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Highlights:
* The crust of the Comoros Basin is oceanic, resolving past controversies
» Basement roughness is typical of intermediate-spreading ridges
» Unloaded basement depth matches Cretaceous or Jurassic oceanic lithosphere
« Comoros volcanic islands emplaced through re-activated fracture zones

» The Comoros Archipelago aligns with a change in the direction of the fracture zones
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Abstract

We shed light on the nature and structure of the crust surrounding the Comoros
Archipelago, western Indian Ocean, offering insights into the region's geological history
and volcanic island formation. Our comprehensive study encompasses the acquisition
of new, deeply penetrating seismic data from the SISMAORE cruise (refraction and
reflection seismic), and the subsequent analysis of the characteristics and structure of
the crust surrounding the Comoros Archipelago. Both the reflection seismic imaging
and the velocity structure using ocean bottom seismometers indicate that the crust of
the Comoros Basin crust exhibits oceanic characteristics, thus resolving previous
controversies about its nature. The thickness of the oceanic crust ranges from 5.8-
6.6 km in the north of the archipelago to 6-7.2 km within the Comoros Basin. The
estimated roughness of the top basement in the Comoros Basin ranges from 110 to
200 m values typical of intermediate spreading ridges, such as the extinct spreading
centre in the West Somali Basin.

The unloaded basement depth of the Comoros Basin closely matches the expected
water-loaded subsidence for a Cretaceous or Jurassic oceanic lithosphere. In contrast,
the West Somali Basin to the north of the Comoros Archipelago has shallower
basement depths, potentially linked to recent volcanic activity along the archipelago.
We propose that the pre-existing oceanic fracture zones in the West Somali Basin
underwent reactivation, first during the Turonian period and later during the Late
Eocene. These reactivated fracture zones may have acted as preferred pathways for
the emplacement of the volcanic islands of the Comoros Archipelago. The EW trend
of the archipelago appears to follow a marked change in the direction of these
reactivated fracture zones, suggesting that the associated lithospheric weakening
likely played a critical role in facilitating the formation of the Comoros Archipelago.

1. Introduction

The origin of the Comoros Archipelago (Fig. 1), in the northern Mozambique
Channel, has been the subject of lively debate for some fifty years. It has long been
interpreted as being due to the impingement of a mantle plume beneath a moving
oceanic lithosphere (Emerick and Duncan, 1982; Hajash and Armstrong, 1972). While
hotspot volcanism may be supported by the enriched mantle signature of the lavas on
Grande Comore Island (Class et al., 2009), the general E-W trend of the Comoros
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Archipelago is not consistent with the northward absolute motion of the Somalia plate
(Morgan and Morgan, 2007).

In May 2018, a major phase of seismo-volcanic activity gave birth to the large —
820 m high and 5 km in diameter - submarine Fani Maoré volcano, sitting at about
3500 m water depth, east of Mayotte Island (Feuillet et al., 2021; Lemoine et al., 2020;
Masquelet et al., 2022; Thinon et al., 2022). The present-day active volcanism both on
Grande Comore Island and east of Mayotte Island together with widespread Holocene
volcanic activity on Anjouan, Mohéli, and Mayotte Islands (Quidelleur et al., 2022;
Rusquet et al., 2023) does not support a simple model of punctual and vertically rising
mantle plume material piercing a moving lithosphere.

The recent seismo-volcanic crisis east of Mayotte Island together with previous
sparse focal mechanisms along the Comoros Archipelago suggest mainly strike-slip
faulting with a NE-SW normal component (Feuillet et al., 2021; Lemoine et al., 2020).
This seismicity has been interpreted as resulting from a nascent plate boundary
between the Somalia and Lwandle plates connecting the East African Rift System
(EARS) to the Tertiary-Quaternary volcanism and rifting of Madagascar (e.g. (Famin
et al., 2020; Feuillet et al., 2021; Thinon et al., 2022). However, there is no consensus
over the offshore extent of the EARS. The deformation identified onshore and on the
seafloor, is thought to be either focused within a 150-200 km-wide right-lateral shear
zone along the Comoros Archipelago (Famin et al., 2020; Feuillet et al., 2021; Thinon
et al.,, 2022) or distributed within a ~600-km-wide deformation zone positioned
between the Rovuma microplate and the Somalian plate that extends over large parts
of Madagascar and the Comoros islands (Stamps et al., 2021).

Although crucial to understanding the origin of the archipelago, the nature of the
crust beneath the Comoros volcanic islands and in the Comoros Basin, between the
archipelago and Madagascar, is poorly known. Fundamentally different interpretations
have been issued. Oceanic crust, continental crust and a wide continent-ocean
transition have been proposed for the Comoros Basin e.g. (Coffin et al., 1986; Lort et
al., 1979; Nougier et al., 1986). In this paper, we first briefly review these
interpretations, then present our newly collected seismic data set, show our results on
the oceanic nature and structure of the crust around the Comoros Archipelago and
finally discuss the implications of our findings for the emplacement of the magma that

formed the Comoros volcanic islands. We show that the location of the islands is
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controlled by the pre-existing segmentation of the oceanic crust of the West Somali
Basin.

2. Geological Background

North of the Comoros Archipelago, magnetic anomalies related to the spreading
ridge of the West Somali Basin argue for a typical oceanic lithosphere e.g. (Cochran,
1988; Davis et al., 2016; Sauter et al., 2016; Ségoufin and Patriat, 1980). There,
magnetic anomalies, from M24 (~152 Ma, according to the time scale of Ogg, (2020))
to MO (~121 Ma) indicate slow to intermediate spreading rates (~30 to ~60 km/Ma full
rates) until Aptian time when spreading ceased in the West Somali Basin (Davis et al.,
2016). The nature of the crust south of the archipelago is less clear. Rabinowitz et al.
(1983) interpreted magnetic anomalies up to the M25 magnetic anomaly (~153 Ma),
while Davis et al. (2016) and Cochran (1988) were unable to correlate any significant
magnetic anomalies on a few magnetic profiles. From an early sonobuoy experiment
using only two instruments, Lort et al. (1979) speculated that the Comoros Archipelago
marks the boundary between oceanic crust to the north and continental crust to the
south. Later, with over a hundred sonobuoy records, Coffin et al. (1986) showed that
both the West Somali and Comoros basins are oceanic in character.

However, the observation of sandstone xenoliths in Comoros lavas (Flower and
Strong, 1969) and the presence of a km-scale quartzite massif on Anjouan Island have
been used to suggest that the archipelago may be built on stretched continental crust
(Montaggioni and Nougier, 1981). It was further proposed that magmatism along the
Comoros Archipelago is controlled by deep lithospheric faults, linked to an inferred
wide continent-ocean transition (Nougier et al., 1986; Tzevahirtzian et al., 2021).

Based on a single receiver function analysis at Mayotte Island, Dofal et al. (2021)
proposed a continental nature of the crust beneath Mayotte. However, from a
combined analysis of receiver functions and the joint inversion of receiver function and
Rayleigh wave dispersion data, Dofal et al. (2023) could not discriminate the oceanic
or continental nature of the crust beneath Mayotte Island. Recently, Roche and
Ringenbach (2022) used seismic reflection profiles to show that oceanic crust is
present at 13.5°S, to the southwest of Moheli Island. Wide-angle seismic data also
showed the presence of oceanic crust on the eastern flank of the Davie Ridge, at
14.5°S (Vormann et al., 2020; Vormann and Jokat, 2021).
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The seismic stratigraphy of the Comoros and Somalia basins is based on the
relatively well-known stratigraphy of the northern Mozambique Channel and the West
Somali Basin (Coffin and Rabinowitz, 1992; Franke et al., 2015; Mahanjane, 2014;
Mougenot et al., 1986; Roche and Ringenbach, 2022). Using IODP Site 1476 and
DSDP Site 242 (Hall et al., 2017; Simpson et al., 1974) located on the Davie Ridge at
the northern entrance of the Mozambique Channel, and seismic reflection profiles that
intersect these sites, Masquelet (2023) and Masquelet et al.(submitted) identified the
top Miocene and top Oligocene horizons (TM and TO in Fig. 3). These horizons were
further extended towards the Comoros Archipelago, 500 km away. They also identified
the Cretaceous-Paleogene unconformity (K/Pg, Fig. 3), which appears as a prominent
event in the seismic profiles across the West Somali Basin and offshore Majunga Basin
(Franke et al., 2015; Leroux et al., 2020; Mahanjane, 2014). They also interpreted the
package of high amplitude and low frequency discontinuous reflectors beneath the
K/Pg reflector as the Turonian volcanism previously observed in the Diego and
Majunga basins offshore Madagascar (Coffin and Rabinowitz, 1992; Leroux et al.,
2020).

3. Data acquisition and processing

A regional-scale acquisition of geophysical and geological data was conducted off
the Comoros Archipelago aboard the R/V Pourquoi pas? in 2021 (Fig. 1), (SISMAORE
cruise, Thinon et al., 2022, 2020). 1480 km of deep multichannel seismic reflection
data (960 channels) and 6800 km of shallow seismic reflection profiles (48 channels)
were acquired. In addition, three OBS (Ocean-Bottom Seismometers) recorded the
seismic shots along the multichannel line MO1 high-resolution profile, located East of
Mayotte (Fig. 1C). Published seismic reflection profiles within the Comoros Basin
complement this new data set (Fig. 1). We also incorporated the seismic reflection
profiles of the R/V Sonne SO-231 cruise (Franke et al., 2015; Klimke et al., 2016) and
the R/V L’Atalante PTOLEMEE cruise (Jorry, 2014; Leroux et al., 2020). We also used
ION Geophysical™ seismic multichannel lines partly published by Leroux et al. (2020),
Sinha et al. (2019), and Roche and Ringenbach (2022) on the eastern flank of the
Davie Ridge and in the Comoros Basin.

3.1.Long-streamer 960-channel seismic reflection profiles
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We collected a set of 12 multichannel seismic (MCS) profiles (6000 m long
streamer with 960 channels spaced every 6.25 m). The seismic source consisted of
16 airguns triggered every 40 s with a total volume of ~82 L (4990 cu. in.). The record
length was 20 s with a sampling rate of 2 ms. The distance between each common
depth point (CDP) is 3.25 m. Super gather CDPs were built by merging four CDPs in
a bin of 12.5 m during processing, allowing for a fold of 60. Processing involved a
typical workflow using CGG GeoVation® software in the pre-stack domain (including
trace editing, amplitude correction, normal move-out correction, FK-filtering, multiple
attenuation, and predictive deconvolution). Masquelet et al. (2022), Masquelet (2024),
Masquelet et al. (submitted) describe in detail the seismic processing of this data set.

3.2. Short-streamer 48-channel seismic reflection profiles

A series of 110 48-channel seismic reflection profiles was collected using a 600 m-
long streamer (channels spaced every 6.25 m). The source consisted of two airguns
with a total volume of 4.91 L (300 cu. In) firing every 50 m (recording length of 9 s and
inter CDP is 3.125 m). CGG GeoVation® software was used for standard processing
including 12.5 m binning (6-fold by stacking 2 adjoining traces), NMO correction, stack
and a Kirchhoff migration at 1500 m/s.

3.3.0BS data set

A set of three OBSs recorded the shots during the acquisition of the 960 channel
seismic reflection profiles (Fig. 1C). These three instruments were deployed along the
~290 km long MO01 line, which is located east of Mayotte with a SSW-NNE orientation
and crosses the new Fani Maoré volcano (Masquelet et al., 2022). The OBSs also
recorded shots along cross lines, allowing the estimation of seismic velocities along
different azimuths.

After clock-drift correction, the instruments were relocated using the direct wave
picks from the shots within 10 km of their deployment location, the bathymetric grid,
and averaged seismic velocities in the water column (1.505 km/s). The OBS records,
organized as receiver gathers, allowed the picking of arrival times of several seismic
phases in the different geological layers down to the uppermost mantle (Appendices A
and B). We used a forward modelling program, RAYINVR (Zelt and Smith, 1992),
following a top-down layer stripping strategy to generate velocity models that
reproduce the picked data within their uncertainty range (Appendix C). We modelled 2
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or 3 lines for each instrument. Here we present the velocity model along M01, which
crosses all 3 instruments, although each instrument can be considered as an
independent ~1D model since no seismic ray crosses the entire model (Fig. 2A). This
issue implies that the obtained velocities and thicknesses may not be so well
constrained, but this is counterbalanced by the use of strong constraints from the
coincident high-resolution seismic reflection data. The initial velocity model was built
using the picks at the main geological interfaces, where available, and a first estimate
of (1) the interval velocities in the sediments along these seismic reflection profiles and
(2) the apparent velocities of the corresponding refracted arrivals on the OBS records
used to convert these interfaces from two-way travel-time to depth. RAYINVR
modelling allows us to compute synthetic arrival times from ray-tracing through the
model, which we updated to reduce the misfit between computed and picked arrivals
(Appendix C). The final model is converted to two-way travel time to allow for a
comparison with coincident seismic reflection data (Fig. 2B). The vertical velocity
profiles (Fig. 2C) provide an assessment of the robustness of the velocity models. It is
noteworthy that a vintage sonobuoy profile (Lort et al., 1979) located only 7 km away
from the OBS3 shows comparable velocities in the sediment layers but is limited to the
top of the crust (Fig. 2C).

4. Results

The internal reflectivity of the crust imaged by seismic reflection shows a typical
oceanic crustal layering as defined by the 1972 Penrose Conference (Fig. 4) (Bécel et
al., 2015; Mutter and Carton, 2013; Sauter et al., 2021). It includes, from top to bottom,
the following successive seismic facies: (1) a reflective top of basement with some
short reflections in the shallowest part of the crust, (2) a transparent unit in the upper
crust, (3) a more reflective lower crust with dipping structures and (4) a series of
horizontal reflectors typically interpreted as the oceanic Moho, although various
geological structures at the base of the crust may generate high-amplitude reflections
(e.g. Collins et al., (1986)). We identified the seafloor multiple of the profile during the
processing and took care of attenuating it using a demultiplex routine that filtered out
low-velocity reflectors (i.e., velocities typical of shallow sediment layers rather than
velocities expected near the Moho discontinuity). In addition, the velocity model
requires two velocity gradients: a moderate velocity gradient below the basement and
a low-velocity gradient above the Moho. We have therefore ensured that all the



234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267

reflectors at the base of the crust do not come from a multiple of the seafloor. This
interpretation is confirmed by the OBS analysis, where geological layers were imaged

down to the Moho or upper-most mantle (Fig. 2).

4.1.Nature of the crust in the Comoros Basin

Both seismic reflection and refraction (OBS) data show evidence for the presence
of oceanic crust south and SE of Mayotte (Figs. 4 and 5). Seismic reflection data show
oceanic Moho reflections that are roughly parallel to the top of the crust (at tens of
kilometres scale, Fig. 4). The oceanic Moho is generally characterized by a few strong
and continuous reflectors (Fig. 4 A&B) at about 9.5 s TWTT. However, a package of
laterally discontinuous reflectors up to 0.25 s TWTT thick can also be observed locally
(Fig. 4C). It may also be faint or absent, especially towards the volcanic islands or
submarine volcanic provinces of the Comoros Archipelago postdating the
emplacement of the oceanic crust.

The results obtained from the OBS data support the interpretation of the oceanic
nature of the crust. Indeed, the velocity models obtained for the three OBSs show a
clear 2-layer basement, with velocities that are typical for the oceanic crust (Fig. 5).
The uppermost basement layer shows velocities ranging from 5.25 to 6.70 km/s and
strong vertical velocity gradients (0.3-0.55 s™'), which correspond to seismic velocities
in basalts, i.e., the oceanic Layer 2. The lower crustal layer shows higher velocities
(6.75-7.2 km/s) with lower velocity gradient (~0.1 s™), typical of the gabbroic oceanic
Layer 3 (Fig. 5). More than 700 wide-angle reflected arrivals were picked at the
interface between Oceanic Layer 2 and Layer 3, and almost 2,300 at the Moho, thanks
to the fact that incidence angle is much wider than in seismic reflection data (near-
critical reflections, see modelling statistics for phases 6.2 and 7.2, respectively, in
Appendix C).

The nature of the crust around the Comoros Archipelago has been debated,
including around OBS3. Fig. 5A shows a comparison of crustal velocities beneath
OBS3 with values reported in the literature. Lort et al. (1979) speculated that the crust
might be continental based on velocities down to the top basement, whereas our study
provides information down to the uppermost mantle. It is now clear that we observe a
typical oceanic layering (Fig. 5A; White et al. (1992)). Indeed, the continental-type
velocities for the extended crust are much lower than in the crust under OBS3 (Fig.
5A; Christensen and Mooney (1995)). It has also been discussed whether the area
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between the Madagascar margin and the ocean might be transitional (Nougier et al.,
1986). Comparison with continental (Dean et al., 2000), and oceanic exhumed mantle
zones (Van Avendonk et al., 2006)(Fig. 5A) shows that the lower crustal velocities
beneath OBS3 are too slow to be consistent with a partially serpentinized mantle.

4.2. Thickness of the crust

We picked the top of the basement and the base of the crust to obtain the crustal
thickness at places where the oceanic Moho is well marked by a series of highly
reflective reflectors (Fig. 4). We then converted this TWTT thickness to kilometres
using an average velocity of 6.56 km/s, which corresponds to the average seismic
velocities we found for the crust from our OBS analysis.

Appendix D provides examples of crustal thickness measurements to the north
(Table D1) and south (Table D2) of the Comoros Archipelago. Crustal thicknesses
range from 1.8 to 2.07 s TWTT (5.9-6.8 km) north of Grande Comore. The crust is
somewhat thicker in the Comoros Basin, ranging from 1.95 to 2.25s TWTT (6.4-
7.4 km) (see for example Fig. 3). This is consistent with our results from the OBS
analysis in the Comoros Basin, which show a ~6.5-7 km thick crust beneath OBS3 and
OBS2.

However, the crust is much thinner (~5 km) below OBS1 at the northern end of the
profile. Velocity modelling shows that the thickness of the oceanic Layer 2 is
homogeneously ~2-2.5 km, while the thickness of Layer 3 varies from ~2.5 km below
OBS1 in the North to 4-5 km below OBS2 and OBS3 in the south (Fig. 5).

5.3 Top of the oceanic crust

5.3.1 Small-scale oceanic crust roughness

The variation of oceanic basement roughness at mid-oceanic ridges is primarily
related to the spreading rate, which mainly controls the thermal state of the lithosphere
(Goff et al., 1997; Sauter et al., 2018b). Estimating the roughness of the oceanic crust
(i.e. the root mean square deviation of the residual basement relief) can thus provide
insight into the spreading processes within the West Somali and Comoros basins. We
selected three seismic reflection profiles in line with the inferred spreading direction to
estimate the roughness of the oceanic crust. After removing the NS regional deepening
of the basement, we obtained roughness values ranging from 110 to 200 m for the
abyssal hill bathymetry along the three profiles (Fig. 6). Such roughness values are
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typical for slow to intermediate spreading ridges (Goff et al., 1997; Sauter et al., 2018b)
(Fig. 6).

5.3.2 Regional depth variation of the top oceanic crust

Mapping the basement depth along each seismic reflection profile (Fig. 7), we
found that the top basement is much deeper in the Comoros Basin (mean depth of
7 km) than in the West Somali Basin to the north of the Archipelago (mean depth of
6 km). Using the sediment thickness derived from the seismic profiles and a
conservative range for their mean density (2.0 to 2.2), the unloaded basement depth
would be 5.4 km for the Comoros Basin and 5.0 km for the region north of the
Archipelago (Fig. 8). Despite the large uncertainties inherent in such calculations, the
unloaded depth in the Comoros Basin is not far from the asymptotic water-loaded
subsidence inferred by Stein and Stein in their GDH1 plate cooling model (5560 m;
Stein and Stein (1992)) (Fig. 8). Subsidence in the Comoros Basin is thus compatible
with a Cretaceous or Jurassic age for the oceanic lithosphere. The West Somali Basin,
north of the Archipelago, appears to be several hundred meters shallower (Fig.8).
Seismic profiles image a rather sharp step in the topography of the top basement
between 12.2°S and 12.5°S, along an EW trending line through the Comoros
Archipelago joining Mohéli Island and Zélée Geyser banks (Figs 7 and 8). This
shallower basement extends over a broad region, suggesting anomalous heating at
mantle depth, possibly related to the recent volcanism discovered in the Mwezi and
N’Droundé provinces to the northeast of Anjouan and Grande Comore islands and

throughout the Comoros Archipelago (Rusquet et al., 2023; Thinon et al., 2022).

5.4Compressional structures
Seismic profiles north of the Comoros archipelago document two distinct phases of
compressional deformation. The first is Turonian in age and the second is Late
Eocene.

The oldest event is recorded in the deepest sedimentary layers as a small dome
bounded by reverse faults of opposite vergence (Figures 9 and 10). The dome is
sealed by post-Turonian sediments, indicating an early phase of deformation. The
basement faults are poorly imaged, but the sedimentary dome clearly coincides with a
crustal basin of similar dimensions, suggesting tectonic inversion along basin-

bounding faults (FZ1 in Fig. 9). Similar basins observed along the M02 profile (FZ2a
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and b in Figs. 9 and 10) can be traced further north in the seismic lines (Fig. 10). They
systematically correspond to elongated NNW-SSE trending gravity lows in the satellite-
derived free-air gravity anomaly (Fig. 9) and are therefore interpreted as transform
faults or fracture zones valleys that formed at the extinct seafloor spreading centre of
the West Somali Basin (Davis et al., 2016) and were later reactivated.

The most recent event is associated with stronger compressional features that are
well imaged north of Grande Comore Island along two intersecting EW and NS seismic
profiles. The main episode of deformation is marked by a dense network of inverse
faults in both the sedimentary cover and the crust. Oligocene sediments seal these
structures. The amplitude of the uplifted areas reaches 0.3-0.4 s TWTT (300-400 m
with an interval velocity of 2 km/s). The EW trending profile shows a series of strong
reflectors occurring ~1 s below the top of the basement, all located beneath the uplifted
area and a former small basin within the crust. These reflectors connect the oceanic
Moho both east and west of the deformed area. We thus interpret them as
corresponding to the deformed oceanic Moho. The thin crust beneath the uplifted area
is of the type typically observed at transform faults near their intersection with oceanic
ridge segments. Both the top basement and the Moho are shallower to the east of the
deformed area than to the west, which may indicate a younger-aged oceanic
lithospheric compartment to the east, suggesting that the profile crosses a fracture
zone. Note that the Turonian phase is also observed in the easternmost part of this
EW profile with a small doming of the early sediments (Fig.11A).

Both the Turonian and Oligocene compressive events thus appear to have
overprinted the original network of transform faults and fracture zones inherited from
the paleo-spreading centre of the West Somali Basin. Since some small faults reach
the seafloor, we further propose that such reactivation may have continued until recent
times. Compressive structures show several strong reflectors within the crust above
the oceanic Moho and locally within the uplifted area (Fig. 11 B). We interpret these
reflectors as indicative of magma intrusions along faults, typically found in the lower
oceanic crust (Sauter et al., 2021) and possibly up to the seafloor. As magma is unlikely
to be present 120 Ma after the cessation of the spreading, these intrusions are more
likely to be related to the active magmatic province around the Comoros Archipelago,
which would then extend 200 km further north than previously mapped (Thinon et al.,
2022; Tzevahirtzian et al., 2021).
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5. Discussion

5.1.Nature of the Comoros Basin

We found evidence for oceanic crust in the Comoros Basin, consistent with
previous studies (Coffin et al., 1986), and have thus resolved past controversies about
the nature of the crust around the Comoros Archipelago.

The Moho seismic reflection is weak in some parts of the study area. This is not
surprizing, as there are many places, away from the axis of the mid-oceanic ridges,
where the crust-mantle transition shows no distinguishable reflection (Mutter and
Carton, 2013). Either the Moho interface is highly variable in structure, resulting in a
gradual transition zone that is broad enough not to produce a vertical incidence
response, and/or the scattering and attenuation properties in the crustal section lead
to variable imaging conditions at the Moho level (Mutter and Carton, 2013). In our
survey area, volcanic overprinting enhances the variability of both the sedimentary
cover and the crustal structure (Masquelet et al., 2022). Locally absent Moho
reflections have also been noted in the northern part of the West Somali Basin, where
the variable seismic signature of the base of the crust has been attributed to faulting,
deformation and/or intrusions (Sauter et al., 2018a; Sinha et al., 2019). Furthermore,
no evidence for a clear oceanic Moho reflection was reported by Klimke et al. (2016)
east of the Davie Ridge, where oceanic crust is inferred from wide-angle data
(Vormann et al., 2020; Vormann and Jokat, 2021).

Because our data set does not include profiles right across the islands, we cannot
rule out the possibility of some isolated continental blocks below the Comoros Islands,
as has been hypothesized beneath some volcanic islands surrounded by oceanic crust
such as Iceland or Mauritius (Foulger et al., 2020). Our dataset further shows that the
young Fani Maoré volcano, which crowns the Mayotte volcanic edifice 50 km to the
east of Mayotte Island, does not sit directly on the top of the basement but on a >2 km
thick sedimentary unit above the oceanic crust (Masquelet et al., 2022). We conclude
that such continental blocks, if present beneath the islands of the archipelago, would
be of very small extent (<30-40 km) which seems unlikely when compared to typical
microcontinents such as the undisputed examples of Jan Mayen and the Seychelles
(Péron-Pinvidic and Manatschal, 2010).

The obtained 6-7 km crustal thicknesses in the Comoros Basin are in agreement
with the 6.72 km average thickness for oceanic crust >125 Ma old (Christeson et al.,
2019). Similar crustal thicknesses have been obtained from both seismic reflection
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profiles and wide-angle seismic data on the eastern flank of the Davie Ridge between
13.5 and 14.5°S (Roche and Ringenbach, 2022; Vormann et al., 2020; Vormann and
Jokat, 2021). This range of thickness, together with the estimated roughness of the top
basement (110-200 m), is typical for spreading ridges with a relatively high magmatic
budget and minor contribution from tectonism (Goff et al., 1997). This also agrees with
the intermediate spreading rate indicated by the magnetic anomalies for the extinct
spreading centre of the West Somali Basin (Davis et al., 2016).

Locally the crust may be much thinner (e.g. ~5 km below OBS1). The velocity
models show that while the oceanic layer 2 does not change along the M01 profile,
Layer 3 is ~2 km thinner below OBS1. Because a thinner Layer 3 is often observed at
the segment ends of slow to intermediate spreading ridges e.g. (Minshull et al., 2006),
this variation in Layer 3 thickness may indicate the presence of a fracture zone at the
northern end of the MO1 profile, beneath OBS1. We note that the top of the crust along
the MO1 profile is shallowing northward with two topographic steps between OBS3 and
OBS2 and below OBS1 separating sections of more or less constant depth (Fig. 2).
We interpret this stepwise depth variation as indicating successive sections of oceanic
lithosphere of different ages and thus the presence of fracture zones that offset
segments of the extinct spreading ridge of the West Somali Basin. Moreover, a basin
is well imaged beneath OBS1 on profile M02, which also corresponds to a gravity
lineament revealing the paleo-segmentation of the extinct spreading centre (Figs. 9
and 10). Some of these fracture zones have been locally reactivated.

5.2.Pre-existing structures in the Comoros and West Somali Basins and
emplacement of the Comoros Archipelago

Both reactivation of NS tectonic features and volcanic activity occurred along the
Davie Ridge in the Late Cretaceous after the cessation of the southward drift of
Madagascar (Bassias and Leclaire, 1990; Mascle et al., 1987). Reactivation of former
extensional faults has also been documented for the onshore and offshore Majunga
Basin during the Late Cretaceous (Razafindrazaka et al., 1999). Transpressional
events have also been evidenced from the Late Cretaceous to the Paleogene along
other NS-trending major fracture zones close to the East African margin, such as the
Seagap (offshore central Tanzania) and Walu faults (i.e. the northern extension of the
Davie Ridge (Roche and Ringenbach, 2022). Here we show that such a reactivated
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fracture zone is also observed in the Late Eocene north of the Comoros Archipelago,
away from these major transform faults.

Several islands of the archipelago, such as Grande Comore, Anjouan and Mayotte,
show an elongated shape, several rift zones, numerous dikes and alignments of
offshore volcanoes with a main NS to NNW-SSE orientation, along with some minor
orientations (Famin et al., 2020) (Fig. 12). Similarly, the recently discovered N'droundé
Ridge province (see Fig. 1 for location) and the Domoni ridge between Grande Comore
and Mohélie islands show the same ~NS orientation (Thinon et al., 2022). (Famin et
al., 2020) showed that the maximum horizontal stresses of the paleostress tensors
obtained from fault analysis at Mayotte, Anjouan and Mohéli islands are consistently
oriented NNW-SSE. We also note that several post-seafloor-spreading volcanic
edifices of Late Cretaceous age have been found aligned with fracture zones of the
extinct spreading centre both in the northern part of the West Somali Basin (Cruciani
and Barchi, 2016) and on the eastern flank of the Davie Ridge (Klimke et al., 2016). It
has also been suggested that deep lithospheric melt was channelized along shear
zones up to shallow deformation corridors to feed volcanic edifices along pre-existing
oceanic fracture zones of the West Somali Basin (Sauter et al., 2018a). We therefore
propose that the emplacement of the volcanic edifices of the Comoros Archipelago is
partly controlled by mechanically weak zones along pre-existing fracture zones of the
oceanic crust.

Several analyses of the satellite-derived gravity data have resulted in maps of
gravity lineaments related to fracture zones, all of which show a change in spreading
direction at about 12°S from NW-SE to the south, to NS in the West Somali Basin
(Davis et al., 2016; Phethean et al., 2016; Reeves, 2018; Sauter et al., 2018a) (Fig. 12).
We note that the oceanic crust is thinner north of the archipelago and thicker south,
and that the depth of the oceanic basement is shallower in the north than in the south
(Fig. 7). The different thicknesses and depths could indicate a change in the magma
budget related to the change of spreading direction. This change is also well defined
by the striking bend in the Davie Ridge at 12-14°S, which shows diffuse extension
compared to more focused extension further north and south, in the Kerimba and
Lacerda Miocene to Pliocene narrow grabens, respectively (Franke et al., 2015) (Fig.
10). The islands of the Comoros Archipelago show a general EW alignment at the
same latitude (12-13°S) with NS gravity lineaments to the north and NW-SE ones to
the south (Fig. 12). We compare this geodynamic context with the so-called Buried
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Hills in southeastern Sri Lanka. These magmatic structures form an elongated NE-SW
trending chain between the NS-oriented 85°E Ridge and the Afanasy Nikitin
Seamounts (Altenbernd et al., 2020). They are located at a border between swaths of
oceanic crust formed by seafloor spreading in two different directions. It was thus
suggested that they may have been set up along a line of pre-existing structural
weakness (Altenbernd et al., 2020). Reactivation of oceanic fracture zones has also
been inferred to explain the formation of the Bathymetrists seamounts in the Central
Atlantic (Van Der Zwan et al., 2023). There, a change in the motion of the African plate
60-40 Ma ago, together with the reactivation of the fracture zones of the strongly
sheared Equatorial Atlantic, created pathways in the lithosphere and possibly
enhanced magmatism (Van der Zwan et al., 2023). We thus suggest that the
segmentation of the extinct spreading centre of the West Somali Basin strongly
controls the emplacement of the Comoros Archipelago. This does not exclude other
controlling mechanisms, such as those suggesting a nascent plate boundary between
the Lwandle and Somalia plates (Famin et al., 2020; Feuillet et al., 2021). The Late
Eocene reactivation phase, coeval with the onset of the Arabia-Eurasia collision at the
Eocene/Oligocene boundary (Song et al., 2023), may have triggered the weakening of
the fracture zones in the Somali and Comoros basins. This phase would then result in
the emplacement of volcanic edifices along a weakened area where these fracture
zones change direction, favouring a nascent plate boundary.

6. Conclusions

1) The crust of the Comoros Basin is decidedly oceanic in character resolving
controversies of the past.

2) The crust is thinner (5.76-6.62 km) north of the Archipelago and thicker (6-
7.2 km) in the Comoros Basin and has a top basement roughness of 110-
200 m. Such crustal thickness and top basement roughness are typical of
crust formed at intermediate spreading ridges such as the extinct spreading
centre of the West Somali Basin.

3) The unloaded basement depth of the Comoros Basin closely matches the
asymptotic subsidence predicted by the Stein and Stein (1992) plate cooling
model, indicating a possible Cretaceous or Jurassic age for the oceanic
lithosphere. The West Somali Basin north of the archipelago appears to have
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a shallower basement, possibly linked to anomalous mantle heating
associated with recent volcanism in the Mwezi and N'Drounde provinces
northeast of Anjouan and Grande Comore islands, respectively.

4) The pre-existing fracture zones of the extinct spreading centre of the West
Somali Basin have been reactivated first in Turonian time and then in Late
Eocene time. They may have served as mechanically weak zones controlling
the emplacement of the volcanic islands of the Comoros Archipelago.

5) We suggest that the weakened area formed by the alignment of changes in
direction of these fracture zones may have favoured the emplacement of the
Comoros Archipelago.
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536
537 Figure 1: Map of the study area offshore the Comoros archipelago (A). Orange

538 lines indicate the 48-channel seismic reflection profiles and green lines show the 960-
539 channel seismic reflection profiles collected during the SISMAORE cruise (Thinon et
540 al 2020). Black lines indicate the TGS lines available for the study. The green triangles
541 indicate the location of the OBSs (ocean bottom seismometers) of the SISMAORE
542  cruise. The N'Droundé and Mwezi volcanic provinces are shown in yellow. The blue
543 lines correspond to the fracture zones of Davis et al. (2016). The green and orange
544  dashed lines correspond to the COB (Continent-Ocean Boundary) of Roche and
545 Ringenbach (2022) and Sinha et al. (2019), respectively. The black dashed line
546  corresponds to the Davie Ridge. Thick red lines indicate the part of the profiles shown
547 in the following figures of this paper. The background image is the satellite-derived free
548  air gravity anomaly grid of Sandwell et al. (2014); (B) Location of the study area in the
549 western Indian Ocean. The dashed green lines indicate the inferred plate boundaries
550 after Michon et al. (2022); (C) Location of the OBSs of the SISMAORE cruise (green
551 triangles) and the sonobuoys SB08 of Lort et al. (1979) and V449 of Coffin et al. (1986)



552  (blue points). The numbering of the seismic reflection profiles (M01, M08 etc...) is also
553 indicated. The background bathymetric grid is a compilation of several cruises after
554  Masquelet et al. (submitted).
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Figure 3: Seismic stratigraphy of the Comoros Basin from Masquelet et al.
(submitted). The seismic character of the interpreted key horizons is illustrated by a
960-channel seismic reflection profile; the Top Miocene (TM; 5.3 Ma), Top Oligocene
(TO; 23.5Ma), Cretaceous-Paleogene unconformity (K/Pg; 66 Ma), Turonian
volcanism (TV; 89-93 Ma), and the top of the crust were identified in the Comoros
Basin and compared with the seismic stratigraphy of Franke et al. (2015) and
Mougenot et al. (1986): BC/AO: Cretaceous/Tertiary boundary; TO/A1: Top Oligocene;
LM/A3: Late Miocene; A4: Pliocene.
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Figure 4: M09 960-channel seismic reflection profile east of Mayotte (A), and
interpreted profile (see location in Fig. 1). The black and purple lines correspond to the
top of the crust and the Moho, respectively. TO: Top Oligocene. K/Pg:
Cretaceous/Paleogene boundary, TV: Turonian volcanism. (B) Close-up view of part
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oceanic crust (see location of the profiles in Fig.1).
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Figure 6: Roughness estimate for a NS profile in the Comoros Basin (A; see
location in Fig. 1) and plot of the roughness versus spreading rate (B). Depth values
were obtained by converting TWTT using the velocity profile of OBS3. The standard
deviation of the detrended profile in A gives a roughness value of 120 m. Roughness
values for the Artic Ridge are from Weigelt and Jokat (2001) and Ehlers and Jokat
(2009). Those for the southwest Indian ultraslow-spreading ridge are from Sloan et al.
(2012). Those for the slow-spreading Mid-Atlantic Ridge are from Goff (1991); Goff et
al. (1997); Minshull (1999); Neumann and Forsyth (1995). The roughness value for the
slow-spreading SWIR (before 24 Ma) is from Sauter et al. (2011). The roughness
values for the intermediate-spreading southeast Indian Ridge and fast-spreading East
Pacific Rise are from Goff et al. (1997). The dashed grey line is the power-law curve
fit of Malinverno (1991). The horizontal grey box shows the range of roughness values

measured in our study area.
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Figure 7: Depth of the top of the crust (in seconds two-way travel time) obtained
along the seismic reflection profiles. The blue lines correspond to the fracture zones
from Davis et al. (2016). The background image is the satellite-derived free-air gravity
anomaly grid of Sandwell et al. (2014).
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Figure 9: M02 960-channel seismic reflection profile north of Mayotte (A),

interpreted profile (B) and location map (C). TM: Top Miocene; K/Pg: Cretaceous-
Paleogene boundary; TV: Turonian Volcanism. In frame C, the dashed blue lines
indicate the location of inferred fracture zones (FZ1 & FZ2) using the seismic profiles
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grid of Sandwell et al. (2014). Blue lines correspond to the fracture zones (FZ) mapped
by Davis et al. (2016). Yellow thick lines show the main orientations of some volcanic

structures.
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channel seismic reflection profiles (MR05 and MRO01) are interpreted as the top of the

oceanic crust.
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635
636 Figure 11: Sections of an EW-trending seismic reflection profile (A) and an NS-

637 trending seismic reflection profile (B) north of the Grande Comore Island (see location
638 in Fig. 1). TO: Top Oligocene, TV: Turonian Volcanism. The green horizon shows the
639 last sedimentary layer affected by the compressional deformation. The thick black and
640 purple lines correspond to the top of the oceanic crust and the Moho, respectively. The
641  thin black lines indicate faults.
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Figure 12: Schematic structural map of the West Somali and Comoros Basins. The
black arrows show the paleo-spreading direction. The thin red line corresponds to the
location of the extinct spreading ridge. The black dashed line corresponds to the
location of Davie Ridge. The blue lines are the fracture zones identified by Davis et al.,
(2016). The dashed green lines indicate the extent of the volcanic zones around each
island (Masquelet et al., submitted). The dashed red lines delimit the area where the
fracture zones show a marked change in direction. The stars indicate the location of
the reactivated fracture zones shown in Figs 9-11. The background image is the

satellite-derived free-air gravity anomaly grid of Sandwell et al. (2014).
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