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Abstract This paper aims to solve the longstanding debate on the origin of the Comoros volcanic
archipelago (Mozambique Channel, Indian Ocean) concerning whether it represents a hotspot trail or a
boundary between the Lwandle and Somalia plates in possible connection with the East African Rift System
(EARS). To achieve this goal, we analyzed rock samples from recently discovered and previously
uninvestigated volcanoes and edifices by means of geochemistry and geochronology. Major‐trace element
analyses and radiometric dating (40Ar/39Ar, K‐Ar, and (U‐Th)/He) allow us to identify a widespread phase of
Comorian volcanism initiated at 9–8 Ma, involving the Zélée, Geyser, and Leven banks, three atolls east of the
Comoros. Another tectono‐magmatic phase initiated at 2.5 Ma led to a N‐S widening of seamount volcanism,
and to the progressive development of en‐échelon NW‐SE structures. With this new addition of atolls and
seamounts, the Comoros Archipelago becomes a ∼700 km‐long, ∼200 km‐wide E‐W chain extending from the
Cenozoic volcanoes ofMadagascar to the EARS. The reactivation of this chain at 9–8 and 2.5Ma coincides with
abrupt changes in the motion of the Somalia plate relative to the Lwandle plate, and with plate boundary
modifications. The en‐échelon reorganization of structures also matches the kinematic evolution of Somalia
relative to Lwandle, from transtension (>3 Ma) to pure dextral slip (≤3 Ma) in the northern Mozambique
Channel. We conclude that the Madagascar‐Comoros volcanic chain is a branch of the EARS and a plate
boundary, further strengthening the link between magmatism and the Rovuma‐Lwandle‐Somalia plate
kinematics.

Plain Language Summary The origin of the Comoros volcanic archipelago (between East Africa
and Madagascar) is a matter of a longstanding debate. Consensus is emerging that this volcanic chain,
previously interpreted as due to a hotspot, might be a branch of the East African rifts, and possibly a boundary
splitting the African plate into smaller blocks. We revisited the debate in the light of new volcanic rock samples
recovered from fieldwork and oceanographic campaigns. Chemical analyses of rocks and their dating with
natural radioactivity reveal that a widespread volcanism occurred 9–8 Ma ago, involving not only islands of the
Comoros, but also three atolls east of the archipelago. A second widespread volcanism initiated 2.5 Ma ago,
leading to the propagation and widening of the Comoros chain. With this new addition of seamounts and atolls,
the Comoros become a ∼700 km‐long, ∼200 km‐wide E‐W chain of volcanoes running from the volcanoes of
Madagascar to the East African rifts. Magmatic and tectonic episodes started at 9–8 and 2.5 Ma coincide with
periods of increased fragmentation of the African plate. We conclude that the Madagascar‐to‐Comoros volcanic
chain is indeed a branch of the East African rifts and a plate boundary.
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Key Points:
• Newly discovered and dated seamounts

and atolls expand the Comoros
Archipelago to a 700 km chain of
volcanoes reaching northern
Madagascar

• Two phases of magmatism and tectonic
activity initiated at 9–8 and 2.5 Ma
along the volcanic chain

• The phases match geometric and
kinematic changes of the Lwandle and
Somalia plates, confirming that the
volcanic chain is a plate boundary
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1. Introduction
The Comoros Archipelago is a chain of volcanic islands and seamounts in the northern Mozambique Channel
(Figure 1a), whose origin is the subject of a long‐standing debate. This volcanic chain was first interpreted as a
hotspot trail due to the apparent age progression from Mayotte in the east, presumably the oldest island, to the
active volcanoes of Grande Comore Island to the west (Emerick & Duncan, 1982, 1983; Hajash & Arm-
strong, 1972; Figure 1b). Consequently, the Comoros Archipelago is used as a fixed reference frame for plate
motion reconstructions, even though it represents an outlier in these models (Wang et al., 2018). The birth of a
new submarine volcano east of Mayotte in 2018 (Cesca et al., 2020; Feuillet et al., 2021; Lemoine et al., 2020) has
led to questioning of the interpretation of the Comoros as a hotspot trail and has drawn the attention of the
scientific community on this poorly understood region. Alternative hypotheses are that volcanism of the Comoros
is related to a crustal fracture zone (Nougier et al., 1986), and/or may even represent the northern boundary of the
Lwandle plate, connecting the East African Rift System (EARS) to the volcanism and grabens of northern
Madagascar (Famin et al., 2020; Michon, 2016; Michon et al., 2022; Stamps et al., 2018). Understanding the
origin of the Comoros Archipelago is thus of critical importance for improving absolute plate motion reference
frames, and for assessing the geodynamics of the eastern prolongation of the African rifts.

The existence of an age progression, or its absence, is of central importance in the discussion about the origin of
the Comoros volcanism. Geochronological constraints have recently been revised on Anjouan and Mohéli,
revealing that many ages published in the 20th century must be considered with caution (Quidelleur et al., 2022;
Rusquet et al., 2023). A similar revision remains to be done for Mayotte. Moreover, recent oceanographic
campaigns have unveiled a wealth of submarine volcanic structures offshore of the islands that should be included
in the scheme of the Comorian volcanism, but the ages of which remain unknown (Berthod et al., 2021a; Thinon
et al., 2021, 2022; Tzevahirtzian et al., 2021). Finally, the connection of the Comoros Archipelago with the
Cenozoic volcanism of northern Madagascar remains unclear. A series of volcanic ridges, guyots, and atolls
extends from the Comoros Archipelago eastward, yet it is not known whether these structures belong to the
volcanism of the Comoros or to the Glorieuses chain of seamounts and islets extending northward. Assessing the
history of subaerial and submarine volcanic structures of the northern Mozambique Channel is thus critical to
improve our knowledge of the geodynamics of this region.

The objective of this study is to provide temporal and major and trace element constraints on volcanic islands and
seamounts in the Comoros region, in order to compare the chronology and geochemistry of this volcanic chain
with the Cenozoic volcanism of northern Madagascar, and with other geodynamic events in the western Indian
Ocean. To do so, we collected subaerial samples from Mayotte to complement existing ages about the con-
struction of this island. We also took advantage of three oceanographic cruises, PAMELA‐MOZ01 (Olu, 2014),
SISMAORE (Thinon et al., 2021), and SCRATCH (Berthod et al., 2021a), which mapped and dredged submarine
volcanic structures in the northern Mozambique Channel. Depending on the nature and freshness of subaerial and
submarine samples, we applied three radiometric dating techniques: 40Ar/39Ar on whole rock, K‐Ar on
groundmass, and (U‐Th)/He on zircon and apatite. Combined with major and trace element analyses, these
geochronological data allow us to expand the geological history of the Comorian volcanism in time toward the
Miocene and in space across the northern Mozambique Channel, and to bring new arguments to the debate about
the geodynamic origin of this archipelago and its connection with the volcano‐tectonics of Madagascar and the
EARS.

2. Geological Setting
The northernMozambique area off East Africa is interpreted as an oblique continental margin, with the continent‐
ocean transition running east of the Kerimbas Graben and the Davie Fracture Zone and west of Grande Comore
(Klimke et al., 2016; Mascle et al., 1987; Figure 1b). The lithosphere beneath the Comoros is thought to be
oceanic (Masquelet et al., 2024; Rolandone et al., 2022), with paleo‐transform faults and seafloor spreading
anomalies oriented NW‐SE and NE‐SW, respectively (e.g., Phethean et al., 2016). With growing earthquake
catalogs, it progressively becomes possible to connect the Comoros Archipelago with the other volcano‐tectonic
structures of the northern Mozambique Channel (Figure 1b). To the west, seismicity suggests that the Comoros
alignment may be linked to the Kerimbas Graben and the Davie Fracture Zone forming part of the south‐east
branch of the EARS, that is, the boundary between the Rovuma block and the Lwandle and Somalia plates
(Bertil et al., 2021; Michon et al., 2022). The Davie Fracture Zone and the Kerimbas Graben are devoid of
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Figure 1.
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Cenozoic magmatism (Franke et al., 2015), but are seismogenic structures with earthquake slip vectors consis-
tently indicating E‐W extension (e.g., Saria et al., 2014). The Kerimbas Graben initiated in the Late Miocene, and
∼80% of its opening occurred since the Early Quaternary, ca. 2.5 Ma ago (Franke et al., 2015). From the Comoros
Archipelago, a W‐E‐oriented seismicity corridor runs eastward (Figure 1a), but vanishes ∼100 km before
reaching the grabens of northern Madagascar (e.g., the Ambilobe Graben) and the Cenozoic volcanism of the
Bobaomby Peninsula, Massif d’Ambre, and Nosy Be (Bertil et al., 2021, Figure 1b). The reason for this seismicity
gap (instrumental bias or true lack of events) is unknown. The Comoros Archipelago and recently discovered
submarine volcano‐tectonic features in the area have been interpreted as en‐échelon structures within a∼200‐km‐
wide zone of right‐lateral deformation (Famin et al., 2020; Feuillet et al., 2021; Thinon et al., 2022).

Beneath East Africa, a slow wavespeed mantle plume tail is evidenced by seismic tomography, showing that the
activity of the EARS is supplied by melts from the upwelling mantle (Boyce et al., 2023). A low‐velocity conduit
is also found in the lower mantle beneath the Comoros (Dongmo Wamba et al., 2023). The Karthala volcano in
Grande Comore shows evidence of a deep mantle plume contribution (Class et al., 1998, 2005, 2009; Class &
Goldstein, 1997), whereas magmas from the other Comorian edifices (La Grille in Grande Comore, Mohéli,
Anjouan, and Mayotte) are attributed to partial melting of a metasomatized, MORB‐type lithospheric mantle
(Bachèlery & Hémond, 2016; Bordenca et al., 2023; Pelleter et al., 2014; Späth et al., 1996). Likewise, the
Cenozoic volcanism of northern Madagascar is inferred to stem from low degree partial melting of peridotite
sources rich in volatiles and incompatible elements, possibly located in the lowermost lithospheric mantle
(Cucciniello et al., 2011, 2016, 2022).

Grande Comore is considered to be the most recently emerged island of the archipelago, because its two vol-
canoes (Karthala and La Grille) are the only active subaerial eruptive vents in this region. Grande Comore Island
is made of a set of N150–160°E en‐échelon structures extending to the north, and a N070°E‐elongated structure to
the west (Thinon et al., 2022; Figure 1b). To the southeast, Grande Comore is connected to the island of Mohéli
via the N155°E Domoni submarine ridge (Thinon et al., 2022; Tzevahirtzian et al., 2021). Mohéli was constructed
in two stages, first as a N070°E elongated structure from >3.8 to 3 Ma, then as N110°E ridge from 2 Ma to
0.008 Ma (Rusquet et al., 2023). Drastic subsidence, during the quiescence interval between the two construction
stages, from 3 to 2Ma, drowned a carbonate platform to 400–600 m depth. Mohéli is connected to Anjouan Island
via the N070°E Chistwani submarine ridge (Thinon et al., 2022; Tzevahirtzian et al., 2021), which was dated at
3.74 ± 0.05 Ma by K‐Ar on groundmass (Rusquet et al., 2023; all age uncertainties are expressed hereafter at the
1σ level). On Anjouan, radiometric ages (K‐Ar on groundmass and 14C on charcoal) range from ∼2 to 0.009 Ma
(Quidelleur et al., 2022). Indents in the morphology of Anjouan indicate the occurrence of two landslides in the
past 0.9 Ma of the island (Quidelleur et al., 2022).

Mayotte is thought to be the oldest island of the Comoros Archipelago. The submarine volcanism of Mayotte
initiated as early as 27–26 Ma according to seismic profile interpretation (Masquelet et al., 2022). Mayotte is
thought to have first emerged as two volcanoes from >10.6 to ∼3 Ma, a southern edifice and a north‐western
edifice (Debeuf, 2004; Pelleter et al., 2014). Drowned carbonate terraces at 450–830 m depth on the southern
and north‐western submarine flanks of Mayotte indicate subsidence of these two volcanoes at a pace faster than
the construction rate of coral reefs (Audru et al., 2006; Tzevahirtzian et al., 2021). The two volcanoes later
coalesced with the construction of a third, north‐eastern edifice from 2.4Ma up to very recent (possibly Holocene)
times (Lacombe et al., 2024; Zinke et al., 2003). From this north‐eastern edifice, a N110°E submarine ridge runs
eastward (e.g., Audru et al., 2006; Berthod et al., 2021a; Feuillet et al., 2021), at the tip of which lies the new Fani
Maoré submarine volcano (Bazin et al., 2022; Lemoine et al., 2020).

Figure 1. (a) Geodynamic map of the western Indian Ocean and the East African Rift System, showing regional seismicity (NEIC catalog 1900–2022, USGS and Bertil
et al., 2021), GNSS plate motion in a no net rotation (NNR, a.k.a. “absolute”) reference frame (King et al., 2019), Neogene‐to‐present volcanism (red areas), major faults
(black lines, compilations from Courgeon et al., 2018; Deville et al., 2018; Iacopini et al., 2022; Michon, 2016; Roche & Ringenbach, 2022; Roig et al., 2012), and most
recent proposed plate boundaries (Michon et al., 2022; Stamps et al., 2018). AOC: Aden‐Owen‐Carlsberg triple junction; NTD: Northern Tanzania Divergence; RVP:
Rungwe Volcanic Province; KG: Kerimbas Graben; MdA: Massif d’Ambre; DFZ: Davie Fracture Zone. (b) Sample locations in the northern Mozambique Channel.
Symbol colors correspond to the color scale of radiometric ages (in Ma on the right side of the panel). Dredged samples are from the PAMELA (Olu, 2014), SISMAORE
(Thinon et al., 2021), and SCRATCH (Berthod et al., 2021a) oceanographic cruises. Elevation/bathymetry grids are a compilation from bathymetric data in the northern
Mozambique area (Berthod et al., 2021a; Thinon et al., 2022; Tzevahirtzian et al., 2021); 30m‐gridded DEM provided by Japan Aerospace Exploration Agency (2021)
and from GEBCO elsewhere (GEBCO Bathymetric Compilation Group, 2023). Also shown is the continent‐ocean transition as combined from the interpretations of
Mascle et al. (1987) and Klimke et al. (2016).
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Northeast of Mayotte lie two N140°E submarine ridges called the Jumelles (Figure 1b). The SISMAORE cruise
recently revealed that these ridges extend toward the NW as a diffuse field of volcanoes called the Mwezi
province (Thinon et al., 2021, 2022). East of the Jumelles, the Zélée and Geyser banks are presumably volcanic in
origin but their age is unknown. Further east of Zélée‐Geyser banks, near Madagascar, lies another submarine
feature called the Leven Bank (Figure 1b). This feature is possibly volcanic, according to basaltic cobbles
recovered in dredges (Daniel et al., 1972). The Leven Bank lies at the junction of the Grande Comore–Mohéli–
Anjouan–Mayotte–Jumelles–Zélée–Geyser E‐W alignment and the NNW‐SSE trend formed by the Glorieuses
islets and guyots (Figure 1b). Based on radiometric dating and seismic profiles, the island of Grande Glorieuse is
known to have formed by volcanism during the Cretaceous, much before the Cenozoic volcanism of the Comoros
Archipelago (Leroux et al., 2020). Radiometric dating in northern Madagascar shows that igneous activity
occurred since the late Oligocene to the Pleistocene from the Bobaomby Peninsula to the Massif d’Ambre, Nosy
Be islands, Ampasindava Peninsula, and TsaratananaMountains (Cucciniello et al., 2016, and references therein).
The question thus arises as whether the Leven Bank is Neogene in age and represents a link between the Comoros
volcanism and the Cenozoic magmatic activity of northern Madagascar, or whether it is an older structure related
to the Cretaceous magmatism of the Glorieuses trend.

3. Materials and Methods
3.1. Sampling

Submarine samples were recovered from dredging operations performed during three oceanographic campaigns,
the PAMELA‐MOZ01 cruise (MOZ01) onboard of the R/V L’Atalante (Olu, 2014), the SISMAORE cruise
(SMR) on the R/V Pourquoi Pas (Thinon et al., 2021), and the SCRATCH cruise (SCR) on the R/V Marion
Dufresne (Berthod et al., 2021a). Based on visual inspection, an initial sorting and selection of dredged materials
was made to dispatch samples, according to their macroscopic petrology, their alteration and vesicularity, and
their available quantity, for chemical and/or geochronological analyses. These samples consist of lava flows or
pyroclastic breccias from different volcanic structures, including, from west to east, the Domoni Ridge (dredges
MOZ01‐DR07 and DR08), the northern base of Anjouan's edifice (MOZ01‐DR09), the Mwezi volcanic province
(SMR5 and SCR‐DR03 to DR05), the two Jumelles ridges (MOZ01‐DR06, SMR2, and SCR‐DR07), the Zélée
Bank (SMR1 and SCR‐DR09), the Geyser Bank (SCR‐DR10), unnamed seamounts of the Glorieuses alignment
(MOZ01‐DR04 and SCR‐DR01), and the base of the Leven Bank (SCR‐DR11 and DR12).

In addition, four onshore samples were collected on Mayotte Island to complement published radiometric ages.
These subaerial samples include a phonolitic dome on southern Mayotte (19MA07), a lava flow on the west coast
(18MA30), and two strombolian cones on eastern Mayotte (19MA05 and 19MA08). The location of dredges and
subaerial samples is provided in Table S1.

3.2. Major‐Trace Element Geochemistry

A total of 4 subaerial and 48 submarine samples were analyzed for bulk‐rock major and trace elements, to classify
rocks in international charts as well as to check their quality in terms of loss on ignition (LOI). Whole rock major
and trace element analyses were conducted at the Pôle de Spectrométrie Océan (PSO, IUEM, Brest, France).
Major element analyses follow the procedure of Cotten et al. (1995). This procedure includes the dissolution of
250 mg of rock powder in closed screw‐top Savillex teflon vessels at 90°C for one day, using 3 ml of concentrated
HF+ 1 ml of concentrated HNO3. Then, 96 ml of H3BO3 (20 g/l) in aqueous solution were added to neutralize the
excess of HF. All reagents used are of analytical grade. Major elements were measured by inductively coupled
plasma atomic emission spectrometry (ICP‐AES, Horiba Jobin Yvon® Ultima 2 spectrometer). The boron
included in the solution was used as an internal standard. Calibrations were made using the ACE, WSE, and JB2
international standards. The relative standard deviation is better than 1% for SiO2 and 2% for other major
elements.

Trace elements were measured by HR‐ICP‐MS (Element XR, ThermoFisher Scientific). Sample powders were
weighted in PFA beakers and dissolved in a mixture of HF‐HNO3 and HCl‐HNO3 and heated on hot plates. After
evaporation, residues were dissolved in 6N HCl and kept as archive solutions. An aliquot of this archive solution
was taken and weighted and diluted in HNO3 2% for analysis on the ICP‐MS. Indium was added to samples as an
internal standard for correcting signal drift during analysis. External standards were prepared and used for cal-
ibrating the sample concentrations. Sample analyses were interspersed with procedural blanks and geostandards
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BE‐N, BHVO‐2, BCR‐2, BIR‐1, GS‐N, andWS‐E run as unknowns (Jochum et al., 2016). The precision obtained
on the results was better than 5% for trace elements.

Our geochemical data are compared with literature major and trace elements analyses of the GEOROC database,
from magmatic rocks of Anjouan (Debeuf, 2004; Flower, 1971, 1973; Nougier et al., 1986; Quidelleur
et al., 2022; Thompson & Flower, 1971), Grande Comore (Class et al., 1998, 2005, 2009; Class & Gold-
stein, 1997; Claude‐Ivanaj et al., 1998; Deniel, 1998; Desgrolard, 1996; Flower, 1971; Späth et al., 1996;
Strong, 1972a; Thivet et al., 2022), Mohéli (Nougier et al., 1986; Rusquet et al., 2023; Späth et al., 1996;
Strong, 1972b), Mayotte (Berthod et al., 2021b, 2021c, 2022b; Debeuf, 2004; Nougier et al., 1986; Pelleter
et al., 2014; Späth et al., 1996), northern Madagascar (Bobaomby Peninsula: Cucciniello et al., 2022; Melluso
et al., 2007; Nougier et al., 1986, Massif d’Ambre: Bardintzeff et al., 2010; Cucciniello et al., 2011; Nougier
et al., 1986, Nosy Be Archipelago: Cucciniello et al., 2016; Melluso & Morra, 2000), and Glorieuses (Leroux
et al., 2020).

3.3. Geochronology

After major and trace element analysis, 23 samples were further selected for geochronology. Three dating
techniques were applied depending on the alteration of samples and their mineral phases, for allowing inter‐
methods comparisons and avoiding the analytical bias of each technique. The 40Ar/39Ar whole rock and K‐Ar
groundmass techniques were applied on the freshest samples according to hand specimen inspection, thin sec-
tion examination, and LOI. The (U‐Th)/He dating technique on zircon and apatite was applied to samples that
were too altered for the other techniques and which contained those crystals. Procedures of the three radiometric
dating methods are provided in the Supporting Information S1.

4. Results
4.1. Major and Trace Elements Chemistry

Major and trace elements data are reported in Table S2 and represented in Figures 2 and 3. In a total alkali versus
silica (TAS) diagram, our analyses fall in the field of alkali series, except one tholeiitic basalt from the Mwezi
volcanic province (SCR‐DR03; Figure 2). Samples from the Domoni Ridge (dredges MOZ01‐DR07 and DR08)
are basalts or basanites with SiO2 values of 44–46.6 wt.%, and Na2O + K2O values of 3.9–4.7 wt.%. Samples
located at the base of Anjouan (MOZ01‐DR09) show compositions of basalts and basanites (44.5–45.2 wt.% SiO2

Figure 2. Major element compositions of subaerial and submarine volcanic samples from the Comoros area, Leven Bank,
Glorieuses seamounts and Cenozoic North Madagascar (Bobaomby Peninsula, Massif d’Ambre, Nosy Be Archipelago)
represented in a TAS diagram after normalization of the sum of oxides to 100 wt.% (Le Bas et al., 1986). The dashed line
divides the alkaline and tholeiitic series (LeMaitre and International Union of Geological Sciences, 2005).
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and 3.8–4.6wt.%Na2O+K2O).Mayotte subaerial samples plot along the tephri‐basanite‐phonolite differentiation
trend (44.4–57.3 wt.% SiO2, 6.5–14.8 wt.% Na2O + K2O), consistent with published chemical analyses. All the
samples from theMwezi volcanic province (SMR5 and SCR‐DR03 toDR05) are basalts (46.7–50.8wt.% SiO2 and
3.5–4.5 wt.% Na2O + K2O). Some of the samples from the Jumelles ridges are basalts (SMR2: 45.2–45.8 wt.%
SiO2, 4.1–5.1 wt.% Na2O + K2O) whereas others are tephrites/basanites (MOZ01‐DR06 and SCR‐DR07: 43.4–
45.8 wt.% SiO2, 5.5–6.4 wt.% Na2O + K2O). Samples from the Zélée Bank (SMR1 and SCR‐DR09) plot in the
foidite field (36.6–40.5 wt.% SiO2, 3–5.5 wt.% Na2O+K2O) whereas the sample from the Geyser Bank is a basalt
(SCR‐DR10: 45.7wt.%SiO2, 4.6wt.%Na2O+K2O). Samples from theLevenBank are basanites (SCR‐DR11 and
DR12: 43.7–46.7 wt.% SiO2, 3.4–8.4 wt.%Na2O+K2O). One sample from theGlorieuses seamount (SCR‐DR01‐
1A) is a tephrite (41.8 wt.% SiO2, 5.4 wt.% Na2O + K2O, 0% normative olivine), another (SCR‐DR01‐1B) is a

Figure 3. Spider diagrams of incompatible trace element concentrations normalized to primitive mantle values (after Lyubetskaya & Korenaga, 2007) for subaerial and
submarine volcanic samples from this study. Spidergram colors follow the age chart adopted in Figures 1b and 2. Gray fields are for literature data. (a) Domoni Ridge
compared to Karthala volcano in Grande Comore. (b) Anjouan offshore samples compared to subaerial data. (c) New samples compared to mafic and differentiated
rocks from the literature on Mayotte. (d) Jumelles ridges and Mwezi volcanic province compared to Comorian lavas. (e) Zélée and Geyser banks compared to Comorian
lavas. (f) Leven Bank and Glorieuses seamounts compared to literature data from the Comoros and from the Cenozoic volcanism of northern Madagascar (Bobaomby
Peninsula, Massif d’Ambre, Nosy Be Archipelago).
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phonolite (55.8. wt.% SiO2, 15 wt.% Na2O+K2O), both with elevated LOIs (9.7–10.4 wt.%), while the rest of the
samples (MOZ01‐DR04‐15, 16, 17, 19) fall in the trachyte field (58.29–61.20 wt.% SiO2, 10.10–10.27 wt.%
Na2O + K2O).

Several samples present elevated LOIs (up to 11.7 wt.%) as often encountered in undersaturated and differentiated
melts, but also in altered rocks. Indeed, the five samples (SMR1B, SCR‐DR01‐1A, DR01‐1B, DR09, and DR10)
showing the highest LOIs (8.3–11.7 wt.%) also display textural evidence of alteration in thin sections, as indicated
by the presence of secondary minerals filling voids (Figure S1 of Supporting Information S1). In the other
samples, pristine olivine or feldspar crystals, fresh groundmass, and unfilled vesicles indicate an absence of
significant alteration.

In spider diagrams normalized to primitive mantle, samples present marked enrichments in incompatible ele-
ments, as do all the lavas from the Comoros and Cenozoic northern Madagascar (Figure 3). Samples from the
Domoni Ridge (MOZ01‐DR07 and MOZ01‐DR08) plot in the field of Karthala in Grande Comore (Figure 3a).
Samples from submarine Anjouan plot in the field of the least differentiated rocks from subaerial Anjouan
(SiO2 < 50 wt.%; Figure 3b). For Mayotte (Figure 3c), our three mafic samples (18MA30, 19MA05, and
19MA08) show comparable trace element fields and patterns to literature data for the same SiO2 range (<50 wt.
%). The phonolite sample 19MA07 displays a pattern similar to published data for differentiated rocks of Mayotte
(SiO2 > 50 wt.%), with strong Ba, P, and Ti depletions. Samples from the Mwezi volcanic province (SMR5 and
SCR‐DR03 to DR05) and the Jumelles ridges (MOZ01‐DR06, SMR2, and SCR‐DR07) plot in the field of the
least fractionated data from the Comoros (Figure 3d), with marked enrichments for the Jumelles compared to
Mwezi. Samples from the Zélée and Geyser banks (SMR1, SCR‐DR09 to DR10) display elevated incompatible
element enrichments despite their alteration, but nevertheless plot in the fields of Comorian lavas (Figure 3e).
Samples from the Leven Bank (SCR‐DR11 to DR12) are in the upper range of the Comoros lavas field, except for
elements such as Ce, P, and Eu, which slightly exceed the Comorian field but fit in the range of Cenozoic volcanic
rocks from northern Madagascar (Figure 3f). In comparison, samples from the Glorieuses chain are above the
fields of Comoros‐Cenozoic northernMadagascar and Leven for either rare earth elements (REE) Dy to Lu (SCR‐
DR01‐1A and 1B), or trace elements Ta, Ce, Pr, Nd, and Zr (other samples).

In immobile incompatible element ratios spaces such as Nb/Zr versus La/Yb, chosen for their insensitivity to
alteration, samples from the Domoni Ridge, offshore Anjouan, Mayotte, the Mwezi volcanic province, the
Jumelles ridges, and the Zélée‐Geyser banks display values in the fields of igneous rocks from the Comoros and
northern Cenozoic Madagascar (Figure 4). Some samples from the Leven Bank are in the upper range of these La/
Yb values at given Nb/Zr as are some of Mayotte's published data, but nevertheless fall into these fields. On the
contrary, samples from the Glorieuses chain present much more elevated La/Yb values at given Nb/Zr, and an

Figure 4. Nb/Zr versus La/Yb diagram of subaerial and submarine samples from the Comoros and Glorieuses, compared with
the published data from the Comoros (light gray field) and Cenozoic northern Madagascar (dark gray field) already used to
generate the fields in Figure 3.
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absence of correlation between these two ratios, plotting clearly above the Comoros and Cenozoic northern
Madagascar fields.

4.2. 40Ar/39Ar Dating
40Ar/39Ar ages and 37ArCa/

39ArK spectra are represented in Figure 5, and step heating data are provided in
Table S3. Seven of the 10 whole rock grains analyzed allow the calculation of Pleistocene plateau ages ranging
from 1.43 ± 0.07 to 0.25 ± 0.03 Ma, with relative uncertainties better than 12% of the age. The two youngest
plateau ages of 0.18 ± 0.10 and 0.22 ± 0.06 Ma (samples MOZ01‐DR06 and DR06‐1) have larger relative
uncertainties (27% and 56% of the age, respectively). One sample (MOZ01‐DR08‐09) gave increasing apparent
ages over the whole age spectrum, which only allows the calculation of a pseudo‐plateau age at 1.04 ± 0.06 Ma.
Overall, samples from the Domoni Ridge are in the range 1.43 ± 0.07 to 1.23 ± 0.11 Ma (n = 4) or 1.43± 0.07 to
1.04 ± 0.06 Ma (n = 5) depending on whether the pseudo‐plateau age is rejected or not, the uncertainties of the
four other ages overlapping each other in the former case. The two dated samples from the northern base of
Anjouan yielded ages of 0.95 ± 0.06 Ma and 0.94 ± 0.09 with overlapped uncertainties. The three ages of the
western Jumelle ridge range from 0.25 ± 0.03 to 0.18 ± 0.10 Ma with uncertainties overlapping each other.

4.3. K‐Ar Dating

New K‐Ar ages on the 10 subaerial and submarine samples are reported in Table 1. Ages range from
8.297 ± 0.119 to 0.201 ± 0.010 Ma. Potassium content of the groundmass ranges from 0.683 wt.% to 5.01 wt.%,
and radiogenic 40Ar from 0.30% to 76.89%. For subaerial Mayotte, two ages fall in the 3.55–3.45 Ma range
(18MA30, Mayotte west and 19MA07, Mount Choungi) and two others in the 0.80–0.65 Ma range (19MA05 and
19MA08, eastern Mayotte and Petite Terre). The two submarine samples from the Mwezi volcanic province, at
0.205 ± 0.016 Ma and 0.201 ± 0.010 Ma, are within uncertainty of each other. For the Jumelles ridges, one
sample collected at the base of the eastern ridge falls at 1.403 ± 0.021 Ma (SMR2), whereas the other sample
collected at the southern tip of the western ridge falls at 0.406 ± 0.011 Ma (SCR‐DR07). For the Leven Bank,
quadruplate K‐Ar dating of two different groundmass density fractions (Table 1) of sample SCR‐DR12 yielded
overlapping uncertainties, for an average at 8.297 ± 0.119 Ma. Sample SCR‐DR11‐B3 falls at 6.222 ± 0.089 Ma.

4.4. (U‐Th)/He Dating

The results of (U‐Th)/He dating are reported in Table 2 and summarized in Figure 6. Three zircon crystals
successfully extracted from submarine sample SCR‐DR09 gave statistically heterogeneous ZHe dates of
332.6 ± 18.4, 205.0 ± 11.3, and 7.7 ± 0.4 Ma (Figure 6a). Apatite crystals were successfully extracted from two
submarine samples, both revealing a statistically homogeneous population with an average of 6.0 ± 0.3 Ma for
sample SCR‐DR10 from the southern flank of the Geyser Bank (Figure 6a), and of 77.1 ± 2.3 Ma for sample
SCR‐DR01‐1A from the dredge of an unnamed seamount north of Grande Glorieuse (Figure 6b).

5. Interpretation and Discussion
In total, four radiometric dating approaches (40Ar/39Ar on whole rock, K‐Ar on groundmass, and (U‐Th)/He on
zircon and apatite) were successfully applied to date 23 magmatic rocks of the northern Mozambique Channel.
Adopting a closure temperature concept (Dodson, 1973), we interpret the ages obtained by these dating tech-
niques as cooling ages, recording the timing at which the daughter isotopes cease to diffuse, which occurs at
different temperatures depending on the isotopic system, the host mineral, the size of crystals and other fast
diffusion pathways. For the 40Ar/39Ar system in holocrystalline whole rock and the K‐Ar system in groundmass
we consider the closure temperature of 200°C (e.g., McDougall & Harrison, 1999), for the (U‐Th)/He system the
closure temperature of 180–220°C in zircon and 60–80°C in apatite (Farley, 2002; Guenthner et al., 2013).

Our data provide chemical and temporal constraints on some of the most prominent volcano‐tectonic structures
that shaped the northern Mozambique Channel (Figures 7 and 8). These new constraints concern, from west to
east, (a) the construction of the Domoni Ridge between the islands of Grande Comore and Mohéli, (b) the activity
of northern Anjouan, (c) a reappraisal of the temporality of Mayotte's subaerial construction, (d) the construction
of the Mwezi volcanic field and the Jumelles ridges, (e) the activity of the Zélée and Geyser banks, (f) the for-
mation of the Glorieuses trend of seamounts, and (g) the volcanism of the Leven Bank.
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Figure 5. 40Ar/39Ar age and 37ArCa/
39ArK spectra of samples from dredges MOZ01‐DR06, MOZ01‐DR07, MOZ01‐DR08 and MOZ01‐DR09. Apparent age errors are

1σ and do not include errors on the J‐parameter. Plateau ages are given with 1σ uncertainties including errors in the J‐parameter. Inverse isochrons are represented as
36Ar/40Ar versus 39Ar/40Ar correlation diagrams, excluding gray ellipses from regression (York, 1968; York et al., 2004).
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5.1. Chronology of Volcanic Activity in the Northern Mozambique Channel

5.1.1. Domoni Ridge Construction

A first implication of our results concerns the architecture and chronology of the ridge connecting the islands of
Grande Comore and Mohéli. The N155°E Domoni Ridge is aligned with the N150°E south subaerial rift zone of
the active Karthala edifice in Grande Comore (Figure 7a). Samples from the Domoni Ridge (MOZ1‐DR07 and
DR08) also have similar major and trace element compositions, overlapping the field of the Karthala volcano
(Figures 2 and 3a). These morphological and geochemical arguments suggest that the Domoni Ridge is a southern
extension of the Karthala edifice. Our 40Ar/39Ar plateau ages indicate that the Domoni Ridge was active from
before 1.4 Ma to at least 1.2 Ma, or even 1 Ma if the pseudo‐plateau age of 1.04 ± 0.06 Ma is considered
meaningful (Figure 7a). Considering the Domoni Ridge and Karthala as parts of the same structure suggests that
volcanic activity initiated along a N150–155°E ridge from the second construction stage of Mohéli (2–0.008 Ma;
Rusquet et al., 2023), and gradually concentrated in its northern part from ≥1.4 Ma to the present, building the
Karthala volcano.

5.1.2. Activity of Northern Anjouan

Our results also provide information about the history of the construction and destruction of Anjouan. In major
and trace elements compositions, the two samples from the submarine northern base of Anjouan (MOZ1‐DR09)
fall in the fields of the least differentiated rocks from this island (Figures 2 and 3b). Our two 40Ar/39Ar ages of

Table 1
K‐Ar Dating Results of Volcanic Samples From the Northern Mozambique Channel

Sample Province Groundmass density interval K (%) 40Ara (%) 40Ara (1011 at/g) Age (Ma) ±1σ (Ma) Mean age (Ma) ±1σ (Ma) Predegassinga

19MA05 Mayotte 2.93–2.99 2.198 13.39 17.533 0.764 0.012 0.758 0.012

19.29 17.3 0.754 0.011

19MA07 Mayotte 2.48–2.55 5.009 37.76 180.07 3.439 0.049 3.466 0.050

33.85 183.14 3.497 0.051

19MA08 Mayotte 2.93–3.01 2.251 3.8 16.384 0.697 0.021 0.696 0.021

3.68 16.364 0.696 0.021

18MA30 Mayotte 2.75–2.85 3.586 71.46 131.74 3.514 0.05 3.514 0.05

76.89 131.68 3.513 0.05

SMR2C Jumelles 2.95–3.02 1.327 18.8 19.387 1.398 0.021 1.403 0.021 X

16.19 19.539 1.409 0.022 X

SCR‐DR07‐2 Jumelles 2.97–3.03 1.736 5.11 7.288 0.402 0.01 0.406 0.010 X

4.43 7.4434 0.411 0.011

SMR5B Mwezi 2.95–3.02 0.668 1.45 1.4435 0.207 0.015 0.205 0.016 X

1.23 1.4126 0.203 0.017 X

0.88 1.4115 0.202 0.023

SCR‐DR04‐A1 Mwezi 2.96–3.00 0.849 1.95 1.705 0.192 0.01 0.201 0.010 X

1.93 1.7516 0.197 0.011 X

1.27 1.9484 0.22 0.018

SCR‐DR11‐B3 Leven 2.75–2.79 2.604 69.59 168.76 6.194 0.088 6.222 0.089

48.77 170.61 6.262 0.089

SCR‐DR12 Leven 3.00–3.06 0.683 40.68 59.798 8.359 0.12 8.345 0.119 X

49.29 59.62 8.334 0.119

2.93–3.00 0.799 53.3 69.167 8.269 0.118 8.248 0.118 X

46.45 68.786 8.224 0.118

8.297 0.119
aPredegassing conditions are 30 min, 0.02 A.
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0.95 ± 0.06 Ma and 0.94 ± 0.09 Ma agree with the two K‐Ar ages of 0.899 ± 0.014 Ma and 0.808 ± 0.012 Ma
obtained on the subaerial northern massif of Anjouan (Quidelleur et al., 2022), illustrating the consistency of the
40Ar/39Ar and K‐Ar techniques when applied to carefully selected rocks (Figure 7a).

Anjouan Island is made of two rift zones oriented N110°E and N150°E (Famin et al., 2020), the northern base
dredged by MOZ1‐DR09 belonging to the latter structure. On the one hand, the N110°E rift zone likely corre-
sponds to the early volcanism of Anjouan, because it follows the tip of the ca. 4 Ma Chistwani Ridge (Rusquet
et al., 2023). The N110°E rift zone became subaerial at ca. 1.5 Ma and remained active until ca. 0.5 Ma according
to K‐Ar groundmass ages and retained K‐Ar whole rock ages (Quidelleur et al., 2022). On the other hand, the
N150°E rift zone is the most recently active structure as shown by the alignment of uneroded volcanic cones and
craters (Quidelleur et al., 2022). New submarine 40Ar/39Ar ages and published subaerial K‐Ar ages show that this
N150°E structure has been built since at least ca. 0.9 Ma and remained active until Holocene times. Incidentally,
new results confirm that the landslide that dissected the northern side of Anjouan is more recent than 0.9 Ma
(Figure 7a), as proposed by Quidelleur et al. (2022). Taken together, relative and absolute geochronological
criteria suggest that the volcanic construction of Anjouan involves the N110°E axis from 4 to 0.5Ma, an emersion
at >1.5 Ma, and a progressive concentration of activity along the N150°E axis from 0.9 to 0 Ma.

5.1.3. Subaerial History of Mayotte

In this section, we combine new and published data to refine the geological history of Mayotte. Compared to the
other volcano‐tectonic structures of the northern Mozambique Channel, the data set for Mayotte is much larger
and includes 58 ages, 34 of which are K‐Ar whole rock ages (Emerick & Duncan, 1982, 1983; Hajash &
Armstrong, 1972; Nougier et al., 1986), and 24 are 40Ar/39Ar ages on groundmass (Pelleter et al., 2014).
Additional 40Ar/39Ar and K‐Ar ages are also available in an unpublished thesis (Debeuf, 2004), but these ages
have been discarded in the publication derived from the thesis (Pelleter et al., 2014) and will hence not be
considered further here. As a general observation, many of the ages do not satisfy the quality criteria inherent in
each dating technique, have large uncertainties, and/or contradict each other. We therefore applied a filtering
procedure and a cross‐comparison of published and new ages to build a robust age database for Mayotte. The
filtering methodology and the cross‐comparison are provided in Supporting Information S1. From the initial
database, 11 published ages can be considered as reliable (K‐Ar on whole rock and 40Ar/39Ar on groundmass), 33
ages (K‐Ar on whole rock and 40Ar/39Ar on groundmass) are rejected by the filtering procedure, and we keep 14
K‐Ar whole‐rock ages that could not be evaluated, even though these ages might be prone to inaccuracy as already
shown for Anjouan (Quidelleur et al., 2022) and Mohéli (Rusquet et al., 2023). Considering the 4 groundmass K‐
Ar ages from this study and the 25 remaining literature ages, we retain a total set of 29 new and previously
published radiometric ages for subaerial Mayotte lavas for interpretation purposes (Figure 7b; Table 1, S3 in
Supporting Information S4). Seismic profile interpretations (Masquelet et al., 2022) and the age‐probability
calculated from radiometric data suggest that the volcanic construction of Mayotte Island may be summarized

Figure 6. Ranked order plots of (U‐Th)/He dates on zircon (ZHe) and apatite (AHe) crystals, displayed as 1σ error bars, with
weighted mean values and 1σ uncertainties. (a) Zélée and Geyser banks. (b) Seamount from the Glorieuses chain. Note that
two anomalously old ZHe dates are not displayed for clarity purposes.
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Figure 7.
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as follows (Figure 8). Early submarine construction of southern and north‐eastern Mayotte initiated at 27–26 Ma
and resumed sporadically in Mayotte north‐east and north. From at least 6 Ma to 4.6 Ma, two subaerial edifices
coexisted, a south volcano and a north‐west volcano with mostly mafic products. After an apparent quiescence of
∼1 Myrs, volcanic activity resumed on these two eruptive centers from 4 to 3.2 Ma with more evolved magmas
(Figures 2 and 3c), infilling previously incised valleys and yielding inverted topography. Then, a lack of ages
between 3.2 and 2.4 Ma suggests a period of volcanic hiatus and erosion on Mayotte in this time interval.
Importantly, the south flank of the south volcano and the western flank of the north‐west volcano both display
submerged reef platforms subsided to depths of 400–800 m, whereas the more recent submarine morphologies do
not show any subsided relief (Figure 7c). This implies that the 3.2–2.4 Ma period of volcanic hiatus and erosion
corresponds to a subsidence of the two coalesced volcanoes. Interestingly, the location and shape of these
drowned platforms suggest that the Mayotte south edifice had a SW‐NE oblong shape whereas the north‐west
edifice was slightly elongated in the NW‐SE direction (Figure 7c). Platforms also drowned in Mohéli between
3 and 2 Ma, suggesting that the subsidence was regional.

The next volcanic renewal occurred on a new eruptive center east of the north‐west edifice from 2.4 to 1Ma, along
a N110°E axis (Figures 7b and 7c). Erupted products at this stage are moderately undersaturated (Figure 2). Then,
after an apparent hiatus of 0.2 Ma, activity resumed on this edifice, with Strombolian mafic volcanism on the
north‐east of Mayotte from 0.8 to 0.7 Ma. The most recent volcanic history of Mayotte propagates to the east
along the N110°E axis, with explosive phonolitic volcanism of Petite Terre at ≥25 ka (Lacombe et al., 2024),
followed by offshore activity and the emplacement of the 2018–2021 Fani Maoré submarine volcano (Bazin
et al., 2022; Lemoine et al., 2020, Figure 7c).

5.1.4. Construction of the Jumelles Ridges and the Mwezi Volcanic Province

The morphology of the Mwezi volcanic province is a N130°E lineament of monogenic seamounts and domes
extending north of the two Jumelles polygenic ridges, almost aligned with the N135°E western ridge (Thinon
et al., 2022). Our geochemical and geochronological data provide constraints on the nature and temporality of
volcanism in this area. All the samples from the Jumelles ridges and the Mwezi volcanic province are charac-
terized by basaltic to tephritic‐basanitic major element compositions (Figure 2), and trace elements patterns
representative of Comorian lavas (Figures 3d and 4). These morphological and geochemical features suggest that
the Jumelles and the Mwezi volcanic province have a common volcano‐tectonic origin. In detail, however, the
Jumelles ridges have higher incompatible trace element concentrations than the Mwezi province (Figure 3d),
indicating more evolved magma compositions in the former case.

The three 40Ar/39Ar whole rocks ages and three K‐Ar groundmass ages of the Jumelles ridges and the Mwezi
volcanic province represent the first radiometric dating results on these submarine volcanic features (Figure 7c).
The K‐Ar age of 1.403 ± 0.021 Ma at the northern tip of the eastern ridge (SMR2) is located at the base of this
edifice, and is thus possibly related to the early construction of the Jumelles ridges. This is confirmed by the
dredge content of carbonate fragments and Fe‐Mn oxide concretions in addition to pillow lavas of olivine basalt
(Thinon et al., 2021), implying an exposure long enough for sedimentation and oxide precipitation. In com-
parison, the dredge at the southern tip of the western Jumelle (SCR‐DR07) contained only pillows of fresh aphyric
basalt without any sedimentary or oxide deposits, consistent with the much younger age of 0.406 ± 0.010 Ma
obtained by K‐Ar on groundmass. For the dredge on the upper slopes of the western Jumelle (MOZ01‐DR06), we
choose to merge the three 40Ar/39Ar ages at 0.25 ± 0.03, 0.22 ± 0.06, and 0.18 ± 0.01 Ma into a single weighted
mean age of 0.24 ± 0.026 Ma, because of their similar major‐trace element compositions and their overlapping
uncertainties. Overall, absolute ages and relative chronological criteria thus both show that the zones dredged by
MOZ01‐DR06 and SCR‐DR07 are younger than the SMR2 area. This implies a history of protracted mafic
volcanic activity on the two Jumelles ridges from >1.4 Ma to less than 0.2 Ma.

Figure 7. Radiometric ages (in Ma) reported on topographic and bathymetric maps. (a) Grande Comore south (including Karthala active volcano), Domoni Ridge,
Mohéli, and north Anjouan, with dredged sites. (b) Subaerial Mayotte with a comparison of new and published radiometric ages. The subaerial part of the island is
subdivided into three edifices based on morphologies and radiometric ages (Pelleter et al., 2014): Mayotte south and Mayotte north‐west are two edifices >3 Ma
displaying eroded morphologies and inverted topography, whereas Mayotte north‐east is <2.5 Ma and displays a shield shape with less eroded slopes. (c) Mayotte
(including Fani Maoré active submarine volcano), Jumelles ridges, andMwezi volcanic province. Note the N110°E and N140°E elongation of volcanic structures in this
area. (d) Leven Bank, at the junction of the N150°E alignment of the Glorieuses seamounts and the E‐W alignment of the Comoros Archipelago and Zélée‐Geyser
banks. Blue dashed lines and ellipses correspond to volcanic structures older than 3 Ma whereas red dashed lines highlight structures younger than 2.5 Ma.
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The two K‐Ar groundmass ages of the Mwezi province at 0.205± 0.016 and 0.201± 0.01 Ma come from dredges
located on two volcanic seamounts, which recovered only aphyric basalt pillow lavas in SCR‐DR04, and popping
basalt pillow lavas mixed with unconsolidated carbonate mud in SMR5 (Thinon et al., 2021). Volcanic products
were also recovered by dredge SCR‐DR05 on another seamount, but these materials were not fresh enough to be
dated.

Taken together, results imply that the Jumelles ridges and the Mwezi province represent a continuous zone of
volcanic seamounts aligned in a N130‐N135°E fashion (Figure 7c), with intermittent mafic activity in the interval
>1.4–0.2 Ma (Figure 8). The decreasing ages from the Jumelles ridges to Mwezi, the less‐evolved compositions
of magmas in the latter, the decreasing height of edifices from the SE to the NW, and the changing volcanic
morphologies from polygenic to monogenic, all suggest that the Mwezi province is a propagation of the Jumelles
volcano‐tectonic structures toward the NW.

5.1.5. Activity of the Zélée and Geyser Banks

Does the volcanism of the Zélée and Geyser banks belong to the Comoros Archipelago? The Zélée and Geyser
banks are two coalesced elliptical edifices roughly aligned in the E‐W direction (Figure 7d). In detail, however,
(a) the sharp N070°E western edge of the Geyser Bank suggests that this edifice was in fact a SW‐NE oblong
structure as for early Mohéli and Mayotte south and (b) the Zélée Bank presents a N110°E orientation similar to
the western rift zone of Anjouan. The recovery of foïdites and basalts (Figure 2), albeit altered, on the three
dredges of the Zélée and Geyser banks (SMR1, SCR‐DR09, and DR10) implies that highly and moderately silica‐
undersaturated magmas coexisted during construction of the edifices, a pattern also shared by Mohéli and

Figure 8. Age probability plots (histograms and Kernel density estimates with bandwidths of 50, 100, and 200 kyrs in black, purple, and orange, respectively) and
chronostratigraphy of volcanic structures from the Comoros Archipelago and northern Madagascar since 10 Ma. Ages data set given in Table S4. The color chart
corresponds to ages of volcanism as in Figures 1–7.
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Mayotte (Pelleter et al., 2014; Rusquet et al., 2023). The similarity is also highlighted by immobile trace element
ratios, Zélée and Geyser showing La/Yb values at given Nb/Zr in the upper range of Comorian lavas, as for some
of Mayotte's data and unlike the Jumelles‐Mwezi structures (Figure 4). The morphology and geochemistry of the
Zélée and Geyser banks are thus comparable to the oldest volcano‐tectonic structures of the Comoros Archipelago
(Mohéli and Mayotte). Our ZHe age of the eastern base of Zélée at 7.7 ± 0.4 Ma and the AHe age obtained on the
south flank of Geyser at 6.0 ± 0.3 Ma document a protracted activity of these seamounts in the 8–6 Ma interval,
slightly preceding the emersion of Mayotte's south volcano (Figure 8). These ages confirm that the Zélée and
Geyser banks, together with Mayotte, are the oldest edifices of the Comoros Archipelago.

5.1.6. The Glorieuses Alignment

It is also important to discuss whether the Comoros Archipelago and the Glorieuses alignment share similar
magmatic sources and/or timing of volcanic activity. The silica‐saturated trend in the TAS diagram up to the
trachyte field (Figure 2), the elevated concentrations of some incompatible elements (Dy to Lu in SCR‐DR01‐1A
and 1B or Ta, Ce, Pr, Zr, and Nd in the other samples) compared to the Comoros (Figure 3f), and the absence of
correlation among immobile trace element ratios (Figure 4) all indicate that the Glorieuses alignment of sea-
mounts and islets has a very distinct major and trace element signature from the Comorian volcanism, calling for
different melting sources and/or ascent processes. Leroux et al. (2020) placed the volcanic construction of Grande
Glorieuse Island in the Late Cretaceous, with two magmatic pulses during the Turonian and the Maastrichtian.
Our AHe age of 77.1± 2.3Ma further shows that the construction of the seamount north of Grande Glorieuse also
occurred in the Campanian, thus confirming the formation of the Glorieuses alignment in the Late Cretaceous,
well before the initiation of Cenozoic volcanism in the Comoros and northern Madagascar. Geochemical and
geochronological data thus indicate that the construction of the N160°E trend of the Glorieuses and the E‐W
alignment of the Comoros are the results of totally independent magmatic episodes, the former being at least
40 Myrs older than the latter.

5.1.7. Does the Leven Bank Belong to the Comoros or to the Glorieuses Trends?

The major and trace element signature of the Leven Bank lavas, and in particular their immobile trace‐element
patterns, is consistent with those for volcanic products from the Comoros and the Cenozoic volcanism of
northern Madagascar, but strikingly different from the signature of the Glorieuses trend (Figures 2, 3f, 4). These
similarities and differences are also reflected in the geochronological record. Indeed, the basanite dredged on a
N160°E submarine ridge dated at 8.30 ± 0.12 Ma (SCR‐DR12), and the tephrite/basanite dredged on a seamount
dated at 6.22 ± 0.09 Ma (SCR‐DR11), suggest that the Leven Bank remained a zone of intermittent volcanic
activity for a protracted period between 8.5 and 6 Ma. The important consequence of these Late Miocene ages is
that the tip of the Leven Bank, whose volcanic nature is confirmed by our study, was coeval with the activity of
Zélée–Geyser (8–6 Ma) and Mayotte south (>6 Ma), and experienced volcanism much later than the Cretaceous
volcanism of the Glorieuses seamounts. Leroux et al. (2020) reported a period of uplift of Grande Glorieuse at
9.5–8.9 Ma, much later than its magmatic activity, which we interpret as related to the volcanism of the nearby
Leven Bank at that time. Thus, radiometric ages and trace‐element compositions unambiguously demonstrate that
the volcanism of the Leven Bank belongs to the Comoros volcanic chain and not to the Glorieuses alignment.

5.2. Integration of the Volcanism of the Comoros at a Regional Scale

5.2.1. Comparison With the Volcanism of Northern Madagascar

With the inclusion of new dates for the Jumelles, Zélée, Geyser, and Leven banks into the volcanism of the
Comoros, we interpret this set of volcanic structures as an E‐W alignment that structurally and magmatically
connects to the Cenozoic volcanism of northern Madagascar (Bobaomby Peninsula, Massif d’Ambre, and Nosy
Be–Ankify area). Cucciniello et al. (2022), Melluso and Morra (2000), and Rusquet et al. (2023) noted the
similarities of trace element and Sr‐Nd‐Pb signatures among the volcanic products of Grande Comore, Mohéli,
Mayotte, and Cenozoic northern Madagascar. New trace element results show that such similarities may be
extended to Anjouan, the Jumelles ridges, the Mwezi province, and the Zélée, Geyser, and Leven banks,
excluding the Cretaceous volcanism of the Glorieuses (Figures 3 and 4). Thus, trace element concentrations
suggest that Comorian and northern Madagascar melts share similarities in mantle sources and/or ascent pro-
cesses in the lithosphere. This evidence supports the idea that the Comorian volcanism is spatially and chemically
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connected to the Cenozoic volcanism of northern Madagascar. The question thus arises as to whether the tem-
porality of volcanism confirms this connection.

Unfortunately, geochronological constraints remain sparse in northern Madagascar, which limits any temporal
comparison with the Comoros volcanism to a rough evaluation. The earliest Cenozoic volcanism documented at
28–27 Ma in the Ankify Peninsula (Buchwaldt, 2006) is comparable with interpretations of seismic profiles
placing the initiation of Mayotte's volcanism at 27‐26 Ma (Masquelet et al., 2022). There is also evidence of
sporadic volcanic activity all over northern Madagascar in the interval 28–15 Ma (Buchwaldt, 2006; Cucciniello
et al., 2011; Emerick & Duncan, 1982, 1983; Estrade et al., 2014; Tucker et al., 2008). The geochronological
record allows more detailed comparisons over the past 10 Ma (Figure 8). Volcanism is documented at 12–17 Ma
in the Bobaomby Peninsula, in the Massif d’Ambre, in the Mitsio islands, and in Nosy Be (Buchwaldt, 2006;
Cucciniello et al., 2011; Emerick & Duncan, 1982, 1983), while there is magmatism on Mohéli and Mayotte
islands at prior to 6Ma, on the Zélée and Geyser banks at 8–6Ma, and on the Leven Bank at 8.5–6Ma. Then, after
an apparent 2.3 Myrs hiatus, one age at 4.66 ± 0.12 Ma is documented in the Mitsio islands (Emerick & Dun-
can, 1982, 1983), indicating a volcanism contemporaneous of the two subaerial edifices in Mayotte south and
north (6–4.6 Ma). No radiometric dates exist in northern Madagascar in the 4.6–2 Ma interval, whereas Mayotte
and Mohéli islands are both active between 4 and 3 Ma (Debeuf, 2004; Nougier et al., 1986; Pelleter et al., 2014;
Rusquet et al., 2023), and volcanism initiates on Anjouan Island at 4–1.5 Ma. A widespread volcanic renewal
occurs in Massif d’Ambre and Nosy Be since 2 Ma (Bardintzeff et al., 2010; Emerick & Duncan, 1982, 1983;
Tucker et al., 2008), coeval with the widespread activity of the Domoni Ridge (Grande Comore), Mohéli,
Anjouan, Mayotte, and Jumelles–Mwezi in the last 2.4 Ma (Figure 8). Thus, the available geochronological
constraints indicate repeated volcanic activity in the Comoros and northernMadagascar since 10Ma, and possibly
since 28 Ma. As a consequence of these spatial, chemical, and temporal similarities, we interpret the Cenozoic
volcanism of northern Madagascar and the Comoros Archipelago as belonging to the same E‐W, 700‐km‐long
and 200‐km‐wide chain of volcanoes, connected by the Zélée, Geyser, and Leven banks (Figure 9).

Considering the north Madagascar–Comoros volcanic (MCV) chain as a single E‐W lineament has implications
for the contentious question of a westward progression of volcanism in relation to the hotspot or plate boundary
hypotheses. As mentioned above, seismic profile interpretations and radiometric ages suggest that the Comorian

Figure 9. Synthesis map of Cenozoic volcanic activity in the northern Mozambique Channel before 3 Ma (in blue) and after 2.5 Ma (in red, sometimes with propagation
symbolized with arrows). Volcanic structures are represented as segments when their orientation is identified, as ellipses otherwise, with corresponding phases of
activity (in Ma). Also shown are motion vectors of the Somalia plate relative to the Lwandle plate at an arbitrary location on the Somalia plate (lat. − 11.6°, long. 46.1°),
before 3 Ma (7.5, 6, and 5.2 Ma, in blue) and after 2.5 Ma (2.5, 0.8, and average GPS data, in red). See text and Figure 10 for calculation details. Transform zones (solid
gray lines) and magnetic anomalies (dashed gray lines) are from Phethean et al. (2016).
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volcanism initiated in Mayotte at 27–26 Ma (Masquelet et al., 2022) and in Domoni‐Grande Comore at 1.4 Ma,
suggesting a westward propagation. Including northern Madagascar's magmatism at ca. 28 Ma neither confirms
nor refutes this apparent westward younger age progression, keeping in mind that geochronological data are
sparse in northernMadagascar and that older volcanic ages may be found in future studies. Looking at radiometric
ages only (new and published), a second westward age progression of volcanism might be seen from 10 to 17 Ma
in northern Madagascar to 8.5–6 Ma in the Leven Bank, 8–6 Ma in the Zélée‐Geyser banks, 6–3 Ma in Mayotte,
4–3 Ma in early Mohéli, and 1.4 Ma in Grande Comore (Figure 8). Regardless of the existence of an age pro-
gression, the combined geological information (geochemistry, ages, observed unconformities and erosion
separating units, eustatic variations of Grande Glorieuse, Mayotte, and Mohéli) shows that sporadic volcanism
occurred all over the MCV chain since at least 28Ma, among which two phases of activity are prominent since the
Late Miocene. The first phase initiates with the uplift of the Glorieuses 9.5–8.9 Ma (Leroux et al., 2020) and the
activation of many eruptive centers at 9–8 Ma and until no later than 3 Ma (Nosy Be, Massif d’Ambre, Leven,
Geyser‐Zélée, Mayotte, Mohéli) along both NE‐SW and NW‐SE structures (Figures 8 and 9). After this magmatic
event, the subsidence of islands and the hiatus of volcanism suggest an interruption of magma supply along the
MCV chain from 3 to 2.5 Ma. Then, a second phase of activity occurs from 2.5 Ma and consists of volcanic
renewal (Nosy Be, Massif d’Ambre), the reorientation of preexisting structures (Mayotte, Mohéli, and Anjouan),
and the birth of new structures (Jumelles‐Mwezi, Domoni‐Grande Comore). This latter phase leads to the
widening of the MCV chain, mostly toward the north with the propagation of volcanism from the Jumelles ridges
to the Mwezi province, and from the Domoni Ridge to Karthala volcano (Figure 9). In this latest phase, volcano‐
tectonic structures are systematically oriented NW‐SE and arranged in an en‐échelon fashion (Famin et al., 2020;
Feuillet et al., 2021; Thinon et al., 2022).

5.2.2. Dynamics of the MCV Chain in the Framework of Plate Kinematics

The recurrence of volcanism at different localities along the MCV chain since at least 28 Ma, with no obvious age
progression, is difficult to fit in the framework of a hotspot model, even if it does not completely rule out this
possibility. Moreover, the two widespread magmatic reactivations at 9–8 and 2.5 Ma are even more difficult to
explain with the hotspot trail hypothesis, as is the expansion of the zone of active volcanism toward the north since
2.5 Ma (Figure 9). Conversely, phases of magmatism and tectonics, and propagating volcanism, are characteristic
features of widening extension in the lithosphere, as for instance described in several segments of the EARS
including the Rungwe Volcanic Province, the Northern Tanzania Divergence, the Southern Kenya Rift, and the
Turkana Broadly Rifted Zone further north (Ebinger et al., 2000; Mana et al., 2015; Martin, 2023; Rooney, 2020).
A consensus is slowly emerging that the Comoros may connect to Madagascar and the EARS, forming an E‐W
boundary between the Lwandle and Somalia plates according to earthquake catalogs and field‐observed defor-
mation (Famin et al., 2020; Michon, 2016; Michon et al., 2022; Stamps et al., 2018). Consequently, we interpret
the repeated volcanism of the MCV chain, the regional synchronous reactivations of magmatic centers, and the
widening volcanism as evidence of the maturation of an E‐W zone of lithospheric deformation and magmatism
corresponding to the northern segment of the “Indian Ocean branch” of the EARS (Michon et al., 2022). This
lithospheric deformation and magmatism may be influenced by a mantle plume, as suggested by seismic
tomographic evidence of mantle upwelling in the northern Mozambique Channel (e.g., Boyce et al., 2023;
Dongmo Wamba et al., 2023).

The critical question that arises from interpreting the MCV chain as a zone of lithospheric deformation is whether
its geodynamic evolution is consistent with plate kinematics. On the first order, the seafloor spreading history of
the Southwest Indian Ridge indicates that Lwandle–Antarctica plate motion has closely tracked Somalia–
Antarctic plate motion since 50 Ma, suggesting slow‐to‐no motion between the Lwandle and Somalia plates
for much of that time (DeMets et al., 2015, 2021). In detail, however, stage velocities of the Somalia plate relative
to the Lwandle plate, calculated by combining Lwandle/Antarctica and Somalia/Antarctica noise‐reduced finite
rotations (Table 6 and 9 in DeMets et al., 2021), display slight temporal variations. These variations, represented
in Figure 10 by calculating the velocity of Somalia relative to Lwandle at an arbitrary location on the Somalia
plate, include two velocity increases since the Late Miocene, one at 8–7.5 Ma and another one since 2.5–2 Ma
(Figure 10a). These two velocity increases are contemporaneous within 0.5 Ma of the two most recent magmatic
renewals of the MCV chain. Changes in the azimuth of the Somalia plate stage velocities relative to the Lwandle
plate also slightly exceed 1σ uncertainties, from ≤50°N in the Late Miocene to ≥70°N since the Pleistocene, the
latter being consistent with GPS plate motion models (Figure 10b). Considering the MCV chain as the E‐W
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trending northern boundary between the Lwandle and Somalia plates, such a velocity reorientation imposed a
change in the kinematics of this frontier, from oblique extension in the Late Miocene–Pliocene, to pure dextral
strike‐slip since the Pleistocene (Figures 9 and 10b). This transition may explain why the MCV chain evolved
from a mixed set of NW‐SE and NE‐SW volcano‐tectonic structures compatible with a dextral transtension stress
state in the Miocene‐Pliocene, to a conspicuous array of en‐échelon NW‐SE ridges typical of a dextral slip stress
state since the past 2.5 Ma (Figures 9 and 10b). Some of these volcano‐tectonic structures might reactivate the
fabric of the oceanic lithosphere, such as the N070°E Mohéli‐Chistwani Ridge, and the N150°E rift zone of
Anjouan (Figure 9). The reorientation of volcano‐tectonic structures is thus consistent with regional tectonic
stress changes in a preexisting lithospheric fabric. In this interpretation, the accumulated load of volcanic edifices

Figure 10. (a) Magnitude and (b) azimuth of Somalia plate (SO) motion vectors relative to the Lwandle plate (LW),
calculated at an arbitrary location on the Somalia plate (lat. − 11.6°, long. 46.1°). Temporal variations are calculated by
combining noise‐reduced Lwandle/Antarctic and Somalia/Antarctic finite rotations (Tables 6 and 9 in DeMets et al., 2021).
Uncertainties at the 1σ level are calculated by summing the coefficients of covariances matrices of Lwandle/Antarctica and
Somalia/Antarctica stage angular velocities (Tables 7 and 10 in DeMets et al., 2021). Present‐day motion vectors and their
average are calculated from GPS‐derived plate models ([1] GEODVEL, Argus et al., 2010; [2] GRSM v2.1, Kreemer
et al., 2014; [3] Saria et al., 2014; [4] Graham et al., 2018 [5] T25 M, Wang et al., 2018). Figure 10b is subdivided into four
deformation regimes (extension, transtension, strike‐slip, and transpression) assuming an E‐W Lwandle/Somalia plate
boundary. The insets in Figure 10b represent the structures of the Comoros Archipelago before 3 Ma and after 2.5 Ma, as
drawn in Figure 9. Also represented are the main volcanic phases of the northern Madagascar‐Comoros volcanic chain, and
the main tectonic and magmatic changes at the boundaries of the Lwandle and Somalia plates ([6] Kerimbas Graben, Franke
et al., 2015 [7] Aden‐Owen‐Carlsberg ‐AOC‐ triple junction, Rodriguez et al., 2018).
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on the oceanic lithosphere is not considered, although it may also have generated stress rotations impacting the
orientation of volcano‐tectonic structures, as in the East African Rift (Oliva et al., 2022).

Importantly, several modifications of the Lwandle, Rovuma, and Somalia plate boundaries occurred since the
Late Miocene. South of the Comoros Archipelago in the Mozambique Channel, along the possible boundary
between the Rovuma and Lwandle plates, lie a series of Oligocene NE‐SW‐ and NW‐SE‐oriented volcano‐
tectonic structures (i.e., Hall and Jaguar banks, Bassas da India atoll, Ptolémée seamount, and Europa Island)
reactivated from 9 to 8 Ma to the Pleistocene (Berthod et al., 2022a). Further north along the Rovuma/Lwandle
boundary, there is evidence of tectonic reactivation and volcanism renewal along the Davie fracture zone since the
Late Neogene (Figures 1a, Courgeon et al., 2016, 2018; Deville et al., 2018). Along the boundary between the
Rovuma and Somalia plates, another important change is the initiation of the Kerimbas Graben at ∼7 Ma
(Figures 1a and 10a), and especially its drastic acceleration in rate of opening since the Pleistocene (2.5 Ma),
which is responsible for∼80% of the extension in this area (Table 1 in Franke et al., 2015). Lastly, a major change
occurred in the geometry of the Aden‐Owen‐Carlsberg (AOC) triple junction between Somalia, Arabia, and India
at ∼8 Ma (Figures 1a and 10a), affected by a series of structural adjustments (Rodriguez et al., 2018). This
geometry change may be linked to the deceleration of the Somalia/Antarctica spreading rate at the same time
(DeMets et al., 2015, 2021). A second change in the AOC occurs since 2.4 Ma (Figure 10a), with the opening of
the Beautemps‐Beaupré basin (Rodriguez et al., 2018).

All these lines of evidence clearly indicate changes in the kinematics of the Lwandle‐Rovuma‐Somalia plate
system at 9–8 Ma and since ∼2.5 Ma (Figure 10). We therefore conclude that the two Late Miocene phases of
generalized magmatic activity along the MCV chain, and the reorientation of volcano‐tectonic structures from the
first phase to the second, are most likely part of the Lwandle and Somalia plate kinematic readjustments at this
time. We note that these two most recent magmatic reactivations of the MCV chain coincide with the plate ki-
nematic changes and the geometric modifications of boundaries (Figure 10), further calling for an influence of
widespread magmatism on plate motion in the western Indian Ocean as for the rest of the EARS (Michon
et al., 2022).

Northwest of the MCV chain and in the westward extension of the Kerimbas Graben, the Rungwe Volcanic
Province, the Northern Tanzania Divergence and the Southern Kenya Rift are possible boundaries between the
Nubia, Victoria, Somalia, and Rovuma plates (e.g., Saria et al., 2014; Stamps et al., 2018), and the closest volcanic
segments of the EARS to the study area (Figure 1a). Do these provinces record magmatic or tectonic events at 9–
8 Ma and since 2.5 Ma as the MCV chain, in possible connection with plate kinematics changes and/or fluctu-
ations of mantle upwelling? With our improved history of tectonics of the northern Mozambique Channel, the
subject is now ripe for a detailed re‐investigation of magmato‐tectonic events at plate boundaries over the past
10 Ma in East Africa, considering the MCV chain as a branch of the EARS.

6. Conclusion
New major and trace elements analyses and radiometric dating using multiple techniques on submarine and
subaerial volcanic samples from the Comoros Archipelago and the northern Mozambique Channel allow us to
draw the following conclusions about the geodynamics of this region since the Late Miocene.

1. The N155°E Domoni Ridge is an early submarine rift zone of the active Karthala volcano in Grande Comore.
The Domoni Ridge was active from earlier than 1.4 to ∼1 Ma, suggesting a northward propagation of
volcanism from Mohéli to Grande Comore.

2. The northern submarine tip of the N150°E rift zone of Anjouan Island exhibits similar chemical compositions
and radiometric ages as the subaerial part of the rift zone. The N110°E rift zone of Anjouan is probably the
oldest (4–0.5 Ma) while the N150°E rift zone is the most recently active (0.9–0 Ma). This suggests a reor-
ientation of volcano‐tectonics from N110°E to N150°E in the last 0.9 Ma.

3. The subaerial history of Mayotte consisted of the coeval construction of two edifices oriented NE‐SW and
NW‐SE from over 6 to 3.2 Ma. The activity of these two volcanoes ceased from 3.2 to 2.4 Ma, causing a
subsidence that drowned carbonate platforms in this interval. Then, activity resumed along a N110°E ridge
2.4Ma ago, merging the two earlier volcanoes and propagating volcanism eastward through the East‐Mayotte
ridge and up to the presently active Fani Maoré submarine volcano.

4. The submarine Jumelles ridges and the recently discovered Mwezi volcanic province are parts of the
same N135°E volcano‐tectonic structure, of chemical composition similar to Comorian magmas, and
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active from over 1.4 to 0.2 Ma. The contrasted morphologies from the Jumelles (polygenic ridges) to
Mwezi (monogenic cones and domes), the less evolved composition of magmas in Mwezi together with
the more recent radiometric ages, all indicate that volcanism propagated toward the NW along this
N135°E structure.

5. The Zélée and Geyser banks are two volcanic seamounts that erupted undersaturated magmas, as did Mohéli
and Mayotte islands. Zélée and Geyser were active in the 8–6 Ma interval, coeval with the construction and
early emergence of Mayotte. The elongations of Zélée‐Geyser from W‐E to SW‐NE are consistent with the
early orientations of Mohéli and Mayotte. All these lines of evidence support that the Zélée and Geyser banks
are amongst the oldest and most long‐lasting structures of the Comoros Archipelago, together with Mayotte.

6. The N160°E Glorieuses trend of seamounts and atolls has a significantly different major‐trace element
signature from that of the Comoros Archipelago (including Jumelles‐Mwezi and Zélée‐Geyser), more
enriched in incompatible elements. The Glorieuses trend was constructed from the Turonian to the Maas-
tricthian. The Glorieuses and the Comoros thus represent unrelated magmatic episodes separated by ∼40
Myrs.

7. The Leven Bank, despite being at the junction of the W‐E Comoros volcanism and the N160° Glorieuses
trend, clearly exhibits a chemical signature akin to the former and distinct from the latter. The volcanism of
the Leven Bank was active in the interval 8.5–6 Ma, and coeval with volcanic activity in Mayotte and Zélée‐
Geyser. The Leven Bank is therefore indisputably one of the easternmost edifices generated by Comorian
volcanism.

8. With our new constraints on the ages of the Zélée‐Geyser and Leven banks, it is now recognized that
Comoros‐related volcanism extends eastward to the Cenozoic volcanoes of north Madagascar. The apparent
similarities in major and trace element compositions of magmas from the Comoros Archipelago and
Cenozoic magmas from northernMadagascar are confirmed by new data. We thus bring conclusive evidence,
supporting previous interpretations, that Cenozoic volcanism from northMadagascar to the Comoros belongs
to a single, E‐W‐oriented, 700‐km‐long and 200‐km‐wide volcanic chain, active since ≥28Ma, which we call
the MCV chain.

9. Two widespread phases of magmatic renewal occurred along the MCV chain since the Late Miocene, one
beginning at 9–8 Ma associated with both structures oriented both NE‐SW and NW‐SE, and the second one
from 2.5 to 0 Ma associated with conspicuous, en‐échelon NW‐SE‐oriented structures. These two magmatic
and tectonic phases led to the westward propagation and northward widening of the volcanic chain with time
(i.e., toward Grande Comore and the Mwezi volcanic province).

10. Volcano‐tectonic reactivation of the MCV chain at 9–8 and 2.5 Ma coincides with modifications of the
Somalia plate boundaries (reorganization of the Aden‐Owen‐Karlsberg triple junction, opening of the
Kerimbas Graben), and also coincides with increases in the velocity of the Somalia plate relative to the
Lwandle plate. In particular, the systematic en‐échelon reorganization of volcano‐tectonic structures along
the MCV chain is consistent with the kinematic evolution of Somalia relative to Lwandle, from transtension
(>3 Ma) to pure dextral strike‐slip (≤2.5 Ma) in the northern Mozambique Channel. Our work supports the
idea that the MCV chain is indeed the northern segment of the Indian Ocean branch of the EARS and a plate
boundary, further pointing to the intimate link between renewed magmatism and the very onset of kinematic
reorientations in the Rovuma‐Lwandle‐Somalia plate system.

Data Availability Statement
Topographic data used to build Figure 1 are publicly available (GEBCO Bathymetric Compilation Group, 2023;
Japan Aerospace Exploration Agency, 2021). The complete data set of major and trace elements compositions for
samples and geostandards analyzed as part of this research is available at the EarthChem Library (Rusquet
et al., 2024).
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