometry depend on several parameters (thickness and basal topography of
the lithosphere, presence of inherited structures and other weakness zones in the lithosphere). However, they are
still poorly documented in the offshore domain because we often miss high resolution marine data to describe the
associated volcano-tectonic structures at several spatio-temporal scales.

Here we used a new marine data set acquired in 2021 during the SISMAORE cruise (Thinon et al., 2022) to
document, with an unprecedented resolution, the volcano-tectonic processes in the Comoros archipelago and
particularly in two vast volcanic provinces (N’Droundé and Mwezi), recently unveiled (Thinon et al., 2022). By
combining bathymetry and backscatter data, high-resolution seismic reflection and sub-bottom profiler data, we
first identified and mapped various tectonic (faults, forced folds) and volcanic structures (Ridges, lava flows,
volcanic cones, sills, dykes) at various spatial scales (from meters to hundred kilometers) on the seabed and in
seismic sections within the sedimentary cover. We defined major volcano-tectonic structures. We then analyzed
their distribution, geometry, segmentation, kinematics and evolution to determine the style and mechanism of the
active deformation. The orientation of the regional stress field is deduced from a mechanical model of major dyke
systems. Finally, we discuss the volcano-tectonic processes at play and the origin of the Comorian volcanism as
well as the implications for the kinematics of the EARS system and the geodynamics in the area.

2. Geological Setting and Main Submarine Structures in the Comoros Archipelago

The Comoros archipelago is located in the North Mozambique Channel. This Channel opened to accommodate
the East Gondwana breakup between the late-Triassic and early-Jurassic (Gibbons et al., 2013; Lawyer
et al., 1991). The archipelago is composed of four main volcanic islands (Grande-Comore, Mohéli, Anjouan and
Mayotte) and submerged features (Zélée-Geyser banks, the Vailheu seamount, and the Jumelles, Domoni,
Chistwani, Safari and East Mayotte volcanic chains, e.g., Feuillet et al., 2021; Thinon et al., 2022; Tzevahirtzian
etal., 2021) which lie in the abyssal plain, straddling the Somali basin and the Comoros basin (Figure 2). Volcanic
activity initiated 28 Ma ago in Mayotte and extended eastward to form Anjouan and Moheli islands 9 Ma ago
(Masquelet et al., 2023). The island of Grande Comores, where lies the active Karthala volcano, is the youngest
island of the archipelago (~2 Ma, Masquelet et al., 2023). Volcanic activity is still present today, as evidenced by
the occurrence of several eruptions since the early 18th century at the Karthala volcano (Bachelery, 1995;
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Figure 1. The East African Rift System (EARS): Tectonic and geodynamic context of the Comoros Archipelago (Northern
Mozambique Channel between the Africa and Madagascar). Shaded topography and bathymetry from (@ GEBCO 2022,
https://doi.org/10.5285/e0f0bb80-ab44-2739-e053-6¢86abc0289c¢). (a) The major regional Cenozoic structures in the area
(red and lines) with names are redrawn and simplified from Michon et al. (2022), Klimke and Franke (2016), Courgeon
et al. (2018), Mougenot et al. (1986), Franke et al. (2015), Bésairie (1957), Piqué et al. (1999), and Kusky et al. (2010))
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and references therein. Inset: Major lithospheric plates in the area from Stamps et al. (2021). Dashed lines suggest a
diffuse plate boundary (Stamps et al., 2021) and highlight the corridor of volcano-tectonic deformation as defined by
Thinon et al. (2022). (b). Close up view of the regional fault systems focusing on the Volcanic Comoros archipelago.

Structures and references as in (a) but presented in more detail. Main Cenozoic basins of the offshore branch of the EARS

(Kerimbas -K-and Lacerda -L grabens) and in Madagascar (Aloatra-Ankai (A) and Antongil Bay grabens (X)) are
indicated by yellow patches. Focal mechanisms from the CMT database (Ekstrom et al., 2012) redrawn from Lemoine

et al. (2020) in red. The Cenozoic volcanic systems and seamounts are indicated with red patches of seamounts (St-Lazare
(SL) and Paisley (P)). Dashed N-S black line: Paleospreading direction within the seafloor fabric from Davis et al. (2016).

North of the Comoros archipelago, the crust is oceanic (Masquelet et al., 2023 and reference therein) and Jurassic

(between 150 and 120 Ma, Davis et al., 2016).
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Bachelery, Morin, et al., 2016; M. Krafft, 1982) and recently off Mayotte. Pleistocene volcanic activity has been
documented in all islands of the archipelago (Rusquet et al., 2025), along with younger volcanic products of
Holocene age in Grande-Comores (La Grille volcano, Bachélery, Lenat, et al., 2016) and in Anjouan (Quidelleur
et al., 2022). In Mayotte, before the eruption, the only evidence of Holocene activity was a 7 ka-yr old-tephra layer
found by coring in the lagoon (Zinke et al., 2003).

The “background” (i.e., in the absence of volcanic unrest or eruption) seismicity rate is low in the area. Only a few
focal mechanisms were calculated for the main magnitude class 5 earthquakes (Figure 1b). They are compatible
with strike-slip and normal faulting and are distributed in an E-W corridor along the Comoros archipelago
(Bertil & Regnoult, 1998; Bertil et al., 2022; Lemoine et al., 2020).

In the offshore domain, the high-resolution marine data of several geophysical marine cruises (BATHYMAY,
Audru et al., 2006; SHOM (Shom, 2016. Projet Homonim http://dx.doi.org/10.17183/MNT_MAY 100m_
HOMONIM_WGS84), MAYOBS, Rinnert et al., 2019, SISMAORE, Thinon et al., 2020) revealed the existence
of various volcanic and tectonic structures on the insular shelf of Mayotte (Audru et al., 2006; Feuillet et al., 2021)
and in the entire archipelago (Thinon et al., 2022; Tzevahirtzian et al., 2021). East of Mayotte, these volcanic
structures compose an E-W to N140°E-striking volcanic ridge that results from an NE-SW regional extension
(Feuillet et al., 2021). Long and narrow volcanic chains were documented in between the main islands of the
archipelago (The N140°E Safari, the N70°E Chistwani, and the N160°E Domoni ridges) along with vast volcanic
provinces in the Somali basin north of the archipelago: (a) N'Droundé, along the north-eastern island slopes of
Grande Comores, and (b) Mwezi, in the abyssal plain, north-east of Mayotte and Anjouan (Thinon et al., 2022;
Figure 2). The Mwezi province is 100 km -long and 60 km-wide and lies between 3,400 and 3,200 m below sea
level (BSL, Figures 3a and 3b). It is located in the prolongation of the Jumelles volcanic chains and is elongated in
the N130°E direction. The N’Droundé province (Figures 4a and 4b) extends over a 40-km-wide and 100-km-long
area. It is composed of three NNW-SSE-striking volcanic chains lying between a depth of 735 and 3,400 m BSL.
The westernmost chain emplaced on the northern slope of Grande Comore Island. Others are in the abyssal plain
between a depth of 3,100 and 3,400 m BSL. Thinon et al. (2022) identified various types of volcanic edifices
(cones, ridges, lava flows) and tectonic structures (faults, dome-shaped forced folds) in both provinces (see
descriptions later in the text). Some are young, as attested by the K-Ar dating of a fresh rich-gas basaltic rock
sample dredged on the flank of one of the edifices in the Mwezi volcanic province (~200 ka, Rusquet et al., 2025)
or along the flanks of the Jumelles volcanic chains (between ~200 ka and 1.4 Ma, Berthod et al., 2021; Rusquet
et al., 2025; Thinon et al., 2020, 2022; Figure 2).

3. Data, Processing, and Methodology

We used a part of the SISMAORE oceanographic cruise data set acquired in the Mwezi and N’Droundé
provinces. The cruise (December 2020 to February 2021) onboard the Research Vessel Pourquoi Pas (Thinon
et al., 2020) acquired about 80,000 km? of multibeam bathymetry and backscatter data with the vessel
mounted Multibeam Echosounder System (MBES RESON 7150 at 12 or 24 kHz) in the North Mozambique
Channel abyssal plain around the Comoros archipelago. In addition, 10,000 km of sub-bottom profiler (SBP)
data and 6,730 km of 48-channel seismic reflection profiles were acquired simultaneously along the same
navigation lines.

3.1. Bathymetry and Backscatter

We carried out a detailed analysis of the seabed by jointly analyzing bathymetric digital elevation models (DEM)
and backscatter mosaics provided by Thinon et al. (2022) with a resolution of 30 m (Figures 3 and 4; Figure S1-2
in Supporting Information S1).

Although the backscatter signature (intensity of the retrodiffusion) can be influenced by the topographic slope of
the seafloor (Urick, 1983), it provides information on both the texture (roughness) and potential nature of the
seafloor: Stronger intensities (colors: white to light gray) indicate a hard bottom, like volcanic rocks, while
weaker intensities (colors: dark gray to black) indicate a soft bottom, like loose sediments (Augustin, 1997;
Augustin et al., 1996; Dugelay et al., 1996; Lurton, 2002). For a systematic and homogeneous interpretation of the
backscatter map, we defined five facies in our study areas (Table S2 —1 in Supporting Information S1).
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Figure 2. Topography, bathymetry and main physiographic features along the Comoros archipelagos. Bathymetry with
shaded slope from SISMAORE campaign superimposed on the bathymetry SHOM-2022 compilation (lighter colors). V:
Vailheu mount, D, C, S: Domoni, Chistwani and Safari chains, respectively, Thinon et al., 2022), EMVC (East Mayotte
Volcanic Chain (Feuillet et al., 2021): Orange triangle and squares: SISMAORE cores and dredges, respectively, red triangle
SCRATCH core (Berthod et al., 2021), yellow triangle MOZAPHARE core (Lancelot, 1996). The black contoured
rectangular boxes indicate the extent of Figure 3 (Mwezi area) and Figure 4 (N’Droundé area).

Bathymetric maps with slope values (Figures 3a and 4a), topographic profiles and backscatter facies were used to
identify and measure various volcanic and tectonic structures (Figures 3 and 4). The data set and interpretation
were gathered in a GIS software (ArcGIS software, Environmental Systems Research Institute (ESRI) (2012).
ArcGIS Release 10.2.1.)

3.2. 48-Channels Seismic and Sub-Bottom Profiler Data

We interpreted 26 SISMAORE 2D 48-Channel seismic reflection profiles (10 knots velocity, two guns, details for
acquisition parameters are provided in Thinon et al. (2020, 2022), see locations and uninterpreted profiles in
Supplementary 3 in Supporting Information S1). We used the post-stack time migrated seismic profiles (constant-
velocity of 1,500 m.s™!) with vertical and horizontal resolutions of about 510 m (signal thickness) and 12.5 m
(inter-CDP distance), respectively. The signal penetrates depths of about 3 s Two Way Travel Time (s. TWTT)
below the seafloor (i.e., ~4 km with the average velocity 2,500 m.s~! from Masquelet et al. (2022)). Most of the
profiles are parallel and NW-SE oriented. They are crossed by a few EW-striking profiles, allowing correlations
between them.

At the location of the 48-channel seismic lines, we also interpreted the Sub-Bottom profiler data (SBP; see lo-
cations and uninterpreted profiles in Supplementary 4 in Supporting Information S1), which provide a 2D very-
high-resolution image (5 m in. horizontal and 25-30 cm in vertical) of the subsurface until 0.1 s TWTT below the
seafloor (i.e., up to 85 m in using an arbitrary velocity 1,700 m.s™").

The seismic interpretation was performed using the IHS Kingdom software®. The main seismic unconformities
and specific seismic reflectors in the 48-channel seismic and SBP were correlated from one profile to another. The
identification of seismic facies and seismic units is based on the seismic stratigraphic principles from Mitchum
et al. (1977) and is presented in Supplementary 5 in Supporting Information S1.

3.3. Age of the Seismic Reflections and Units From Coring Data

The ages of the major seismic horizons were estimated by using the sedimentation rates available from the
sediment cores MD96-2067 (21.5 m-long, MOZAPHARE cruise, Lancelot, 1996) and MD21-3602 (32 m-long,
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Figure 3. Bathymetric and backscatter maps in the Mwezi area (a, b). Black rectangles: subareas identified in each of these
provinces are indicated: from west to east M1, M2, M3 in Mwezi. Red lines: locations of the topographic profiles A-A” and
B-B’ presented in (c) and (d). Black boxes: location of the bathymetric and backscatter close-up views presented in Figure 5.
Topographic profiles A-A” (c) and B-B’ (d) and main topographic features across the Mwezi (a, b) provinces.
SCRATCH cruise, Berthod et al., 2021). Those rates, determined by Oxygen isotopic stratigraphy, are ~5.4 and
3.1 cm/ka for the hemipelagic section in the cores MD87-2067 and MD21-3602 over the last 200 and 1,000 ka,
respectively (see Figure S6-1 in Supporting Information S1 for details). By correlating the main sedimentary units
observed in the cores to the main seismic horizons observed in the sub-bottom profiler data, we proposed an age
for each reflector (Supplement 6 in Supporting Information S1).
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Figure 4. Bathymetric and backscatter maps in the N’Droundé area (a, b). Black rectangles: subareas identified in each of
these provinces are indicated: from west to east N1, N2, N3 in N’Droundé. Red lines indicate the location of the topographic
profile C-C’ presented (c). Topographic profile C-C’ (c) and main topographic features across the N’Droundé province. The
extend of N1, N2, and N3 areas are indicated on the topmost part of (a).

4. Results and Interpretations
4.1. Main Characteristics of Volcanic and Tectonic Features in Bathymetry, Backscatter and Seismic Data

Most of the volcanic and tectonic structures have been identified and interpreted in the Mwezi and N’Drounde
provinces using bathymetry, backscatter and seismic data by Tzevahirtzian et al. (2021) and Thinon et al. (2022).
In the following section, we present them briefly. Tens of seamounts of various shapes (cones, flat dome, irregular
or crescent shape edifices, elongated ridge, star-shaped volcanoes) up to 3 km-wide, 5 km-long, 800 m-high are
observed on the seafloor (Figures 5a, 5b, 5c, and 5e). Some are highly reflective in the backscatter. Seamounts can
coalesce to form several kilometers-wide complex volcanic features that are sometimes aligned in a NW-SE
direction (Figure 5a). Numerous forced folds (folds associated with the bending and uplift of the sedimentary
pile appearing as dome shaped structures (Priyadarshi et al., 2022)) are observed in the region (with a higher
occurrence at Mwezi). These are large, flattened, circular or oval domes with a maximum height of 30 m and an
average width of 5-6 km (Figures 5d and 5f). They display low reflectivity in the backscatter. Some of them
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Figure 5. Bathymetry (left panels) and backscatter (right panels) of the main volcano-tectonic features identified in the
Mwezi and N’Droundé volcanic provinces. Topographic cross-sections in the bottom panels with locations of the profiles on
bathymetric and backscatter maps above (a) an alignment of conic-shaped seamounts. (b) A crescent-shaped breached
seamount, possibly with evidence of volcanic flank collapse. (c) A cone-shaped seamount coalescent with two perpendicular
ridges. (d) A forced fold (part of the “A” structure identified Figure 3a). (e) A 4 m-wide narrow graben and a star-shaped
volcanic edifice. (f) Highly reflective lava-flows (facies B2 to B4, Table S2-1 in Supporting Information S1), a forced-fold
and a fault scarp that are visible only in the bathymetry.

coalesce to form wider structures (e.g., structure “A,” 35 km long, 60 m high, oriented N°130’E, purple ellipse in
Figures 3a and 5d). Deci-kilometric lava-flows have been emplaced in the Mwezi province (Thinon et al., 2022).
They are flat and indistinguishable in our bathymetry, the vertical resolution of which is too low. However, they
are very clear in the backscatter data due to their high reflectivity, which is typical of fresh lava flows on the
seabed (Gonidec et al., 2003; Wright et al., 1996).

In both provinces, sharp scarps have been identified and interpreted as fault scarps (Thinon et al. (2022). In the
Mwezi provinces, they are oriented N130°E or NS and are up to 40 km-long and 15 m- high (Figures 5e and 5f).
Some faults form grabens, 12—-15 m wide. In N’Droundé province, the scarps are less numerous, smaller (up to
5 km-long, 5 m-high), and oriented N160°E.

These volcanic and tectonic structures disrupt or affect the up to 2 s. TWTT-thick sedimentary cover and are
identifiable in the seismic profiles (Figures 68, Supplements 3 and 4, seismic facies in Table S5-1 in Supporting
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Figure 6. Interpretation of the SISMAORE 48-channel seismic reflection profiles. (a and b) Regional composite seismic profile (with a bathymetric band above) ((a) AB
(MAORO070), BC (MAORO075), CD (MAORO053), and (b) EF (MAORO77) across N’Droundé, the northern Comoros abyssal plain and Mwezi and zooms (al), (a2), (b1)
below. In Beige: the thin layered seismic (sedimentary) unit U1 (facies F1 Table S5-1 in Supporting Information S1, average thickness of 33 ms. TWTT; ~28 m in using
an arbitrary velocity of 1,700 m.s™"). In yellow: Seismic unit U2 (average thickness: 200 ms. TWTT thick —170 m thick using an arbitrary velocity of 1,700 m.s™") with
seismic facies characteristic of layered sediments (F2a and F2b in Table S5-1 in Supporting Information S1). The base of the unit U2 is a high-amplitude reflector (5 Ma
old H2). In brown: the lower seismic unit U3 (on average 1.66 s. TWTT; ~2 km in using an arbitrary velocity of 2,500 m.s ") with layered seismic facies characteristics
of sediments (F3a and F3b, in Table S5-1 in Supporting Information S1). The U3 unit rests on the top of the acoustic basement in green (Hbs reflector, attributed to the
oceanic crust by Masquelet et al. (2023)). Purple, red and blue lines: main seismic horizon H1 (200 ka), Hi2 (1 Ma), H2, (5 Ma). Sub-horizontal thin black lines: internal
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Information S1). The sedimentary cover is made of three main seismic units (U1, U2, U3), separated by two main
horizons: H1 and H2, 500 ka and 5 Ma old respectively (see details on age estimation in Figure 8 and Supplement
6 in Supporting Information S1). A major 1Ma-old reflector (Hi2), internal to the seismic unit U2, is also present
throughout the area (Hi2 Figures 6-8). The sedimentary cover is intruded by saucer-shaped, inclined or stratified
sills (“S-events,” Acocella, 2021; Infante_Peiz & Marfurt, 2017; Magee et al., 2013; Medialdea et al., 2017;
Preine, Hiibscher, et al., 2022; Preine, Karstens, et al., 2022; Thomson & Hutton, 2004). As observed elsewhere in
the world (Shoulders & Cartwright, 2004; Stearns, 1978; Trude et al., 2003), the dome-shaped forced folds are
linked to these intrusive sills. During their emplacement, the sills uplifted and faulted the sedimentary cover
forming anticlines up to 5 km wide, and 20 m high (Figures 6a2, 6¢2, and 7b, Figure S3-13 in Supporting In-
formation S1). Lava flows are located within or above a thin sedimentary cover. The conic-shaped edifices and
ridges are characterized by a sharp topography. Their bodies are low-reflective and heterogeneous, whereas their
summit is a rough, high amplitude reflector (Figures 6 and 7, Figure S3-23 in Supporting Information S1). They
may coalesce and/or stack up to form a large zone with a complex seismic signature with both strongly and
weakly reflective zones (high amplitude at summit and low amplitude for the magmatic pipes, Figures 6 and 7,
Figure S3-22 in Supporting Information S1). These complex internal seismic architectures have been interpreted
as stacked volcanic events emplaced during several episodes (Masquelet et al., 2022). Dykes (or Non-Offsetting
Discontinuity NOD in seismic interpretations, Bosworth et al., 2015; Kirton & Donato, 1985; Magee & Jack-
son, 2020; Wall et al., 2010) intrude the sedimentary cover (Figure 6b; Figure S3-24 in Supporting Informa-
tion S1). Some lie below the narrow graben observed in the bathymetry (on Figure 6b, the antithetic normal faults
system roots on the dyke at 5.25 s. TWTT depth, ~560 m below seafloor using a velocity of 2,000 m.s~"). The
normal faults have a high apparent dip angle (60—-80° using a velocity of 1,500 m.s~'). They offset the internal
reflectors of the sedimentary units by 7 ms and 20 ms TWTT (i.e., 6-20 m using a velocity of 1,700 m.s™").

This geometry has been observed elsewhere in the world by Bosworth et al. (2015) and Magee and Jackson (2020)
who argued that narrow linear grabens can form above the dikes as they penetrate and propagate in the sediment.

The volcano-tectonic structures interact with each-others. The sills can be linked together by dykes (Figures 6a2
and 6b1) which take root either at the tips of the sills or at their roofs (see Figure 7a2). The magma is transported
by dikes from a sill to another one into the sedimentary cover until it reaches the surface, creating volcanic
edifices of various shapes and lava-flows sometimes directly above sills (Figures 6a2 and 7b). The faults guide the
emplacement of the volcanic products are those are mainly observed along normal faults (Figure 6b, with a
striking example Figure S4-4 in Supporting Information S1).

reflectors of the seismic U3; sub-vertical black lines: faults; dashed black line: inferred faults. Red patches: sills characterized by high-amplitude seismic reflectors
(thickness of at most 50 ms. TWTT, ~50 m in using a velocity of 2,000 m.s_'). Note that the sills act as a seismic screen, attenuating or disturbing the seismic facies of the
underlying units (Facies Fi, Table S5-1 in Supporting Information S1). Dark purple and thin orange patches: lava flow, volcanic cones and ridges. The cones and ridges
have sharp topography, a summit underlined by a rough high amplitude reflector (sea also Figure S2-23 in Supporting Information S1) and a low-reflective and
heterogeneous seismic facies (Fi, Table S5-1 in Supporting Information S1). Two types of lava are identified: one in purple (average thickness of 30 ms. TWTT; 125-m in
using the velocity of 4,000 m.s~' from Masquelet et al. (2022)) is characterized by a rough high-amplitude top, a continuous high-amplitude and low-frequency base and a
chaotic low-amplitude internal seismic facies (facies Flava.l, Table S5-1 in Supporting Information S1). The second type in orange is the flat, characterized by high
amplitude and low frequency reflectors (facies Flava.2 Table S5-1 in Supporting Information S1). Vertical pink patches (with dashed vertical red lines in zooms): vertical
perturbations of the seismic units with interruption of the signal, wedges of reflectors and/or an anomalously low seismic amplitude (Fs facies, Table S5-1 in Supporting
Information S1): dykes (Magee & Jackson, 2020), magma conduits (Infante-Paez & Marfurt, 2017) or seal bypass system (e.g., Masquelet et al., 2022). Pink polygons:
areas where the seismic facies of the seismic unit beneath the main volcanic edifices and ridges are disturbed (either because volcanic products act as a seismic screen -
acoustic blanking- or the propagation velocities are very heterogeneous and induce pull-up artifact). (al) Saucer-shaped and layered parallel sills into the sedimentary
cover, and forced folds sealed by the seismic unit Ul in the N’Droundé province. (a2) sills at various depths associated with several generations of forced folds in the
Mwezi province. Some forced folds, also visible in the bathymetry, are very recent (the seafloor in folded and uplifted along with the main most recent sedimentary units).
Some are older, sealed by sediment layers of U2 unit, which reflectors onlap U3, H2 being locally an angular unconformity. Note that at this place a dyke roots on a sill and
reaches the surface beneath lava-flow and cone (purple). (b1) A symmetric graben (bounded by an antithetic fault system) with an intrusive dyke and a sill below.

(c) interpreted GH (MAORO002) seismic section and zooms (c1), (c2) perpendicular to the Mwezi depression and across the boundary fault (BF) with forced fold,
symmetric graben reaching the seafloor (with faults scarps visible in the bathymetry), dikes and sills seating deeper within the sedimentary cover, lava flows (with facies
Flava.2). The scarp of the BF fault is steep (70°), 200 m-high scarp (Figure 4a), N130°E striking and segmented. Across the scarp, the seafloor, the unit U1 and base of the
volcanic seamounts are offset by up to 300 m. C1 and C2 volcanic edifices along the border fault; C1 sealed by Hi2 (red) is older than C2 (emplaced above (Hi2, red).
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Figure 7. Interpretation of the SISMAORE 48-channel seismic reflection profiles in the N’Droundé province, symbols and colors as shown in Figure 6. (a) 1J,
MAORO070 seismic section across the major NNW-SSE topographic ridges N1, N2b, and N2¢ with numerous volcanic cones at the seafloor and a low reflectivity
seismic facies beneath (acoustic blanking). Normal faults (F being the major one) offset the seafloor, separating N1 and the N2c ridges. Beneath the N2b ridge, the
seismic reflectors are disrupted by a dyke intrusion. At the NNE end of the seismic profiles, a symmetric graben with its antithetic faults, forced folds and a large set of
sills at various depths are observed. (al) Close-up view of the seismic profile on ridges N2c and N2b that shows that the volcanic cones composing the ridges are partly
covered by the seismic unit Ul and the H(X?) 1 Ma old horizon. (a2) Close-up view of the seismic profile showing a staircase of sills. (b) Interpretation of the seismic
profile CD (MAORO066) across the southern end of N1 ridge and the abyssal plain. The volcanic cones and the lava flows composing the ridge are sealed by the Hi2 (red)
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4.2. Kinematics and Evolution of Volcano-Tectonic Systems in Mwezi Area
4.2.1. Nature and Geometry of the Structure

Detailed analysis of the morphology, orientation and organization of the volcanic and tectonic features of the
Mwezi province has enabled us to distinguish three sub-zones (M1, M2, M3, along the average NW-SE trend of
the volcanic province (Figures 3 and 9 with zooms in supplementary material 1 and 2 in Supporting
Information S1).

Subarea M1 is the Southeastern part of the Mwezi province. It is made up of scattered and isolated seamounts and
is crossed by around 5 up to 15 km-long N130°E-trending narrow grabens. The seamounts and faults are located
in a depression 50 km wide and around 50 m deep (Mwezi depression, Figures 3c and 3d, which is bounded to the
south by the steep (70°), 200 m-high, NW-SE-trending escarpments of a major normal fault (the Border
Fault, BF).

50-100 m high seamounts have formed along the fault. Magma conduits or sets of dykes were set up along the
fault planes, which likely guided the ascending volcanic products. At some places, beneath the edifices, the
seismic reflectors are curved along the conduits (Figure S3-9 in Supporting Information S1). The sediments were
likely dragged along and deformed as the magma rose along the fault plane (Davies & Stewart, 2005). Pull-up
effect (artifact induced by high velocities) cannot be excluded, however. Volcanic intrusions along fault
planes have been described in other volcano tectonic settings (e.g., Kolumbo chain in Greece, Preine, Hiibscher,
et al., 2022; Preine, Karstens, et al., 2022; Taranaki Basin in New Zealand, Giba et al., 2013).

M2 subarea, in the center part of the Mwezi province, has the highest concentration of seamounts and lava flows.
The lava patches overlap and become increasingly reflective toward the north- west (Figure 3a, Figure S2-1 in
Supporting Information S1). This change in intensity (see facies Table S2-1, and S2-2 in Supporting Informa-
tion S1) may suggest that the lava flows get younger toward the Northeast (Figure 10) as older lava flows are less
reflective when covered by a very thin sediment layer (Mitchell, 1993). However, we cannot rule out the influence
of topography or nature of the lava. The numerous grabens observed in M1 extend into this sub-area. They may
cut through cones or lava flows, which implies that they post-date the emplacement of volcanic products on the
seafloor. Several volcanic cones are aligned with fault scarps, suggesting that the faults controlled the
emplacement of the volcanic products. For example, the shape of the L1 lava flow indicates that it flowed into a
graben (Figures 5f and 10; Figure S2-1 in Supporting Information S1). In places, volcanic products cover the fault
scarps and post -date them.

In M3 subarea, a large structure named “A” is a N110°E alignment of coalescent flat top domes (Figures 3a and
9a). We also observed an impressive set of very narrow linear grabens (1.5 km wide), 5 m deep and up to ~9 km
long, arranged radially (orientations from N110°E to N45°E) and departing from the central subarea M2
(Figure 9a). Below a graben, we observe a dyke (Figure 6b1). Although we were not able to image all the grabens
with seismic data, it is likely that these grabens are all coupled with a dyke which is rooted at the base of the
antithetic bounding fault (BF) system (in the center of the graben). These grabens formed during the propagation
of dykes.

4.2.2. Chronology of the Magmatic and Volcanic Processes

The architecture and stratigraphy of the volcanic structures in the Mwezi area indicate several phases of magmatic
and volcanic activity (Figures 6 and 8, Figures S3-9, S3-10, S4-3, S4-4, and S4-9 in Supporting Information S1).
The lava flows observed in the Mwezi depression in the central M2 subarea were emplaced above the 500 ka-old
seismic horizon H1, suggesting that they are younger than 500 ka (Figure 6). This is in agreement with the
~200 ka age of a basaltic lava sample dredged in this area (Rusquet et al., 2025). Three generations of forced folds
have been identified. The youngest generation folds the seafloor and is visible in the bathymetry because the post-
deformation sedimentary cover is thin or non-existent (“A” structure in zone M3, seismic profile CD, Figure 6a2,

reflector and are thus older than 1 Ma. An impressive set of saucer-shaped, layer parallel and inclined sills associated to forced folds is also observed. (b1) Close-up view set
of the deformed uppermost sedimentary layers above the set of saucer-shaped showing a generation of forced folds (and thus sill intrusions). The forced folds are sealed by
the Ul unit in the onlap. The H1 seismic reflector, base of the unit Ul and top of the forced fold, is uplifted and folded itself. In this case, it is locally an angular
unconformity. Meaning the deformation, and thus the sill intrusions occurred at or prior to 500 ka.
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Figure 8. (a) Interpretation of the Sub-Bottom Profiles (SBP, AB, profile MAORSDS002) in the Mwezi province across the volcanic cones C1 and C2, the border fault
BF, a forced fold and a narrow symmetric graben. (b) Close-up view of the forced folds (numbered 3), the lava flows (numbered 1 and 2) and the graben (numbered 4).
The main seismic horizons colored across the graben were correlated with the main sedimentary units identified in the core MD21-3602 (c). Red bars in (b) indicate the
place along the profile where the in-depth position of each colored horizon is compared across the faults to estimate their offset by faulting through time. (c) A core-like
sample in the SBP with the main seismic facies in beige colors compared to the main sedimentary units with ages (colors as for the main seismic horizons in (b).

(d) Black and red points (with lines as an interpolation) are the offsets of each colored seismic horizons across the bounding faults of the graben numbered 4 between
sections A and B and B and C, respectively (red line on b). All seismic horizons are offset by the same amount (about 8 m, estimated by using a seismic velocity of
2,000 ms™") implying that faulting postdates the sedimentation and is very recent. (e) Interpretation of the SBP profile CD (MAORSDS0070) in the N’Drounde
province across the N1, N2b, and N2c volcanic ridges. (f) Close-up view of profile showing that the volcanic cones of N1, N2b, and N2c are covered by the sediment pile
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Figure S4-9 in Supporting Information S1). The forced folds of the second-generation are covered by a thin post-
200ka sedimentary layer (Figure S4-9 in Supporting Information S1). The oldest third generation is covered by
the seismic unit U2, which internal reflectors onlap the 5 Ma-old H2 horizon when folded (Figure 6a2). This
indicates at least three magmatic events (5 Ma, older than 200 ka and younger than 200 ka). This is a minimum
number, however, because (a) our observations depend on our data network and its resolution, so it is possible that
we have missed some generation of forced folds; (b) A forced fold can be cumulative, resulting from stacks of sills
from different generations (Magee et al., 2013); (c¢) Sills can intrude the sediments without deforming them
(Magee et al., 2013).

The Sills are concentrated mainly in the U2 and U3 seismic units at four main depths: around 5.25 s. TWTT, 5.5 s.

TWTT and 6 s. TWTT and 6.3 s. TWTT (i.e., ~6.6, 6.9, 7.5, and 7.9 km-depth BSL using a velocity of 2,500 m.
—1 .

s, Figure 11).

At least two generations of volcanic edifices are observed in the M1 subarea: C1 along the BF and C2 in the
Mwezi depression. C1 lies below the Horizon Hi2 (red) whereas C2 lies above, implying that C1 emplaced before
1 Ma and C2 after 1 Ma (Figure 6¢, Figure S3-9 in Supporting Information S1).

Both cones are covered by the seismic unit U1, suggesting that the eruptions occurred before 500 ka.

The graben observed in the M1 subarea are very recent and their BFs offset the most recent sedimentary layers and
the seafloor by the same amount (~8 m, Figure 8a). Although it was not possible to observe the associated dikes
below the graben in subarea M1 because they are likely deeper than in the M3 subarea (the grabens being wider),
we inferred that these grabens were also formed by dyke intrusion.

4.2.3. Estimation of Dikes Opening Values and Lava Flow Volumes

Given the dip of the graben BF in M1 subarea (60—80°), an offset of 8 m along them would mean that the dike
below has opened by 8 = 5 m. We identified four main grabens in the Mwezi depression in the M1 subarea. Their
BFs offset the most recent sediments by 8—10 m. We estimate grossly a total opening of ~32 + 20 m of the system
of dikes.

We calculated the volume of lava at the surface (32 km®) by multiplying the total surface area of the lava flows
estimated from the backscatter map (708 km?) by the average thickness of a lava flow estimated from seismic data
(45 m using seismic velocities of 2,000 m.s~"). By multiplying the average thickness of a sill of the Mwezi
volcanic field (65 m thick using velocity of 2,000 m/s) by the total forced folded surface in bathymetry (493 km?,
by making the assumption of the surface of a forced-fold being an indicator of that of the sill below), we estimate
the volume of magma in sills (32 km>—volumes intruded in the lithosphere, under the sedimentary cover are not
accounted). The ratio between intruded and extruded volumes is 1:1. This is a rough estimation however as the
volumes of the dykes are not included (we have no information on their depth extension). The ratio may be lower.

4.3. Kinematic and Evolution of Volcano-Tectonic Systems in N’Drounde Area

Three main subareas (N1, N2, N3 Figure 4a, Figure S1-2 in Supporting Information S1) are defined in the
N’Droundé province from the distribution and arrangement of volcano-tectonic structures.

N1 is a morphological ridge, 70 km long and 13 km wide, oriented NNW-SSE, Located between 3,400 and 850 m
BSL along the northwestern insular slope of the Grande Comore Island. It is made up of many coalescent conical,
round, or elongated volcanic seamounts. In its southern part, closest to the Grande Comoros insular shelf, the
ridge bends clockwise to reach N130°E. Small depressions can be seen at the top of the westernmost major
topographic ridge N1 (Figure 9b). These are probably successive rift zones parallel to the main axis of the ridge.

N2 is a morphological ridge 60 km-long and 15 km wide oriented NNW-SSE. It is subdivided into three sub-
features (N2a, N2b, N2c). N2a and N2b are two 30-km-long alignments oriented N175°E of conical edifices

of the Ul unit (in yellow) implying that this unit postdates the edification of the ridges. (g) Close-up view of the SBP profile in which we show the position of the main 48
channel seismic horizons (H1 at the base of U1 and the 1 Ma Hi2 (red)) as estimated by comparing the SBP and 48 channel seismic acquired at the same position. H1
(500 ka) is well identified at the base of a sedimentary unit characterized by high amplitude horizontal parallel reflectors are observed (high and low amplitude continuous
facies).
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Figure 9. The rift systems of Mwezi-Jumelles (a) and N’Droundé (b). Black lines with ticks: normal faults; thick black lines:
rift zones; Light pink polygons: volcanic products (lavas-flows and seamounts). Light blue polygons: forced folds. Red
dotted lines: dykes identified in seismic sections whose inferred traces are projected to the surface at the center of long and
narrow grabens.

and ridges up to 400 m-high. N2c is a 20 km-long N10°E striking alignment of smaller (up to 200 m-high) edifices
and ridges.

A thin, weakly reflective sedimentary layer (75 ms. TWTT-thick) estimated at 1 Ma covers the volcanic structures
of the morphological ridges N1, N2b, and N2c (Figure 7al and Figure S3-21 in Supporting Information S1). This
implies that the main topographic ridges were formed before 1 Ma.

N3 is located 60 km off Grande-Comore Island to the north. It is a made up of three ellipsoidal (elongated in a E-
W direction) dome shaped forced folds, 10 m-high and 10 km-long, and of six fault scarps 2 km-long and 1m-
high, N170°E, running parallel to the ridges N1 and N2. The forced folds are sealed by the seismic unit Ul,
which is in onlap on the H1 unconformity with sometimes thin wedges. This implies that the end of deformation is
post- to syn-H1 at around 500 Ka. We have observed numerous sill intrusions of various shapes, lengths (up to
4 km long) and depths beneath the forced folds. An impressive stack of saucer shape forming a staircase geometry
lies in the western part of the seismic profile (Figure 7a2).
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Figure 10. Relative chronology of a series of lava flows in the subareas M1 and M2 of the Mwezi volcanic province
based on their backscatter facies and disposition. Red to green colors: younger to older lava flows L: L5 overlaps L4, L4
overlaps L2-b, L2-a, L2-b, and L2-c overlap L1. Light purple: scattered lava flows L (outside the series). Dark purple
patches: seamounts S from which the lava flows may originate: L1, L2a, L2b, L2¢ from Sla, L3 from S1b, L4 from S2
and L5 from S3. The lava series and the seamount emplaced along the N130°E graben and are aligned with them. The
graben bounding faults either cut across the lava flows (implying that they postdate them) or guide their emplacement
(implying that they predate them).

The ridges of the N’Droundé province arrange in right stepping échelons, which form a descending staircase
along the eastern insular slope of Grande-Comore Island. They likely set up along normal faults where
scarps offset the seafloor by a minimum value of up to 350 m (Figure 7a, Figure S3-23 in Supporting
Information S1).

In this area, most of the volcanic and tectonic structures are sealed by the most recent U1 unit and are not visible
(or smooth) in the bathymetry. The lava flows lie in the seismic unit U2 (Figure 7a), implying that the most recent
volcanic products are older than those in the Mwezi area, older than 500 ka.
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Figure 11. Spatial (a) and depth (b) distribution of the sills in the sedimentary cover of the Mwezi province identified from the
48-channel seismic profiles. (a) Purple patches: extent of forced folds at the surface. Reddish to yellowish lines: depths (in s.
Two-Way Travel Time, TWTT) of the sills observed along the seismic profiles. (b) Histogram showing the cumulative
length of sills (units are expressed in common depths points CDP (the distance inter CDP is 12.5 m) as a function of depth
with a value every 10 ms TWTT, between 0 and 7s (the depth in km is indicated on the left considering an average velocity of
2,500 m.s_l). Sills are mainly concentrated at four depths, around 5.25, 5.5, 6 and 6.3 s. TWTT.

5. Discussion
5.1. Birth and Propagation of Mwezi and N’Droundé Rifts

In the Mwezi province, a 50 km-wide, N130°E striking asymmetric depression up to 25 m-deep (Mwezi
depression) is bounded by the 70 km long Border Fault system (BF) running along the insular slopes of Mayotte
and Anjouan islands. No fault is observed to bind the Mwezi depression to the North in our data set (although it
could be very small or located further north of our study area).

This depression is parallel to and lies at the tip of the Jumelles volcanic chains at the top of which narrow rift zones
(2 km-wide depressions) have been identified (RZJ1 and RZJ2, Figure 9a). The Mwezi depression is an asym-
metric graben into which other narrower (4 km wide) symmetric N130°E-striking grabens lie in the extension of
the Jumelles rift zones RZJ1 and RZJ2. While not observed in the seismic profiles, those grabens are likely the
result of dike propagation from J1 and J2 into Mwezi. The system extends north-westwards into the M2 subarea
and beyond, for more than 25 km, across the “A” group of very recent forced folds. This group, along with the
radial set of narrow grabens and dikes depart from the central M2 zone. Radial sets of dikes were observed
elsewhere in various volcanic zones globally; in Colorado (Muller, 1977; Odé, 1957), in the Galapagos (Chad-
wick & Howard, 1991), in East Antarctica (Hoek, 1995) and around the Alba Patera Martian volcano (Cailleau
et al., 2003). They depart from the center of volcanic edifices, whose load disturbs the regional stress radially,
controlling the distribution of the dyke swarm (Acocella & Neri, 2009; Paquet et al., 2007; Srivastava
et al., 2019). It is worth nothing that our radial dyke swarm lies on a flat seafloor (around 3,400 m deep BSL).
Odé (1957) showed that the propagation of dykes in the sedimentary cover is directly controlled by the ambient
stress field, with the dyke progressing orthogonally to the minimum compressive stress 3. A simple 2D nu-
merical model (see detail in Supplement 8 in Supporting Information S1) indicates that the distribution of the
dikes in the Mwezi province can be accounted for by a local stress perturbation of a N40°E regional extension.
This perturbation lies in the central M2 area, where the largest concentration of volcanic edifices and lava flows
has been observed. It is asymmetric, acting only on one side of the medium, in the M3 subarea. A local stress
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Figure 12. (a) Sketch of The Jumelles-Mwezi rift system across the Lithosphere (not at scale) with (b) showing the inferred
plumbing system in 3 D. The rift is asymmetric, bounded to the south by the major BF normal fault. It accommodates a
N40°E regional extension. A main magmatic reservoir (in red) is in the lithosphere beneath the Jumelles ridges and is
associated with a set of parallel or oblique dikes (in red) injected from the main reservoir in the Mwezi area during rifting
events. The rift propagated northwestward between the Jumelles (5 Ma) and the most recent “A” forced fold structure formed
during sill injections less than 200 ka ago. The tip of the propagating rift is inferred to be in the center part of Mwezi, where a
higher concentration of volcanic products is observed, and from with depart several radial dikes. In yellow: sedimentary
cover, in orange: lithospheric basement.

perturbation at the tip of a propagating crack accounts for such a geometry (i.e., oblique normal faulting at the tip
of a dike, Feuillet et al., 2004).

The Mwezi and Jumelles provinces are part of the same volcanic system. This system has propagated north-
westwards in the Mwezi depression, as shown by decreasing ages of volcanic seamounts and forced- folds, in this
direction. The system presents all the characteristics of a propagating rift (Figures 12 and 13). A radial dyke
swarm developed at the propagating tips of the rift. In addition to the swarm of radial dikes, we observed several
NS striking grabens oblique to the main structures of the Mwezi volcano-tectonic provinces along the strike of the
rift. The later structures (numbered 1 to 4 in Figure 13) may have gradually formed at the tip of the rift as it
propagated toward zone “A.” Such structures could be compared to splay fault networks (horsetail or wing cracks)
observed at the tip of a propagating main fault (Perrin et al., 2016).

There is no oblique dike on the other side of the rift likely because of the islands and the insular slope act as a
buttress zone preventing diking in this direction. In general, splay fault networks are asymmetric (Perrin
et al., 2016).

The N130°E Jumelles-Mwezi rift system began to form-5 Ma-ago when the volcanism initiated at the Jumelles
chains, which are the oldest and highest structures of this rift.
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Figure 13. Evolution of the Jumelles-Mwezi rift. The rift began to form 5 Ma yr-ago with the formation of the Jumelles ridges
(dark purple). It then migrated northwestwards to reach the center of the Mwezi area (purple) 200 ka ago and then in zone
pink are where the most recent evidences of magmatism are seen (set of forced folds “A”). The narrow radial dykes and
graben numbered 1 to 4 formed less than 200 ka ago at the tip of the rift as it propagated in zone A (pink), with the number
corresponding to the order of graben formation (1, then, 2, 3 and finally 4). Faults as in Figure 9. Black arrow: regional
extension (N40°E).

It then propagated northwestwards to reach the M1 subarea in the Mwezi province around 1 Ma (based on the ages
of the volcanic cones over BF). The BF, which is part of the system, likely began its activity at the same period.
The system then propagated again northwestward through the M2 subarea in the recent times where we identified
sill intrusions younger than 0.2 Ma.

The existence of very young surfacing grabens suggests very recent dike intrusions throughout the rift
(Figure 12a). Lavas were mainly set up along the BFs of the graben during the dike propagation (Figure 13).

Staircases of sill intrusions (with dykes in between sills) have been identified. This suggests that the magma
propagated from deep sources (beneath the sedimentary cover) upwards via a series of sills and dikes following
favorable tectonic paths. Our observations agree well with that of a single deep source feeding a laterally
extensive sill complex (Magee et al., 2016) instead of the more traditional model (dikes feeding the eruption
directly above multiple melt sources, e.g., review from Acocella (2021)).

The magmatic source may be located beneath the highest and older Jumelles volcanic chains (more evolved
structures). During Plio-Quaternary rifting episodes, it is likely that the magma was transported from the Jumelles
to reach the M2 and M3 subareas of the Mwezi volcanic province via horizontal sills and dyke systems as the rift
propagated. To our knowledge, this is the first time that the surface expression of a vast network of narrow
grabens associated to dykes has been documented over such distances. We showed that every system grabens and
dykes is very recent (offsetting by the same amount all the recent post 1 Ma sedimentary cover and the seafloor).
They thus likely formed coevally and are the remnants of the last major rifting episode.

We estimated that a total opening of at least ~32 + 20 m was accommodated by the network of dykes in the
Mwezi depression, probably during this single episode of rifting. It is thus possible that the Jumelles-Mwezi rift
evolved and propagated during main volcano-tectonic pulses as observed elsewhere. Indeed, Hubsher et al., 2015;
Preine, Hiibscher, et al., 2022; Preine, Karstens, et al., 2022, documented five rift pulses at the Santorini rift with
openings of hundreds of meters. They also showed that the rift BF moved incrementally during the rifting event in
the Santorini rift (Preine, Hiibscher, et al., 2022; Preine, Karstens, et al., 2022).

The main BF fault may have moved with the opening of the dyke during this rifting episode, accommodating part
of this extension. We cannot document this from the seismic profile since the continuity of the reflectors is not
clear across the fault because volcanic cones have been set up on the fault. The value of ~32 + 20 m of opening is
therefore a minimum value, which is still of the same order of magnitude as that estimated during the main rift
pulses at Santorini rift.

Rifting events involving deep reservoirs and kilometers long dike systems have been observed elsewhere during
rifting episodes in Afar (Ebinger et al., 2010; Grandin et al., 2009; Hamling et al., 2009) or in Iceland (Sig-
mundsson et al., 2015). Those rifting episodes contribute to accommodate regional extension across the system
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Figure 14. Distribution and evolution of the rifts in the Comoros archipelago with a simplified sketch of the structure with
ages (left inset) and the larger scale geodynamic setting of the rifts (right inset, with main elements as in Figure 1 and this
study). The Mwezi and N’Drounde rifts are part of a larger regional scale system composed of transtensional volcano-
tectonic systems arranged en-échelon along the Comoros archipelago. Structures from Feuillet et al. (2021), Thinon

et al. (2022) and this study. The N’Droundé N1, 2, 3, ridges, La Grille edifice, the Karthala rift zones, and Domoni ridge
(Dashed black line surrounded by red elongated polygons) organize in right-stepping (sinistral) échelons in a N20°E
direction to accommodate a N40°E directed extension (black thick double arrows) and are part of a same rift system. From
this study and K-Ar dating (indicated in white transparent boxes of volcanic products, Rusquet et al., 2025), and from
Masquelet et al. (2023), the system initiated about 2 Ma ago with the edification of the submarine part of the Grande-
Comores Island and then propagated both south-eastwards and north-westwards to form the Domoni and N’Droundé ridges.
The N’Droundé—Domoni rift was arranged in a left-stepping (dextral) échelon in an E-W direction with the Mwezi- Jumelles
rifts and other transtensional structures (EMVC, Anjouan rift zones, Safari ridge) in the archipelago to accommodate the
N40°E directed regional extension. Dashed black lines with question marks (numbered 0): a possible transtensional structure
along which the seamount and faults aligned in a N130°E direction is visible in the bathymetry. As proposed previously by
Famin et al. (2020), Feuillet et al. (2021), and Thinon et al. (2022), the rifts developed in an E-W dextral shear zone in which
they accommodate a N40°E-striking extension. Their kinematics and evolution indicate that they are propagating rifts and as
proposed earlier by Feuillet et al. (2021), we infer that they were created in a transfer zone between the offshore branch of the
EARS (Kerimbas graben) and the Malagasy Rift System (Antongil bay/Alaotra graben).

and last several years. During the 2005 rifting event in Afar, the dykes opened by 8 m (Wright et al., 2006), which
is a value equivalent to the 8 = 5 m we estimated for a single dike opening in the Mwezi depression. It is possible
that multiple diking events (each associated with a dyke formation) occurred during this most recent and unique
event over the last 1 Ma rift-pulse in Mwezi. This rift pulse may have lasted a few years or tens of thousands of
years. With only around 40 seismic reflectors identified in the 1 Ma old sedimentary sequence (25 ka on average
between the deposition of two reflectors), it is not possible to distinguish a rifting event that would have lasted a
few years or a few decades from our data.

In the volcanic province of N’Droundé, we have identified several sets of cones and lava flows that gather to form
N160° £ 10°E striking ridges organized in sinistral echelons along the N20°E direction. The main ridges N1 and
N2 likely formed before 1 Ma ago along the major fault system (Figure 14). To the North-East, in the abyssal
plain, the forced folds are younger (500 ka). The main magmatic source of the sill systems could be located
beneath the main major topographic ridge (N1) or the island of Grande Comore, where the volcanism is young (La
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Figure 15. Volcano-tectonic structures of the Comoros archipelago within the geodynamical context of the North
Mozambique Channel. The dextral shear geodynamics creates a large band where a N40°E extension dominates between the
offshore Southeastern branch of the EARS (Kerimbas graben) and the Malagasy Rift System (Antongil bay graben). The
N130°E-N170°E rifting systems of the Comoros archipelago (resp: Mwezi and N’ Droundé provinces) form to accommodate
the N40°E extensional strain.

Grille volcanic complex) and active nowadays (Karthala volcano). The onset of volcanic activity on Grande-
Comore Island was estimated at 2 Ma by Masquelet et al. (2023). The N1 and N2 ridges are younger. The
volcanism might have migrated toward the NNE, from Grande-Comores to the abyssal plain.

The ages we estimated for the edification of the N1 and N2 ridges also coincide with those of the Domoni volcanic
chain and Moheli Island (0.7-1.8 Ma, Rusquet et al., 2023). The latter authors suggest that the Domoni volcanic
chain and the currently active Karthala volcano belong to the same volcanic system. The ridges N1, N2, N3,
Grande Comore Island and the Domoni volcanic chain were likely built during an important submarine magmatic
event that began 2 Ma ago and continued until 500 ka-ago in the Northeastern part of N’Droundé (N3). Although
submarine volcanic activity may have persisted along the N1 ridge at the summit, along rift zones or on the flanks,
the submarine structures N1 and N2 likely completed their main phase of edification and propagation 1 Ma ago.
This coincides strikingly with the emergence of Grande-Comores Island and the onset of aerial volcanism (be-
tween 1,200 and 800 ka from e.g., Bordenca et al., 2023; Quidelleur et al., 2022; Rusquet et al., 2023 and
reference therein). Since then, the main volcanic activity may have concentrated to form the Karthala shield
volcano, probably above the main reservoirs or at La Grille volcano (Bachelery, Lenat, et al., 2016).

Petrological composition of recent lavas of the Karthala indicates multiple magma chambers, the main one lying
30 km below the Karthala volcano (Desgroslard, 1996). This might be the main source that contributed to the
edification of the older submarine ridges in the area (N’Droundé ridges, Vailheu volcanic chain and the Domoni
volcanic chain) and La Grille volcano through horizontal diking processes before 500 ka.

5.2. Origin of the Rifts in the Framework of the EARS

We showed that the N130°E striking volcano-tectonic structures of the Jumelles-Mwezi system are remnants of
rift pulses that occurred between 5 Ma and present day to accommodate a N40°E regional extension. The
Jumelles-Mwezi rift is the largest in the whole archipelago (150 km long and 60 km wide in total, Figure 14).
About 100 km, northeast of the Mwezi-Jumelles system, there is a N130°E-striking alignment of cones and fault
scarps that are parallel to the Mwezi volcano-tectonic field (numbered “O” in Figure 14). Southwards, the eastern
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part of the East Mayotte Volcanic Ridge (EMVC) is also oriented N130°E on average (Feuillet et al., 2021) and
belongs to the Mayotte volcanic system (from Masquelet et al. (2023)). It is parallel to the main structures of the
Mwezi volcano-tectonic province. In between Mayotte and Anjouan, the safari ridge is also oriented N130°E.

All these ridges may result from interactions between tectonic and volcanic processes to accommodate a regional
N40°E extension (as proposed by Feuillet et al. (2021) for the EMVC). The N’Droundé volcanic province is made
of N160-180°E striking ridges arranged in a right-stepping échelons in an NNE-SSW direction. They likely also
formed as a result of volcano-tectonic processes to accommodate this N40°E extension. Their arrangement in the
echelons suggests a left lateral component of slip in the NNE-SSW direction, compatible with the N40°E striking
extensional stress field. All the structures we identified in the archipelago are rifts or extensional features that
accommodate a regional N40°E extension (Figure 15). No Riedel shears or compressional structures is observed
in our data set. The EMVC parallels to the Jumelles-Mwezi-rift and is probably an extensional feature and not a
strike-slip structure, as proposed by Famin et al. (2020).

At a larger scale (that of the entire archipelago), the Mwezi, N’Drounde rift and the “0” structure are arranged in
left stepping échelons in an E-W direction (Figures 14 and 15). These extensional structures are thus the result of a
N40°E extension active in an E-W strike zone about 200 km wide. This arrangement implies that the E-W zone is
aright lateral shear zone. It extends between the southern tip of the EARS offshore branch and the northern part of
Madagascar, where NNW-SSE to NS striking quaternary rifts (Alotra-Ankai, Antogil, Ankaratra) and volcanic
complexes (Ambre, Nosy Be) accommodate an E-W extension (Figures 1 and 15, Rufer et al., 2014). The Mwezi
and N’Drounde rifts are part of an E-W striking, 800 km-wide, 200 km-long transfer zone (or Rift Interaction
Zone (RIZ), Kolawole & Ajala, 2024) connecting two N-S striking plate scale continental rift systems (EARS and
Malagasy rift). Our result thus confirms the previous hypothesis by Feuillet et al. (2021) who inferred a transfer
zone in this area. The arrangement of the Mwezi and N’Drounde rifts and other N130°E striking ridges
(extensional structures) but also the presence of more easterly structures in between bear a striking resemblance to
the structures promoted by analog material model of rift related transfer zones (with volcanism or not, Corti
et al., 2007; Dauteuil et al., 2002, DeSouza Rodrigues, 2023). These structures are normal faults or extensional
structures oblique to the main rift and arrange in echelon in a wide zone. The transfer zone is wide (more than
200 km, Figure 15), comparable to the one in the Ethiopian and the northern Kenya rift, possibly resulting from
widespread intrusions at the base of the lithosphere, as inferred by Corti et al. (2022). Dauteuil et al. (2002)
showed that oblique normal faults can develop in wide transfer zones when the lithosphere is weak, (above a
plume for example) or/and when the offset length is small (early stage system).

The rift propagation could contribute to damage the lithosphere at the tip of the rift. The lithosphere may thus be
weakened at the interacting tips of two rifts, facilitating the development of a wide transfer zone at the early stage
of rift interaction, as observed elsewhere in the EARS (Ajala et al., 2024; Kolawole & Ajala, 2024). Local or
regional heterogeneities, such as the presence of old crustal transform zones in the Somali Basin (Phethean
et al., 2016) or variation of the basal topography of the lithosphere (Rajaonarison et al., 2020), but also the
presence of magmatic reservoirs or mush zones, might control the development and the geometry of individual
structures in the transfer zone as documented elsewhere in the EARS (Kolawole et al., 2021). We showed that the
smaller-scale fault zones hosted in the RIZ (Mwezi and N’Drounde) are themselves propagating rifts. We showed
that they are young Plio-Pleistocene and evolved by pulses. The pulses may be coeval with those along the East
African and Malagasy rifts. The ages of “hosted” small rifts are coeval with the formation of the southernmost part
of the EARS branch off the Mozambique coast (Franke et al., 2015). The Comoros transfer zone was formed at
that time.

5.3. Possible Origin of the Volcanism

We documented a recent rift pulse that could be the only one that took place in the Mwezi-Jumelles area over the
last 1 Ma. We estimated that a total volume of lava of 32 km® erupted during this pulse. This volume is equal to the
volume of magma present in sills. This ratio between intruded and extruded volumes is 1:1, at the upper end of the
range of those estimated for other regions (Kay & Kay, 1985; Lipman, 1995). This ratio is closer to 1:3 for most
volcanic fields or single volcanoes (White et al., 2006). However, our estimate is subject to large uncertainties and
could be lower.

The total volume of lava in Mwezi is five times larger than the volume erupted at the newly formed Fani Maore,
offshore Mayotte (6 km®) and comparable to the volume of Minoan eruption at Santorini Rift (Karstens
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et al., 2023). The total volume of lava extruded in basaltic volcanic fields strongly varies (White et al., 2006) and
ranges between 2 km? (Auckland continental volcanic field—Allen & Smith, 1994) and 125 km® (La Palma
volcano—Carracedo et al., 1999). With approximately 32 km?, the estimated volume for the volcanic phase in the
Mwezi volcanic field is close to the total extruded volumes of the Bouvet hot-spot (28 km’—Gerlach, 1990) or the
Coso volcanic field in California (24 km®*—Duffield et al., 1980).

We showed that, apart from the lava and volcanic cones set on the border fault, the volcanic edifices observed on
the seafloor of the Mwezi volcanic province were set up in the last 1 Ma. Considering a 32 km® of extruded
volume during the unique rift pulse over the last 1 Ma, the mean eruptive flux over the last Ma in the field is
3.2 % 1072 km® ka™". This flux is comparable to that of the Camargo volcanic field in Mexico (0.026 km®ka™",
Aranda-Goméz et al., 2003) or the Eifel East volcanic field in the Rhenish Massif (0.02 km>.ka™'—Schmincke
et al., 1983; Van den Hove et al., 2017), which are both continental rifts.

Duvernay et al. (2021), proposed that large eruptive fluxes for volcanic fields are best explained by a plume-
related origin of the volcanism, while lower eruptive fluxes (<0.2 km3.ka_l) are indicative of an alternative
magmatic alimentation process such as Edge-Driven Convection (EDC), Shear-Driven Upwelling (SDU), or
both. Given the eruptive flux in the Mwezi volcanic field, the processes for melt generation would be more
consistent with SDU or EDC. Rajaonarison et al. (2020) and Fishwick (2010), showed that the lithosphere
beneath the North Mozambique Channel and Madagascar is thinner in the Somali Basin (80 km), and thicker in
the Comoros and Mozambique Basins (110 km). According to these authors, this creates a heterogeneity at the
base of the lithosphere, coinciding with the location of the Comoros archipelago. Through numerical models,
Rajaonarison et al. (2020) showed that the lithospheric heterogeneity alone is sufficient to generate EDC beneath
Madagascar, while in North Madagascar and the Comoros archipelago this phenomenon is also influenced by the
mantellic flow of the East African superplume.

The results from our study indicate that the melt feeding the volcanism of the Mwezi province and, by extrap-
olating, the Comoros archipelago, may originate from Edge Driven Convective Processes. This process may
operate in conjunction with large scale thermal processes due to the presence of branches of the East African
superplume (Wamba et al., 2023).

6. Conclusions

From the analysis, interpretation, and detailed analysis of the geophysical data acquired in the Comoros ar-
chipelago, we identified and characterized various volcano-tectonic structures (lava flows, cones, dykes, faults,
sills and forced folds) on the seafloor and in the sedimentary cover. Their distribution and organization show
that they are the result of interactions between volcanism and tectonics. We showed that the great Jumelles-
Mwezi and N’Drounde volcanic provinces, recently identified in the North Mozambique abyssal plain and part
of the Comoros volcanism, could each represent a distinct rift system. The Jumelles-Mwezi Rift, formed 5 Ma
ago and propagated Northwestwards over tens of kilometers during a major diking event less than 200 ka.
From the chronology of deformed sediments, we showed that this event was brief and unique over the last 800
ka. Recent geological markers for rifting include large lava flows (which backscatter signatures indicate a
northwestward propagation of the system) and the folding of the seafloor by recent volcanic intrusions. The
N’Drounde rift is made of right stepping en-échelons ridges that were emplaced between ~1 and 0.5 Ma along
normal faults in a N10°E direction. The N’Drounde rift is part of a larger system including the onshore
volcanism of Grande-Comore (La Grille and Karthala shield volcanoes) and the Domoni submarine
morphological ridge, south of the island. We propose that the main magma reservoirs or mush zones, that feed
the Jumelles-Mwezi and N’Droundé rifts via dikes and sills systems in the lithosphere and the sedimentary
cover, lie beneath the Jumelles seamounts and the Karthala shield volcano, respectively. On a regional scale,
the rifts arrange in left-stepping échelons in a 200 km-wide, E-W trending zone, between the offshore branch
of the EARS and the Malagasy rifts. They open up and evolve to accommodate a NE-SW regional extension
resulting from east-west dextral shearing in a Rift Interaction Zone (RIZ or transfer zone). We calculated that
32 km® of lava emplaced in the Mwezi area in the late Quaternary. These volumes and flux are small
compared to what is expected in volcanic zone fed by deep mantle plumes. This suggests that the volcanism
may also originate from more shallower processes, such as edge-driven convection or shear-driven upwelling
promoted by extensional tectonics.
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