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ARTICLE INFO ABSTRACT

Keywords: Whereas the northern part of the Mozambique Channel, between the eastern coast of Africa and Madagascar, is
Mozam'bique Channel intensively studied, the southern part remains poorly investigated. The 2014 PAMELA-MOZO01 and 2015
;/(’lcamsm PAMELA-MOZ04 cruises enabled us to collect volcanic rocks from the submarine flanks of the Bassas da India-
pz?:;‘:;;s Europa complex, including Bassas da India atoll, Europa Island, and Jaguar and Hall Banks. Despite significant

alteration, probably due to their prolonged stay in seawater and the hydrothermal circulation they underwent,
we are able to describe the main petrological and geochemical aspects of these largely unknown lavas. To
achieve this, we integrated petrographic and mineralogical observations with geochemical analyses of the
dredged rocks, aiming to identify the key aspects of the alteration and to characterize their petrological and
geochemical properties.

The volcanism of this region is characterized by strongly silica-undersaturated alkaline magmas. Here, we
demonstrate that this volcanism is marked by a bimodal magmatic activity with ultrabasic and basic composi-
tions, and more silica-rich compositions. Using isotopic signatures and trace elements, we suggest that magmas
are produced by a low degree of partial melting (1 to 5 %) of a metasomatized mantle at about 80 km depth.
These mafic magmas then rise from the source to the surface via several magma storage levels, located at about
25-30 km and 15 km depth, the latter corresponding to the mantle-crust boundary as identified by geophysical
methods. Fragments of zoned sanidine phenocrysts within intermediate lavas (olivine-free nephelinite or tephri-
phonolite) also suggest the presence of differentiated magma reservoirs. Our observations strongly support
frequent magmatic recharges, coupled with magma differentiation through olivine + clinopyroxene crystalli-
zation/assimilation, in long-lived magma reservoirs. In many respects, this volcanism has similar characteristics
(nature of the source, degree of partial melting, composition of the lavas, age, and spatial distribution) to those of
the Miocene to Quaternary volcanic provinces of Madagascar, the northern Mozambique Channel or the East
African Rift. We propose that this volcanism might result from regional extension through the Mozambique
Channel and the southern part of the East African Rift System, coupled with a thermal erosion of a mantle plume.

Europa and Bassas da India

1. Introduction the Sakalaves seamounts (Davie Ridge), Juan de Nova Island, Bassas da
India-Europa complex, and Almirante Leite (Fig. 1). Bassas da India and

The Mozambique Channel is characterized by a long-lived magmatic Europa are located in the southwestern Mozambique Channel at 21.5°S
activity from c. 180 Ma to the present (e.g., Mueller and Jokat, 2017; — 39.5°E and 22.3° S - 40.3° E, respectively. Recent oceanographic ac-
Roche and Ringenbach, 2022; Senkans et al., 2019; Watremez et al., quisitions (bathymetric surveys, dredging, and seismic profiles, Jorry,
2021), expressed as scattered volcanic islands and seamounts. They 2014; Olu, 2014; Jouet and Deville, 2015) have revealed flat-topped
include, from north to south, the Glorieuses and Comoros Archipelagos, seamounts currently drowned at hundreds of meters deep, e.g., Hall
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Fig. 1. Geological context showing the study area (red box) located on the
Quathlamba seismic axis, GEBCO 30 arc-second global grid of elevation 2014,
about 930 m-resolution after Berthod et al. (2022a). White hatched lines:
proposed plate boundaries, Neogene-to-present volcanism: red areas, G: Glori-
euses, ABFZ: Andrew Bain Fracture Zone, PEFZ: Prince Edward Fracture Zone,
ESFZ: Eric Simpson Fracture Zone. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

and Jaguar Banks, SW of Bassas da India, and Ptolemee seamount, SE of
Bassas da India (Fig. 2). These volcanic highs, located along the
Quathlamba Seismic Axis (Saria et al., 2014), are poorly known. First
work was recently performed by Courgeon et al. (2016), Courgeon et al.
(2017), and Counts et al. (2018), focusing on the carbonate platforms
and associated shallow volcanic structures of this complex. Lately,
Berthod et al. (2022a) imaged the regional distribution and the
morphology of the volcanic structures, using multibeam bathymetry and
acoustic backscatter images around Bassas da India, Europa, and the
surrounding edifices, acquired during the PAMELA-MOZ01 (Olu, 2014)
and PAMELA-MOZ04 (Jouet and Deville, 2015) cruises. These authors
confirm the volcanic nature of the Bassas da India-Europa complex. They
highlight a clear tectonic control in the formation of the submarine
seamounts and underline the relevance of considering Cenozoic volca-
nism in the geodynamic evolution of the Mozambique Channel.

The origin of the Cenozoic volcanism of the southern Mozambique
Channel is still open to debate. Based on geodynamic studies, two hy-
potheses have been proposed: (1) Bassas da India and the surrounding
volcanic structures could belong to a chain of volcanic seamounts
(Almirante Leite — Eggert Seamount — Bassas group) related to the
Lesotho-Natal mantle hotspot (Gilfillan et al., 2019; Hartnady, 1985).
Using this hotspot theory, coupled with the African absolute motion,
Hartnady (1985) proposed an age of about 50-55 Ma for the Bassas da
India-Europa volcanism; (2) Volcanism could result from lithospheric
thinning and mantle uplift, which could lead to partial melting, with,
according to some authors, the possible influence of a deep mantle
superplume (O’Connor et al., 2019). Indeed, the volcanism of the SW
Mozambique Channel is mainly constrained by the complex tectonic
history, with three blocks between the Nubia and Somalia plates, known
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as the Victoria, Rovuma and Lwandle blocks (Michon et al., 2022; Saria
et al.,, 2014; Wiles et al., 2020). Therefore, Courgeon et al. (2016),
Courgeon et al. (2017), and Deville et al. (2018) propose that the eastern
branch of the East African Rift System (EARS) extends much further
south than previously postulated. Based on the contemporaneity of
volcanism and extensive tectonics, Michon et al. (2022) proposed the
structures and volcanism of the Mozambique Channel form the southern
part of the EARS, with a link between “an overall complex mantle up-
welling dynamics” and the “extensive stresses acting on the African
lithosphere”.

This paper provides the first petrological and geochemical descrip-
tion and analysis of the volcanic formations in the Bassas da India atoll
and Europa Island region, based on rock samples dredged during the
PAMELA-MOZ01 and PAMELA-MOZ04 cruises (Jouet and Deville,
2015; Olu, 2014). We combined for this purpose petrographic and
mineralogical observations with geochemical analyses. We determine
the nature and origin of these volcanic edifices, and we image their
magmatic system.

2. Geological context

The Mozambique Channel is located in the southwest Indian Ocean,
between the African continent and Madagascar (Fig. 1). The opening of
the Mozambique Channel is related to both the Gondwana breakup,
which occurred during the Early Jurassic-Early Cretaceous time interval
(Mueller and Jokat, 2019; Roche et al., 2022; Roche and Ringenbach,
2022; and references therein), and to the southward shift of “Antarctico-
Indio-Madagascarian” continental block relative to Africa (~165-120
Ma, Mueller and Jokat, 2019, and references therein), due to the activity
of a major NNW-SSE transform fault known as the “Davie Ridge” (Fig. 1,
Vormann and Jokat, 2021, and references therein). This transform fault
divides the Mozambique Channel into two basins, Somalia basin to the
north and Mozambique Channel to the south.

Beyond the mere idea that the Mozambique Channel may be affected
by extensional tectonic deformation linked to the diffuse southern
extension of the East African Rift System (e.g., Kusky et al., 2010), recent
studies, notably based on GPS measurements and seismology (Michon
et al., 2022 and references therein), have proposed new kinematic
models that take into account the existence and contribution of three
microplates (Victoria, Rovuma, and Lwandle), in addition to the major
Nubian and Somalian plates (Fig. 1). Although the exact boundaries
between these microplates are still debated (Thinon et al., 2022), au-
thors tend to agree in considering that the southern Mozambique
Channel is crossed, from NE to SW, by the Rovuma-Lwandle plate
boundary, following the Quathlamba seismic axis (Michon et al., 2022).

Two shallow-water carbonate platforms, three seamounts, and two
coral-capped atolls form the Bassas da India-Europa volcanic complex in
the southern Mozambique Channel. From south-west to north-east,
these are Hall Bank, Jaguar Bank, and Bassas da India atoll, while four
additional edifices, Ptolemee seamount, Pamela Seamounts 1 and 2, and
Europa Island (Fig. 2), define a SE-NW alignment with Bassas da India
(Berthod et al., 2022a). More than 430 submarine volcanic cones have
been identified from a high-resolution statistical study, located on,
around and between the large edifices (Berthod et al., 2022a). This
volcanism is located along the presumed Rovuma-Lwandle boundary
(Fig. 1). Analysis of the spatial distribution of active faults performed by
Deville et al. (2018) reveals the presence of a 200 km-wide system of
faults, trending N45-80°, with a second set trending N160-180° (Fig. 2).
According to Courgeon et al. (2016, 2017) and Berthod et al. (2022a),
these faults are clearly associated with volcanic features, suggesting that
magma ascent is strongly controlled by large preexisting crustal struc-
tures. Berthod et al. (2022a), based on their investigation of volcanic
morphologies, propose that some of the large volcanic edifices are
connected by volcanic ridges (Fig. 2). They suggest that the morphology
of the volcanic ridges is consistent with the existence of shallow magma
storage zones, allowing magma to intrude laterally into the rift zones to
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Fig. 2. Bathymetry and dredge positions around islands and seamounts. The known isotopic ages of some volcanic samples are shown in red (after Berthod et al.,
2022a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

feed fissure eruptions, and building small volcanic cones and lava flows.
In contrast, they suggest that the large volcanic cones are more likely the
result of sporadic subvertical ascent of magma from a deep reservoir
located in the mantle or at the base of the crust, bypassing more su-
perficial storage areas.

Based on the interpretation of seismic data across Bassas da India and
Europa, Raillard (1990) proposed a volcanic activity in this region since
the early Eocene (~55 Ma). More recently, the Hall Bank drowned

carbonate platform has been dated using strontium isotopic stratig-
raphy, giving a minimum age of 16.2 Ma for the Hall Bank substratum
(Courgeon et al., 2016). In addition, the first 40Ar/Ar dates for vol-
canic samples dredged from this region (Berthod et al., 2022a) have
revealed that the volcanism covers a period from the Oligo-Miocene to
the Pleistocene (8-20.2 Ma, Fig. 2), and probably extends to the present
day.

Table 1
Location of dredges and samples collected during 2014 PAMELA-MOZ01 and PAMELA-MOZ04 cruises (Jouet and Deville, 2015; Olu, 2014).
Location Cruise DOI Dredge Latitude Longitude Depth start Latitude end  Longitude Depth end Samples
start start (m) end (m)
DR16a
DR16b
Bassas da S S E DR16-02
India MOZ01 10.17600/14001000  DR16 21°36.6496’ E 39°38.4227 1646 21°36.4230° 39°38.2166’ 1332 DR16-03
DR16-05
DR16-07
DR16-09
DR0O8
Bassas da S
. MOZ04 10.17600/15000700 DRO8 E 39°40.5783’ 521 $21°34.7 E 39°40.59 520 DR08-C1
India 21°34.2483’
DR0O8-C2
S . , . , E DR17-02
Hall Bank MOZ01 10.17600/14001000 DR17 21°51.1472° E 39°10.9124 1901 S 21°50.42 39°11.0118° 1845 DRI7-05
DWO05-03
DWO05-03S
S | , S | , DWO05-04
Hall Bank MOZo1 10.17600/14001000 DWO05 21°51.3409° E 39°6.1522 512 21°51.8028’ E 39°6.3817 507 DWO05-06
DWO05-07
DWO05-13
s S E DR19-03
Jaguar Bank ~ MOZ01 ~ 10.17600/14001000  DR19 S1-436g55 B 3973233000 1313 91°441027  39°32.3016° 990 DR19-04
DR19-06
DR22-04
S 5 , S E DR22-05
Europa MOZ01 10.17600/14001000 DR22 22°17.9541° E 40°23.7225 1554 22°18.1297° 40°23.4781° 1320 DR22-06
DR22-07



https://doi.org/10.17600/14001000
https://doi.org/10.17600/15000700
https://doi.org/10.17600/14001000
https://doi.org/10.17600/14001000
https://doi.org/10.17600/14001000
https://doi.org/10.17600/14001000

C. Berthod et al.
3. Samples and methods

Our study was realized on volcanic rocks dredged during 2014
PAMELA-MOZ01 and 2015 PAMELA-MOZ04 cruises (Olu, 2014; Jouet
and Deville, 2015, Table 1). MOZ01-DWO05 and MOZ01-DR17 dredges
have been performed on Hall Bank. MOZ01-DR19, MOZO01-DR16 -
MOZ04-DR08, and MOZ01-DR22 have been collected on Jaguar Bank,
Bassas da India and Europa submarine slopes, respectively (Fig. 2). The
six dredges totalize 25 samples (Table 1) that allow us to define the
petrographic characteristics of the volcanic rocks.

Mineral phases were identified at Laboratoire Magmas et Volcans
(LMV, Clermont-Ferrand, France) using a Renishaw inVia confocal
Raman micro-spectrometer and CAMECA SX-100 and CAMECA SX Five
Tactis electron microprobes. Bulk-rock concentrations and isotopic
compositions have been obtained by ICP-AES, ICP-MS, TIMS and MC-
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ICP-MS at LMV and LGO (PSO/IUEM, Plouzané, France). Each method
is described in supplementary material.

4. Results
4.1. Petrography and classification

As geochemical criteria can only be used to a limited extent due to
the degree of alteration or the small size of many samples, our classifi-
cation is firstly based on the mineral paragenesis of the rocks. Additional
considerations will be made, if necessary, when examining the chemical
compositions. Following Cucciniello et al. (2023), basanites are distin-
guished from nephelinites by the presence of modal plagioclase, while
nephelinites may contain Ba-rich mica and Ba-rich sanidine in the
groundmass, but no plagioclase. Most of the dredged samples

Fig. 3. Representative transmitted-light microphotographs with crossed polars and BSE images of melanocratic to holomelanocratic nephelinites collected on the
flank of Jaguar Bank (MOZ01-DR19-03 and MOZ01-DR19-04) and Bassas da India (MOZ04-DR08). a) MOZ01-DR19-03 and b) MOZ04-DR08 samples display a
porphyritic texture, and contain euhedral to sub-euhedral clinopyroxene and olivine phenocrysts. c-d) The groundmass is mainly composed of clinopyroxene
microlites with irregular normal zoning, nepheline, and oxides. Clinopyroxene microlites can form clusters and may be altered to amphibole. e-f) Unaltered (MOZ04-
DRO8) or palagonitized (MOZ01-DR19-04) vitreous matrix providing clear confirmation of the absence of plagioclase crystal. Ol: olivine, Px: clinopyroxene,

Cal: calcite.
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mineralogically correspond to melanocratic to holomelanocratic neph-
elinites and basanites. Some facies collected on the Hall Bank carbonate
platform (Courgeon et al., 2016), with phenocrysts of alkali feldspar,
and in some cases nepheline phenocrysts, are considered to be more
evolved lavas potentially ranging from intermediate nephelinite to
phono-tephrite or tephri-phonolite.

4.2. Mafic lavas

Samples dredged on the flanks of Jaguar Bank (MOZ01-DR19-03,
MOZ01-DR19-04, and MOZ01-DR19-06) and of Bassas da India atoll
(MOZ04-DR08) are highly porphyritic rocks composed of sub-euhedral
to euhedral olivine (< 1 cm), clinopyroxene, Cr-spinel, and Fe—Ti
oxide phenocrysts embedded in a clinopyroxene-rich matrix with
nepheline, Fe—Ti oxides, Cr-spinel, biotite, and apatite (< 500 pm,
Fig. 3a, b). A glassy phase can sometimes be observed in the matrix of
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some samples. Although olivine megacrysts are mainly euhedral, many
of them are spongy crystals, with large embayments, and spherical to
ovoid pockets containing matrix material (including euhedral clino-
pyroxene microcrysts, and chrome spinel) and frequently calcite
(Fig. 3a, b). Calcite (+ fibrous zeolites) also fills the vesicles and frac-
tures of the rock. Spongy olivine crystals are interpreted as evidence of
initial rapid growth, rather than partial dissolution (Welsch et al., 2014).
Clinopyroxene crystals display a large range of size from <10 pm to
~500 pm, and are observed as clusters (Fig. 3c, d). Some olivine and
clinopyroxene show intergrown crystals, with irregular and intricate
boundaries. Clinopyroxene crystals are generally unaltered, with the
exception of a few crystals altered to amphibole. They show irregular
normal zoning (Fig. 3c, d) suggesting the influence of fluids, and/or a
complex history of magma recharge and mixing. These lavas contain no
visible plagioclase and can therefore be considered as nephelinites. A
few samples with an unaltered (MOZO04-DR08) or palagonitized

e
2 DRI16b
Fig. 4. Representative microphotographs and BSE images of volcanic samples collected in the southern part of the Mozambique Channel. a) Olivine phenocrysts in an
aphanitic groundmass in olivine basanite MOZ01-DWO05-03 sample from Hall Bank. b) Altered olivine with an iddingsite border in MOZ01-DR17-02 sample from
Hall Bank. ¢) Complex zoning in clinopyroxene crystal aggregated with oxide and apatite (MOZ01-DR22-06). d) Well-developed microlites observed in the MOZ01-

DR22-04 sample. Olivine basanites €) MOZ01-DR16-02, and f) MOZ01-DR16b dredged on the flank of Bassas da India. Ol: olivine, Px: clinopyroxene, Ox: oxide, and
Ap: apatite.
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(MOZ01-DR19-04) vitreous matrix provide clear confirmation of the
absence of plagioclase crystal, and the only presence of clinopyroxene
and olivine microlites or microcrystals (Fig. 3e, f), indicating the “ul-
tramafic” character of these lavas, in agreement with the high forsterite
content (up to Fo88) of olivine in equilibrium (Table S1 in supplemen-
tary material). These rocks are petrographically very similar to the
“ankaratrites” described among the Cenozoic lavas of Madagascar (e.g.,
Cucciniello et al., 2023; Melluso et al., 2011).

Samples collected at the top (MOZ01-DWO05-03) and west of Hall
Bank (MOZ01-DR17-02, MOZ01-DR17-05) are sub-aphyric to porphy-
ritic. They contain olivine phenocrysts, sometimes millimeter-sized,
mostly altered to iddingsite and calcite, as well as Cr-rich spinels
(Fig. 4a-b). The groundmass is always very rich in clinopyroxene mi-
crocrystals and microlites, with olivine, nepheline, and Fe—Ti oxides.
Other mineral phases such as biotite, perovskite, and apatite (< 100 pm)
have also been identified in the groundmass of MOZ01-DW05-03
(Table 1 and Fig. 4). The presence of perovskite in this sample is a
further sign of the primitive nature of these lavas. However, alkali
feldspar and plagioclase microlites (andesine) were identified in the
groundmass of sample MOZ01-DR17-05. MOZ01-DR17-05 can there-
fore be classified as an olivine basanite.

Olivine is also the main macrocrystalline phase (sometimes accom-
panied by a few clinopyroxenes and Fe—Ti oxides) in the samples
collected on the submarine flanks of Europa Island (MOZ01-DR22-04,
MOZ01-DR22-05, MOZ01-DR22-06, and MOZ01-DR22-07, Fig. 4c-d).
Due to the strong alteration of these rocks, olivine phenocrystals usually
appear as a ghost phase, highlighted by an iddingsite border. When
present, clinopyroxene crystals show complex zoning, sometimes with a
sieve-textured core, or intergrowth with apatite and oxide crystals
(Fig. 4¢).

Lavas sampled on the south volcanic ridge of Bassas da India atoll
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(MOZ01-DR16a, MOZ01-DR16b, MOZ01-DR16-02, MOZ01-DR16-03,
MOZ01-DR16-05, MOZ01-DR16-07) are moderately to strongly
porphyritic, with olivine and sometimes clinopyroxene as main macro-
crystalline phases. These samples usually contain large euhedral to sub-
euhedral olivine phenocrysts (50 pm - 1 mm, Fig. 4e-f) with sparse
chrome spinel inclusions, occasionally exhibiting kink-band structures.
In several samples (MOZ01-DR16a, MOZ01-DR16-02, MOZO01-
DR16-03, MOZ01-DR16-05, MOZ01-DR16-07), a ghost mineral was
found, pseudomorphically replaced by a crystalline mixture probably
containing hydroxides and amorphous materials. This mineral formed
elongated crystals a few hundred pm in length (Fig. 4e). It was not
possible to identify it formally.

In the mafic rocks from Bassas da India, Europa and Hall Bank,
microlites in the groundmass mesostasis present variable development.
Most often, the rocks are characterized by well-developed elongated
microcrystals and microlites (up to 500 pm) of clinopyroxene (e.g., in
the MOZ01-DR16 and MOZ01-DR22 samples, Fig. 4), which may be
accompanied by Fe—Ti oxides, chrome spinel, nepheline, haiiyne, bio-
tite, apatite, and few plagioclase crystals. Zeolites and calcite are
sometimes found as a secondary phase in vesicles.

4.3. Intermediate lavas

MOZ01-DW05-13, MOZ01-DW05-04, MOZ01-DW05-06, MOZ01-
DWO05-08, and MOZ01-DW05-09 samples, collected as scattered peb-
bles at the top of the Hall Bank, have a moderately porphyritic texture,
with phenocrysts set in a fine-grained microcrystalline mesostasis. Their
mineralogical composition and texture suggest that these samples could
be olivine-free nephelinite or tephri-phonolite. In MOZ01-DW05-13 and
MOZ01-DW05-06 samples, the mineral assemblage includes alkali
feldspar, nepheline, clinopyroxene, biotite, titanite, amphibole, Fe—Ti

Fig. 5. a) Alkali feldspar and nepheline phenocrysts, and destabilized biotite crystal in MOZ01-DW05-13 Hall sample. b) Sud-euhedral dolomite crystal observed in
the groundmass of MOZ01-DW05-13 sample. c-d) Euhedral to sub-euhedral biotite, dolomite, nepheline, sanidine, and Ti-rich garnet crystals in a microcrystalline
groundmass of sanidine, biotite and Fe—Ti oxides in the DW05-04 sample. Ol: olivine, Ox: oxide, Bt: biotite, Np: nepheline, Kfs: alkali feldspar, Dol: dolomite, Grt: Ti-

rich garnet (schorlomite).
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oxides, and dolomite. Alkali feldspar is the dominant phenocrystal phase
and occurs as large euhedral to sub-euhedral crystals (0.5 mm — 4 cm,
Fig. 5a-b). It is worth noting that alkali feldspar is often seen as crystal
fragments and exhibits complex zoning with resorbed core and non-
systematic zoning (Fig. 6a). Biotite occurs as zoned sub-euhedral to
anhedral corroded crystals (< 1 mm, Figs. 5a and 6b). Biotite ante-
crystals contain apatite and titanite inclusions. Groundmass is composed
of numerous microlites of <200 pm elongated alkali feldspar, nepheline,
apatite, and Fe—Ti oxides. Importantly, few dolomite crystals have been
found in the groundmass (Fig. 5b-d).

MOZ01-DW05-04, MOZ01-DW05-08, and MOZ01-DWO05-09
display a slightly different paragenesis. These samples are characterized
by a porphyritic texture with strongly altered microcrystalline ground-
mass of sanidine, biotite, and Fe—Ti oxides. Phenocrysts are mainly
euhedral and zoned. They consist of alkali feldspar, dolomite, biotite,
and amphibole. Smaller phenocrysts are titanite and Ti-rich garnet
(schorlomite, Fig. 5c-d). Some alkali feldspar phenocrysts contain in-
clusions of titanite and magnetite. Calcite and albite have been recog-
nized in the microlitic groundmass.

4.4. Magmatic phase chemistry

Individual analyses (around 1000 analyses) were obtained on the
mineral chemistry of the volcanic rocks of the Bassas da India-Europa
volcanic provinces. A selection for each mineral phase is reported in
supplementary data, Tables S1-S6.

4.4.1. Olivine

In most cases, olivine is the dominant phenocryst phase in our
samples, with sub-euhedral to euhedral crystal shapes. Bassas da India
samples contain Mg-rich olivine crystals, with compositions ranging
from Fo85 to Fo89 (Mg/(Mg + Fe)*100, Fig. 7a and Table S1 in sup-
plementary material). In these samples, olivine crystals are also
sporadically found as microlites in the groundmass with compositions
varying from Fo87 to Fo89. Thus, no correlation was observed between
size, composition, and textural position (phenocryst vs. microlite).
Olivine phenocrysts in Europa samples are clustered with Fo and MnO
content ranging from 82 to 83 and from 0.17 to 0.28 wt.%, respectively.

BaO contents (wt%)
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This cluster may be due to the limited number of analyses (n = 17,
Fig. 7b). No microlite was observed in the samples from Europa. In
contrast, phenocrysts and microlites of olivine in Hall Bank samples
have a much more dispersed composition, with Fo and MnO contents
varying from 74.4 to 89.0 and 0.13 to 0.78 wt.%, respectively. Finally,
olivine phenocrysts and microlite in Jaguar Bank samples are similar in
composition to Bassas da India atoll, with Fo ranging from 81.4 to 88.3
and MnO content varying between 0.12 and 0.47 wt.% (Fig. 7b).

4.4.2. Clinopyroxene

Clinopyroxene is a very common phase, particularly in the most
mafic lavas. Clinopyroxene is mainly diopside (Wo23_45 Enss_ss5 Fsy_23)
found both as phenocrysts and microlites in the groundmass. Mg
numbers (Mg# = molar Mg/(Mg + Fe)*100) are more scattered than the
Fo content of olivine crystals, and range from 47.4 to 87.9 (Fig. 7c and
Table S2 in supplementary material). Except for Bassas da India atoll,
clinopyroxene phenocrysts (Mg# ranging from 59.3 to 87.9) tend to
have a more primitive composition than microlites (51.0-83.9, respec-
tively). However, the compositional variations differ from one site to
another.

Regarding Bassas da India, clinopyroxene phenocrysts and microlites
have a similar composition in sample MOZ01-DR16a, with a Mg# at
58.2-80.4, TiO, contents at 2.0-9.4 wt.% and Al,O3 contents ranging
from 5.76 to 13.9 wt.% (Fig. 7c, d), whereas the clinopyroxene pheno-
crysts show more primitive compositions (Mg# at 72.7-84.4, TiO,
contents at 1.5-4.5 wt.%, and Al,O3 contents at 3.7-9.8 wt.%) than the
microlites in samples MOZ01-DR16b and MOZ04-DR0O8 (Mg#
58.8-82.1, TiOy = 2.1-6.7 wt.%, and Al;03 = 5.2-12.1 wt.%). Finally,
in MOZ01-DR16-07 sample, phenocrysts show more evolved composi-
tion with a Mg# ranging from 58.1 to 60.9, TiO; contents at 2.5-5.9 wt.
%, and Al;O3 contents at 10.1-12.6 wt.%.

On Europa, MOZ01-DR22-06 sample contains phenocrysts and
microlites of clinopyroxene. Phenocrysts display Mg# varying from 67.0
to 87.9 (TiOs = 0.4-5.4 wt.%, and Al,03 = 0.5-10.7 wt.%), which tends
to be more primitive than Mg# = 61.1-77.9 microlites (TiO = 2.3-7.0
wt.%, and Al,03 = 4.0-11.8 wt.%). Phenocrysts in this sample show a
complex zoning and intergrowth with inclusions of apatite and Fe—Ti
oxides. In MOZO01-DR22-04 and MOZ01-DR22-05 samples,
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Fig. 6. BSE images and associated BaO (wt%) profiles in representative zoned alkali feldspar phenocrysts (a) and biotite antecrysts (b) from Hall Bank (MOZ01-
DWO05-13 sample). Brightness reflects elevated Ba concentrations. Note dark, partially resorbed, cores in the alkali feldspar phenocryst and variably complex zoning

in overgrowth.
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Fig. 7. Composition of olivine (a, b) and clinopyroxene (c, d) in the Bassas da India-Europa volcanic rocks.

clinopyroxene microlites present Mg#, TiOs, and AlyO3 ranging from
62.8 to 78.2, 0.2-7.2 wt.% and 1.9-10.6 wt.%, respectively.

In Hall Bank samples, clinopyroxene crystals present Mg# varying
between 51 and 81.7, TiO, contents at 1.0-8.2 wt.% and Al,O3 contents
at 3.2-11.4 wt.%. Clinopyroxene in Jaguar samples, that correspond to
the more mafic rocks, displays the most primitive composition of all
studied samples, with a Mg# ranging from 57.2 to 85.4 (Fig. 7c, d). TiOx
and Al,O3 contents vary from 1.1 to 6.6 wt.% and 4.0 to 14.0 wt.%,
respectively.

4.4.3. Feldspars and feldspathoids

Feldspar crystals from Bassas da India and Europa samples could not
be analyzed due to their strong alteration. Feldspars in Hall Bank sam-
ples present scattered composition. MOZ01-DR17-05 sample contains
andesine (phenocrysts and microlites) with a composition at Angsz 34
Abgy_64 Ors_s, Al;03 and NayO contents ranging from 24.8 to 25.2 wt.%
and from 6.7 to 7.1 wt.%, respectively (Fig. 8a, b). On Hall bank, feld-
spar crystals were analyzed (MOZ01-DW05-04, MOZ01-DW05-06, and
MOZ01-DW05-13, Fig. 5b-d), with variable compositions at Ang_1;
Abig 53 Org7_79, 17.9-21.5 wt.% Al,O3 and 2.2-7.2 wt.% NayO. They
mainly are sanidine, observed as phenocrysts and microlites in the
groundmass (Fig. 5b). Sanidine phenocrysts are characterized by zoning
patterns. Compositional profiles reveal an important variation in BaO
contents through the crystals (Fig. 6a). In fact, BaO contents range from
0.1 to 5.8 wt.% in samples in which BaO was analyzed (MOZO01-
DWO05-06 and MOZ01-DW05-13). Nepheline crystals, in the MOZ01-

DWO05-03 and MOZ01-DW05-03s samples, are characterized by Al,O3
and NazO contents ranging from 32.7 to 34.9 wt.% and from 12.7 to
14.5 wt.%, respectively (Fig. 8b).

4.4.4. Oxides

Fe—Ti oxides crystals were observed in all samples mainly as a
groundmass phase (Figs. 4, 5 and 6). They are chrome spinels, ilmenites
and titanomagnetites (Fig. 8c, d). Numerous chrome spinels were
observed as inclusion in olivine crystals, which is consistent with the
primitive olivine composition (Fo ranging from 74.4 to 89.1, Fig. 7a, b),
whereas ilmenites and titanomagnetites are mostly found in the
groundmass. Chrome spinels present a scattered composition with
19.2-43.9 wt.% FeO, 14.8-47.2 wt.% Cry0O3, 0.9-6.8 wt.% TiOo,
12.3-32.3 wt.% Alp03 (Table S4 in supplementary material). Ilmenite
and titanomagnetite are the most abundant oxides, with FeO and TiO4
contents varying from 49.3 to 83 wt.% and 4.2-21.3 wt.%, respectively.

Perovskite microcrystals have been identified in sample MOZ01-
DWO05-03, with contents of 56 wt.% for TiO5 and 36 wt.% for CaO, on
average (Table S6 in supplementary material).

4.4.5. Biotite, phlogopite, and amphibole

Biotite is found in some samples as a primary phase. In MOZ01-
DWO05-13 Hall Bank sample, biotite antecrystals, with Mg# ranging
from 38.4 to 42.4 (Table S5 in supplementary material), are surrounded
by a reaction rim, and sometimes have an irregular shape. Different
processes have been proposed to explain the development of
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compositions.

destabilization rims for biotite. These include intrusion of a hot, more
primitive magma (France, 2020) and reheating above the biotite lig-
uidus (Grocke et al., 2015), or magma degassing upon rapid decom-
pression during magma ascent (France, 2020). Crystals present a
complex BaO zoning with compositional variations within several
micron-wide zones (Fig. 6b). Biotite crystals are also to be found in small
proportions in Hall Bank samples MOZ01-DW05-03, MOZ01-DW05-04
(Mg# = 50.1), MOZ01-DW05-06 (Mg# = 59.3-60.3), and in Bassas da
India samples (MOZ04-DR08 and MOZ01-DR16a). Phlogopite crystals
can be found in sample from Jaguar Bank (MOZ01-DR19-06 - Mg# =
71.5).

In Hall Bank samples (MOZ01-DW05-04, MOZ01-DWO05-06,
MOZ01-DW05-07, and MOZ01-DW05-09), calcic amphibole is mainly
found as rare macrocrystals. These amphibole crystals vary slightly in
composition (Mg# = 76.0-77.1, Table S5 in supplementary material)
from one sample to another, and in some cases even within a given
sample. In Bassas da India and Jaguar Bank samples, calcic amphibole
crystals are observed as groundmass phase (Mg# = 26.2-36.5).

4.4.6. Accessory phases

The main accessory phases observed in our samples are titanite and
apatite. Titanite has been found occasionally in Hall Bank samples and
displays CaO and TiO2 contents at 25.5-28.32 wt.% and 34.62-36.85
wt.%, respectively (Table S6 in supplementary material). In Hall Bank
sample MOZ01-DW05-13, apatite is observed as microcrysts, while in
Europa samples, apatite appears as inclusions in clinopyroxene crystals,

and as rare crystals in the groundmass.

In all Hall Bank tephri-phonolite samples (MOZ01-DW05-04,
MOZ01-DW05-06, MOZ01-DW05-07, MOZ01-DW05-08, MOZ01-
DWO05-09, and MOZ01-DW05-13), dolomite macrocrystals have been
found in the lava. Their Ca/Mg ratio is mostly between 1.8 and 2.4
(Table S6 in supplementary material). In addition, in the samples
MOZ01-DW05-03, MOZ01-DW05-04, and MOZ01-DW05-08, Ti-rich
garnets (melanite, schorlomite) have been observed and analyzed.
They are characterized by 27.8-31.4 % SiO,, 9.36-14.4 % TiOo,
31.1-31.9 % CaO, 18.6-20.84 % FeO.

4.5. Alteration phases

Studied samples are dredged rocks of Miocene age (Berthod et al.,
2022a) that have spent several million years underwater. They were
found to be highly altered, with high LOI values (Fig. 9a). This alteration
takes various forms (Fig. 9). It consists of the transformation of the
vitreous and microlitic groundmass into alteration paragenesis (clay
minerals, carbonates, sulphates, phosphates, oxides, and hydroxides,
etc. - Table S7 in supplementary material) and probably amorphous
material, the replacement of primary minerals such as olivine or
plagioclase feldspar by alteration minerals, and the crystallization of
secondary phases in vesicles, cracks, and mineral relics (carbonates,
zeolites, gypsum, etc.). Whenever possible, these phases were identified
using a combination of SEM observations, microprobe analysis, and
Raman spectrometry.
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Fig. 9. Evidence and characteristics of the alteration observed in our dredged samples. a) SiO5 vs LOI diagram highlighting the significant alteration of our samples.
b) K»0 vs Na,O diagram showing Na-metasomatism. c¢) Thin-section of the MOZ01-DW05-03 sample showing altered olivine in the rim of the sample. d-f) Ca, Mg, Fe,

P, and Al elements maps in the MOZ01-DW05-03 sample.

Pyroxene and spinel crystals are largely preserved. The most com-
mon reaction consists of partial or even complete replacement of olivine
crystals by iddingsite, clay minerals, or Mg-calcite (Figs. 4a, 9¢). Low-
Mg calcite is a phase commonly found in our samples, in association
with olivine. Aragonite has also been identified in Bassas da India
samples MOZ04-DR08. Calcite usually corresponds to late-stage prod-
ucts in interstices, fissures, and vesicles, but also appears as inclusion in
some olivine crystals in Jaguar Bank samples (Fig. 3a). The composition
of calcite in these inclusions (major elements) does not significantly
differ from that of calcite found in vesicles, with CaO and MgO contents
at 45.97-57.65 wt.% and 0-3.38 wt.%, respectively. In the same sam-
ples, vesicles may contain Na-rich feldspar crystals surrounded by Mg-
calcite. Motukoreaite (e.g., Rodgers et al., 1977) has also been identi-
fied as inclusion in some olivine crystals, associated with euhedral cli-
nopyroxene microcrystals (MOZ01-DR19-04), as was hydrotalcite in the
matrix of the MOZ01-DW05-03 sample.

Secondary minerals such as oxides and hydroxides (hematite,
goethite, Mn-oxides), phyllosilicates (chlorite, vermiculite, biotite,
montmorillonite, saponite), have been identified by Raman spectrom-
etry (see supplementary material) in several samples from Bassas da

10

India (MOZ01-DR16, MOZ04-DR08), Hall Bank (MOZ01-DWO05), and
Europa (MOZ01-DR22). In the vesicles and fissures of the samples, in
addition to calcite, various types of fibrous or isometric zeolites (phil-
lipsite, chabazite, erionite, heulandite) were frequently found.

These mineral parageneses suggest low-temperature alteration,
probably as a result of COo-rich fluids and seawater interaction, as
evidenced by the more extensive alteration on the margins of samples in
contact with seawater. The role of Na-metasomatism induced by rock-
seawater interaction is supported by the whole-rock geochemistry
with an enrichment in NaO content relative to KoO which cannot be
attributed to magmatic differentiation or fractional crystallization
(Fig. 9b). The influence of this low-temperature alteration on the
chemical composition of the whole rock has been assessed by comparing
the chemical composition of the rim and core of the sample MOZ01-
DWO05-03 (Fig. 9d-f). The rim appears enriched in CaO, Al,03 P05, and
FeO, and depleted in SiO, and MgO.
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4.6. Bulk-rock geochemistry

4.6.1. Major element compositions

Major and trace element whole-rock analyses for 15 samples are
presented in Table S8 in supplementary material. Only mafic samples
collected by dredging could be analyzed. Samples of the most differen-
tiated lavas, only collected as pebbles at the top of Hall Bank, were too
small for chemical analysis. As mentioned before, these samples are
therefore characterized on the basis of their texture and mineralogical
composition only.

All the analyzed samples have high LOI (loss on ignition) values, up
to 14.8 wt.% (Table S8 in supplementary material). This certainly re-
flects the strong alteration of the rocks analyzed, but may also be partly
due to a high volatile content (primarily CO2). High LOI values are quite
common worldwide for alkaline ultrabasic rocks (e.g., Lustrino et al.,
2021).

For the geochemical approach, we selected fragments judged to be
visually the most preserved, while trying to retain enough samples to
obtain the most relevant information for the entire studied region. The
state of preservation of our samples must be considered, and our results
have therefore been interpreted only qualitatively, using trends and
relying on bibliographical data. Only samples with a LOI value of less
than 8 will be considered below.

All samples are alkaline, strongly undersaturated and belong to the
“foidite” field according to the TAS nomenclature scheme (Le Maitre
et al., 2005, Fig. S1 in supplementary material), with low SiO2 con-
centrations (32.7-40.1 wt.% SiO,) and rather high concentrations of
alkalis for the silica content (1.6-4.9 wt.% NayO + K50). Their K;0/
NayO ratio (av. 0.63 £ 0.1) places most of these samples in the potassic
series of Middlemost (1975), except for some samples from Bassas da
India (MOZ01-DR16-02 and MOZO01-DR16-03) and Jaguar Bank
(MOZ01-DR19-03) which are part of the sodic series (K20/Naz0 < 0.5).
Because our samples are altered, we also use the Zr/Ti0O2*10"-4 - Nb/Y
diagram (Lang et al., 2023), which confirms that these lavas are mainly
located in the Alkali Basalt-Basanite-Foidite field (Fig. S2 in supple-
mentary material).

Major element compositions on whole-rocks show a well-defined
trend (Fig. 10a-b). Samples from Bassas da India and Jaguar Bank
display the most basic compositions with MgO contents ranging from
14.2 to 17.7 wt.% and from 12.4 to 12.9 wt%, respectively (Fig. 10a-b).
MgO content is lower in Hall Bank and Europa samples, and varies from
10.3 to 11.1 wt% and from 5.9 to 7.6 wt.%, respectively. K20 content is
inversely correlated to MgO content (Fig. 10a). Europa samples display
the most differentiated compositions, with the highest K5O contents,
ranging from 1.2 to 1.6 wt.%. KO content in Bassas da India samples
ranges from 0.55 to 1.16 wt%, while Hall and Jaguar Banks samples
have K50 contents between 1.02 and 1.68 wt.%. CaO/Al,O3 ratios are
ranging from 0.7 to 1.1 wt.%, 1.0-1.7 wt.% and from 1.4 to 1.8 wt.% for
Bassas da India, Jaguar and Hall Banks, and Europa samples, respec-
tively (Fig. 10b). FepO3 contents of Bassas da India samples are clustered
at 11.9-1.8 wt.%, while Hall and Jaguar Banks present more scattered
FeyO3 contents (9.5 to 14.5 wt.%). Fe;O3 content in Europa samples is
characterized by high values, from 16.8 to 18.1 wt.%.

4.6.2. Trace element compositions

The chondrite-normalized rare earth element (REE) patterns ob-
tained from the dredged samples are shown in Fig. 10c. All samples have
steep chondrite-normalized REE patterns, showing a strong enrichment
in light REE (LREE) compared to heavy REE (HREE), with no Eu
anomaly. However, some minor distinctions can be mentioned. Europa
samples are less fractionated in LREE in comparison to other samples,
while MOZ01-DR19-03 Jaguar Bank sample is less enriched and shows a
more concave REE pattern compared to those of Bassas da India and Hall
Bank. LREE/HREE ratios are higher in Bassas da India and Hall Bank
lavas ((La/Yb)y = 33.7 and 26.9-29.4, respectively) than those of
Jaguar Bank and Europa ((La/Yb)y = 20.2-21.9 and 18.5-23.7,
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respectively). All samples display similar spider diagrams of incompat-
ible trace elements normalized to Primitive Mantle concentrations with
a depletion in Pb, Sr, K, and Ti, and a positive P anomaly (Fig. 10d).

Dredged samples are characterized by a well-defined trend of
increasing Zr, with values ranging from 240 to 432 ppm with decreasing
Mg# (Fig. 10e). Europa and Hall Bank samples are slightly more
enriched in incompatible elements than Bassas da India and Jaguar Bank
lavas. Indeed, Zr contents vary from 360 to 432 ppm in Europa and Hall
Bank samples and from 240 to 334 ppm in Bassas da India and Jaguar
Bank samples. In comparison, Ni concentrations, with values ranging
from 99 to 302 ppm, show a weaker correlation with Mg# (Fig. 10f).
Europa and Bassas da India samples display a quite low Ni content (99 to
162 ppm) and are not located on the Ni-Mg# trend. Similar observation
has been made with Cr contents. Samples of Hall Bank are characterized
by lower Ni content varying from 139 to 158 ppm.

4.6.3. Isotopes

Nd-Sr-Pb isotope data of dredged volcanic rocks are presented in
Fig. 11 and in Table S8 in supplementary material. Our entire data set is
characterized by a rather narrow isotopic range for Nd and Pb. Only
875r/80sr ratios display a larger variation, ranging from 0.703796 to
0.708196 (Fig. 11a). These values were obtained on both leached and
unleached samples, and the two most radiogenic isotope compositions
(unleached samples) are very likely the result of seawater alteration
(Verma, 1981).

with **Nd/!*Nd and 2°°Pb/2%*Pb ratios ranging from 0.512818 to
0.512878 and from 19.2381 to 19.9866, respectively, our samples have
isotopic compositions similar to those of La Grille volcano in Comoros
Archipelago (Fig. 11a-c, Class and Goldstein, 1997; Class et al., 1998;
Class et al., 2005, 2009; Deniel, 1998; Pelleter et al., 2014; Spath et al.,
1996), and the Cenozoic volcanism on Madagascar (Cucciniello et al.,
2011; Cucciniello et al., 2017; Cucciniello et al., 2023; Melluso et al.,
2007b; Melluso et al., 2016; Melluso et al., 2018). We also note that our
samples differ from Cenozoic volcanism of the Rungwe volcanic prov-
ince, in southern Tanzania (Castillo et al., 2014) and the Mozambique
Ridge (Jacques et al., 2019; O’Connor et al., 2019), with higher
206pp, /204ph and 208pb,/294pb (39.1107-39.9207, Fig. 11b-d) ratios.

5. Discussion
5.1. Melting and mantle source

Recent studies suggest that the mantle sources of the Cenozoic
alkaline volcanism of the northernmost part of Madagascar and
Comoros archipelago are enriched in trace elements and volatiles, and
have a genetic link to a HIMU-type mantle lithosphere (Chauvel et al.,
2024; Cucciniello et al., 2023; Pelleter et al., 2014). The mantle source
involved in the genesis of these volcanic provinces is considered to be
chemically and mineralogically heterogeneous at small scale, with
different degrees of metasomatism (Class and Goldstein, 1997; Cucci-
niello et al., 2023; Pelleter et al., 2014; Spath et al., 1996), and the
presence of recycled hydrothermally altered oceanic crust in the mantle
source (Chauvel et al., 2024). The dataset obtained from the Miocene
dredged rocks provides an initial overview of the source of magmatism
in the southern part of the Mozambique Channel, except for Sr isotopic
data on leached samples, which might reflect the influence of seawater
alteration and will not be discussed further in this paper. All the Bassas
da India-Europa volcanic rocks show small Nd and Pb isotopic variations
(Fig. 11), suggesting derivation from a common mantle source. In
addition, the isotopic compositions of Pb and Nd are close to those
known for Cenozoic volcanism in northern Madagascar and the Comoros
archipelago. On the contrary, they significantly differ from those of the
central and southwestern volcanic provinces of Madagascar with higher
143Nq/144Nq, 296ph,/20%ph, 207ph,/204ph, and 208pb/20%ph (Fig. 11),
whereas petrological observations, major whole-rock compositions, and
age ranges are quite similar (Miocene, see Berthod et al., 2022a). Trace
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Fig. 10. Geochemistry of the dredged samples compared with lavas from Rungwe volcanic province (Marcelot et al., 1989; Furman, 1995), Mozambique ridge
(O’Connor et al., 2019), Cenozoic volcanism on Madagascar (Cucciniello et al., 2011; Cucciniello et al., 2016; Cucciniello et al., 2017; Cucciniello et al., 2023;
Melluso et al., 2000; Melluso et al., 2007a; Melluso et al., 2007b; Melluso et al., 2016; Melluso et al., 2018; Nougier et al., 1986), and Comoros Archipelago
(Thompson and Flower, 1971; Strong, 1972; Nougier et al., 1986; Spéth et al., 1996; Class and Goldstein, 1997; Class et al., 1998; Berthod et al., 2021a, 2021b,
2022b). a) K20 vs MgO diagram showing fractional crystallization as a major process. b) MgO vs. CaO/Al,03 diagram, and c¢) Chondrite-normalized REE patterns
(Lyubetskaya and Korenaga, 2007) of selected samples. d) Primitive mantle-normalized patterns (Lyubetskaya and Korenaga, 2007) of our samples showing negative
K, Pb, Ti, and positive P anomalies. e) Zr vs Mg# diagram displaying fractional crystallization effect. f) Back-crystallization models from Berthod et al. (2021a)
implying 80 % clinopyroxene and 20 % olivine fractionation. This back calculation models start from a basanitic composition (Berthod et al., 2021a) by adding in
small increments of equilibrium olivine and clinopyroxene compositions appropriate to match the composition of subaerial Comoros lavas, and consistent with the Ni
concentration for a primary mantle melt (300-500 ppm, Spath et al., 1996).
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element compositions (Fig. 10) also display few differences between our
samples and those of the central and southwestern Cenozoic volcanic
provinces of Madagascar.

Most of the studied samples have highly enriched chondrite-
normalized REE patterns (Fig. 10c¢), with (La/Yb)y values between
18.6 and 33.7. In the Pearce (2008) Th/Yb-Nb/Th and TiO,/Yb-Nb/Th
diagrams (Fig. 12a, b), whole-rock compositions plot within the OIB
field, suggesting that these magmas originate from a deep mantle source
(high mean pressure and low partial melting rate). Both the primitive
mantle-normalized multi-element variation and REE patterns also
indicate that the Europa-Bassas da India lavas are geochemically close to
OIB (Fig. 10c-d).

Chondrite-normalized REE patterns (Fig. 10c) combined with HREE
ratios (Tby/Yby = 1.8-2.9) suggest that melts were formed through
melting of an enriched mantle source within the garnet’s stability field,
at depths greater than 80 km. Using trace element ratios, coupled with a
model of partial melting, Bassas da India-Europa lavas appear to have
formed from magmas generated by less than 5 % partial melting of a
mantle source within the spinel and garnet stability fields (Fig. 12c).
Using batch modeling calculated for a moderately enriched source
(Table 3 in Pouclet et al., 2016) with modal compositions of spinel-
lherzolite (olivine 53 %, opx 27 %, cpx 17 %, spinel 3 %) and garnet-
lherzolite (olivine 60 %, opx 20 %, cpx 10 %, garnet 10 %), we sug-
gest that the source of Bassas da India and Europa magmas is spinel- and

13

garnet-bearing lherzolite. Variations in trace elements ratios could be
the result of small-scale chemical and mineralogical variations. Hall
Bank Sm/Yb ratios, ranging from 6.3 to 6.5, are higher than those of
Bassas da India and Europa magmas suggesting a source more enriched
in garnet (Fig. 12c). In contrast, Jaguar Bank Sm/Yb ratio (MOZO01-
DR19-03 = 3.6) is lower, supporting a source less enriched in garnet.
This nature and garnet content differences might also be interpreted as a
difference of partial melting depth. Thus, we can suggest that the
melting source of the Hall Bank magma, more enriched in garnet, is
probably deeper than those from Bassas da India, Europa, and then
Jaguar Bank (Fig. 12c¢). Trace and rare-earth elements also indicate that
lavas result from a low degree of partial melting (< 5 % - Fig. 12¢) in
agreement with their strongly silica-undersaturated and alkaline com-
positions. Nevertheless, using rare earth elements, we suggest that these
degrees of partial melting vary through the archipelago with a lower
degree of partial melting for Jaguar Bank magmas and highest degrees
for Bassas da India and Europa (Fig. 12c).

5.2. Evidence of metasomatism

Metasomatism in the source has previously been highlighted
throughout the volcanic provinces in the Mozambique Channel. In the
northern half of Madagascar, Cenozoic volcanism of the Alaotra,
Takarindoha-Vatomandry, and Votovorona volcanic fields are
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interpreted as low-volume, low-degree melts of a garnet peridotite,
fertilized by dolomitic metasomatism (Melluso et al., 2011). In the
northernmost Madagascar, the rocks of the Massif d’Ambre are inferred
to be the product of small degrees of partial melting (3-5 %) of an
enriched peridotitic source showing different degrees of metasomatism
(Melluso et al., 2007; Melluso et al., 2016; Cucciniello et al., 2023). In
the Comoros archipelago, geochemical studies suggest that lavas are
mainly generated by partial melting of a DMM-HIMU COs-metasomat-
ized mantle (Class et al., 1998; Class and Goldstein, 1997; Pelleter et al.,
2014, Spath et al., 1996).

Beyond the effects potentially due to alteration, several indicators in
the petrological and geochemical signature of Bassas da India-Europa
volcanic province seem to support the presence of a mantle source
fertilized by carbonatitic liquids:

(1) Our samples are characterized by low SiO5 (32.2-40.1 wt.%),
high CaO/Aly,03 (0.7-1.8 wt.%) and MgO (5.9-17.7 wt.%) contents
(Fig. 10b). In addition, Bassas da India and Europa lavas are enriched in
incompatible elements such as TiO; (2.2-3.7 wt%), Zr (178-432 ppm),
Nb (18-141 ppm) and Ba (111-1134 ppm, Table S8 in supplementary
material). According to Melluso et al. (2011), these geochemical sig-
natures indicate that the source of the Bassas da India and Europa lavas
is enriched in Ca and incompatible elements over Na and K, and may
contain high-Ca, low-Si minerals, such as dolomite.

(2) Our samples are characterized by a strong K depletion (Fig. 10d)
which may be interpreted as the consequence of the mantle source being
relatively potassium poor (e.g., Melluso and Morra, 2000), or as the
result of partial melting in the presence of residual amphibole (Class
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et al., 1998; Class and Goldstein, 1997; Spath et al., 1996), or both
(Melluso et al., 2007a). The presence of amphibole in the source of
Bassas da India and Europa lavas is supported by low Rb/Sr
(0.012-0.138) and high Ba/Rb (6.145-92.63) ratios. This could be ev-
idence of a metasomatized oceanic lithospheric mantle beneath the
archipelago.

(3) Using trace-element modeling of mantle melting, Zeng et al.
(2017) and Baudouin and Parat (2020) demonstrated that the charac-
teristics of carbonatitic metasomatism, with negative K, Zr, Hf, and Ti
anomalies (Figs. 10 and 12d), can be reproduced with a low degree of
batch melting of carbonated peridotite (0.3 to 1 % of carbonatite). Such
carbonatitic metasomatism is consistent with the primitive-mantle
normalized diagram revealing that our samples have negative K, Zr,
Hf, and Ti anomalies (Figs. 10 and 12d).

(4) Sanidine phenocrysts in the MOZ01-DW05-13 sample are char-
acterized by BaO zoning (Fig. 6). In some compositional zones, barium
content can reach 6 % (Fig. 6a). We note that Al,O3 content increases,
and K50 and SiO5 contents decrease with decreasing BaO. The incor-
poration of barium in the sanidine solid solution is thus governed by
BaAl - KSi substitution, so that an increase of the Ba content induces a
higher Al/Si ratio in the feldspar (Gaeta, 1998). Barium might come
from the destabilization of corroded biotite xenocrysts which is
currently a Ba-storage mineral (Fig. 6). However, it is not uncommon for
biotite antecrysts to also be characterized by barium-zoning (Fig. 6b).
Therefore, the crystallization of biotite antecrysts and sanidine pheno-
crysts occurred in the same Ba-rich environment. Two assumptions can
be made from these observations. (i) The concentration of Ba in the
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melts results from metasomatism in the source region by a residual
liquid or (ii) the magma sampled an evolved Ba-rich magma batch
during its ascent. In a recent paper, Chauvel et al. (2024) postulated that
the basanites of Fani Maoré volcano (Mayotte) formed by melting of an
unusual mantle source, enriched in Ba and CO; by the presence of a
recycled and hydrothermally-altered basaltic crust rich in baryte.

(5) Carbonatitic metasomatism is sustained by the presence of
dolomite crystals in more evolved lavas on Hall bank (MOZ01-DW05-13
and MOZ01-DW05-04, Fig. 5c, d).

(6) Finally, MOZ01-DW05-13 and MOZ01-DW05-04 samples also
contain Ti-rich garnets (schorlomite, Fig. 5c, d) which are typical of
alkaline rocks, especially those with a high degree of silica under-
saturation (e.g., Keep and Russell, 1992). This paragenesis is typical of a
metasomatism linked to the percolation of a carbonatitic melt (Vozniak
et al., 2023), which is itself interpreted as resulting from the demixing of
a silica-undersaturated, highly alkaline, and volatile-rich magma having
undergone significant fractionation, coupled with liquid immiscibility
during fractional crystallization.

5.3. Magma storage conditions

Berthod et al. (2022a) suggest, on the basis of a morpho-structural
interpretation, that large seamounts and atolls of the Bassas da India-
Europa complex were fed from a multi-level magma storage system,
consisting of permanently connected deep and shallow reservoirs
located at the sediment-crust and crust-mantle boundaries, i.e., ~ 7 and
~ 15 km depth, respectively (Leinweber et al., 2013; Mueller and Jokat,
2017).

The very primitive nature of some of the ultrabasic and basic samples
collected from the volcanic basement of Hall and Jaguar Banks, and
Bassas da India and Europa Islands (Table 1 and Fig. 10) is revealed by
(i) their high clinopyroxene content or the presence of perovskite, which
is a common phase in many mantle-derived undersaturated rocks, (ii)
the high magnesian composition of the olivine crystals at equilibrium
(up to Fo88), and (iii) the relatively high MgO content of the lavas,
despite possible loss due to alteration. In addition, samples were
collected on top of the Hall Bank carbonate platform (dredge MOZ01-
DWO5, Fig. 2), with more evolved paragenesis, including alkali feld-
spar phenocrysts (Table 1 and Figs. 5b and 6). Such bimodal volcanism is
observed in many volcanic settings, especially in oceanic contexts and
continental hotspots. They can result from (1) differentiation within
multiple magma storage, (2) differentiation by reactive melt flow in
mush reservoirs (Jackson et al., 2018), or (3) magma mixing (Reubi and
Blundy, 2009). Whatever the mechanism, this bimodality, often coupled
with the presence of zoned crystals resulting from a complex magma
history (Fig. 6), and with the coexistence of phenocrysts and antecrysts,
is symptomatic of the existence of magma reservoirs.

Furthermore, some clinopyroxene phenocrysts, such as those
observed in Europa lavas (MOZ01-DR22-06, Fig. 4e) show complex
zoning, with Mg# varying from 72 to 81. Such patterns imply crystal
growth under changing conditions of pressure, temperature, or melt
composition, as expected in a mafic mush or in a multi-level magma
storage environment. Zoned alkali feldspar and biotite macrocrystals
have also been found in the differentiated lavas of Hall Bank (DW05-13,
Figs. 5 and 6), showing the existence of a fluctuating composition of the
melt in equilibrium with these crystals, compatible with the functioning
of a dynamic reservoir, frequently recharged with evolved magma that
sustains the volcanic activity. Finally, our study presents ultramafic to
evolved parageneses (Figs. 3 and 5), suggesting magmatic processes
such as fractional crystallization. From these observations, we may
propose that the volcanic activity that enabled the building of the main
volcanic edifices was fed by one or more large magma storage levels.

In contrast, no zoned crystal has been observed in Jaguar and Bassas
da India lavas. In these samples (Fig. 3c, d), clinopyroxene are mainly
microlites with Mg# ranging from 69.1 to 73.9 that might suggest a
more direct magma ascent from the mantle.
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In the absence of a non-altered glass phase, geobarometric studies
have been realized only with the “clinopyroxene-only” geobarometer of
Putirka (2008). We have also tested the equilibrium mineral/whole-rock
composition using Roeder and Rf (1970) and Putirka (2008) diagrams
(Fig. 13). Thus, despite some variations, probably due to crystal frac-
tionation/accumulation, we show that clinopyroxene and olivine com-
positions are consistent with the host rock compositions.

Despite the high degree of alteration of the rocks, clinopyroxene is a
perfectly preserved phase in our samples. So, we can estimate the
magma storage depth using the clinopyroxene composition geo-
thermobarometer (Putirka, 2008) for Hall Bank, Jaguar Bank, Bassas da
India, and Europa samples. Geobarometry estimations are presented in
Fig. 14. Calculated pressures for Hall Bank samples range from 4.3 to
9.6 kbar, corresponding to depths of 14 and 32 + 7 km assuming a
density of 3000 kg.m ™ for an oceanic crust, with corresponding tem-
peratures of 965 and 885 °C (Table S9 in supplementary material).
Similar values have been obtained from Bassas da India clinopyroxene
with two clusters at 2.6-5.4 and 6.2-9.1 kbar, for temperatures of
959-1037 °C and 875-965 °C, respectively. Clinopyroxene crystals of
Europa lavas also give two clusters at 3.1-3.9 kbar and 5.6-6.3 kbar,
associated with 969-1054 °C and 957-967 °C, respectively, which
suggests the presence of two magma reservoirs located at about 10 and
20 km depth (Fig. 14). Clinopyroxene crystals in Jaguar Bank samples
display more complex patterns. Phenocrysts provide a range of values
from 26 (one analysis) to 14-18 km depth (4.3 to 7.9 kbar), while micro-
phenocrysts and phenocryst borders give a depth of 7-11.5 km (2.2 to
3.4 kbar). The calculated pressures are therefore consistent with the
petrological observations. The associated temperatures vary between
944 °C (1 analysis), 1069-1144 °C and 1047-1149 °C, respectively.

The Bassas da India-Europa complex comprises both central, or
shield, volcanoes, and diverging elongated volcanic ridges with mono-
genetic cones, ranging in height from > 10 to 665 m (Berthod et al.,
2022a). The monogenetic volcanic cones are mapped mainly along the
ridges, but also off-ridge, on the flanks of the seamounts (Fig. 2). The
presence of these large volcanic cones in the distal sector, off the rift
zones, suggests that they were more probably fed by a direct, poorly
degassed magma, directly from a deep reservoir, bypassing the shal-
lower storage zones, similarly to the current eruption offshore Mayotte
(Berthod et al., 2021a, 2021b, 2022b). Consequently, we interpret the
few calculated pressures corresponding to depths greater than 20 km,
obtained for Bassas da India and Hall-Jaguar Banks (Fig. 14), as indic-
ative of potential deep reservoirs within the mantle. The other values,
between 9 and 15 km below the surface, may correspond to magma
storage zones that overlap well with the crust-mantle boundary identi-
fied from seismic refraction (Leinweber et al., 2013; Mueller and Jokat,
2017). The existence of shallower magma storage (< 5 km depth, as
proposed by Berthod et al., 2022a), allowing magma to intrude laterally
into the rift zones to feed fissure eruptions building small volcanic cones
and lava flows, is not confirmed by our geobarometric study. This
shallow magma storage level, if it exists, may not be recorded by the
crystallization of clinopyroxene because the residence times were too
short, or our error bars are too large (about 10 km, Putirka, 2008), or
simply not have been sampled by the dredging.

5.4. Magmatic processes

Although we have few geochronological constraints, it is clear that
the most evolved lavas of Lower Miocene age, for which it has been
shown that they come from the inner core of the Hall Bank edifice, are
older than the more primitive, basic and ultrabasic lavas, of Upper
Miocene age, collected from the flanks of the edifices. To understand the
long-term functioning of these volcanic edifices, it is critical to under-
stand how the most evolved magmas can be obtained from compositions
that are similar or close to the most basic terms. In such a context of
intraplate magmatism, typical magmatic processes such as crystal frac-
tionation/accumulation or magma mixing during reservoir recharge
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periods can explain the changes in temperature, pressure, or the avail-
ability of chemical elements in the different magma reservoirs that we
have previously pinpointed using geobarometry.

Fractional crystallization.

The fractional crystallization process is supported by the behavior of
major elements, which show, for example, an increase in K;O content for
a decrease in MgO content (Fig. 10a). Similarly, highly incompatible
elements (such as Zr) increase with decreasing Mg#, whereas compat-
ible elements decrease (Ni and Cr, Fig. 10f), which is consistent with
fractional crystallization of olivine, spinel, and clinopyroxene, the main
crystalline phases found in our samples from the basic series.

Bassas da India-Europa volcanic province lavas seem to follow a
trend of decreasing Ni contents with decreasing Mg# (Fig. 10f). This
trend, which suggests that lavas have experienced olivine and clino-
pyroxene fractionation, is superimposed to the Comoros lavas.

Since we have shown that the volcanic province displays similar
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0.28 £ 0.05 (Putirka, 2008) that reflect olivine-liquid and clinopyroxene-liquid equilibrium, respectively, are shown.

geochemical signatures, ages and distributions, to the neighboring
Miocene to Holocene volcanic provinces of the seaward extension of the
EARS South-East branch, we can correlate magmatic processes of these
provinces with those in the southern part of the Mozambique Channel.
In the well described northern part of the Mozambique channel, several
authors used trace element variations to model geochemical variations
(Berthod et al., 2021a, 2021b, 2022b; Claude-Ivanaj et al., 1998; Spath
et al., 1996) and fractional crystallization undergone by Comoros lavas.
Since Jaguar and Hall Banks rock compositions are close to those of the
Comoros (Figs. 10, 11, and 12), we suggest that they also have experi-
enced 20 % olivine plus 80 % clinopyroxene fractionation and we
applied the back-crystallization models from Berthod et al. (2021a).
Nevertheless, Bassas da India and Europa samples cannot be reproduced
only by the 20 % olivine plus 80 % clinopyroxene fractionation. Samples
from Bassas da India display lower Ni content for higher Mg# (MOZ01-
DR16-03, Fig. 10f). This difference in composition can be explained by
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(1) an accumulation of olivine and/or clinopyroxene crystals or (2) a
more significant impact of alteration on the rock composition and its
MgO content. In this case, the forsterite content would be more repre-
sentative of the unaltered lavas than the composition of the whole-rock.
MOZ01-DR16-03 sample is moderately porphyritic with Fo85-89
olivine and sometimes clinopyroxene as main macrocrystalline phases
(Fig. 4). In addition, olivine crystals in MOZ01-DR16 dredges are in
equilibrium with the whole-rock (Fig. 13b). From these geochemical
data and our petrological observations, we suggest that the MOZO01-
DR16-03 sample may be an altered primary liquid.

Europa samples display higher Ni content for lower Mg# (Fig. 10f).
Two assumptions can be made: 1) the source is similar, but the fractional
crystallization is different and involves a higher clinopyroxene content;
2) fractional crystallization is similar (80 % cpx + 20 % ol), but the
nature of the source is different. While traces and rare-earth elements do
not show mantle source variations (Figs. 10 and 12), we observe that
clinopyroxenes in MOZ01-DR22 samples are not in equilibrium with the
whole-rock and have higher Mg# than predicted by equilibrium con-
ditions (Fig. 13a). According to a mass balance model, this disequilib-
rium can be explained by the removal of 4-7 % of clinopyroxene
crystals, in consistency with the low proportion of crystals found in the
samples (Fig. 4).

5.5. Reservoir recharge

Based on morpho-structural (Berthod et al., 2022a) and petrological
considerations, we postulate the possibility of the existence of multiple
magma reservoirs at different levels, as well as, for certain lavas, a rapid
and direct ascent of magmas from their source. This raises the question
of whether these reservoirs could have been filled by more primitive
magma and therefore of magma mixing. The possibility of frequent re-
charges is consistent with the assumption that the feeding system of a
volcano can be made up of an array of sills and dykes that grow incre-
mentally by the amalgamation of new magmatic injections from depth
(Sparks et al., 2019). Furthermore, magma chambers growing incre-
mentally are characterized by reactive flow which might produce
chemical differentiation that occurs within each intrusion before it so-
lidifies, with more evolved melt accumulating at the top of the intrusion.
This differentiation creates compositional contrasts, which might be the
source of the observed bimodal volcanism (Jackson et al., 2018), as we
can see for the Bassas da India-Europa system.

In most of our samples, the composition of the phenocrysts is, as
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expected, more primitive than microlites (Figs. 7 and 8). Since microlites
crystallized after phenocrysts (Figs. 3, 4, and 5), this difference of
composition could be explained by a simple fractional crystallization
model. However, mineral-whole rock Fe—Mg equilibrium diagrams
clearly suggest accumulation of clinopyroxene and olivine in some lavas
(Fig. 13). Furthermore, in the MOZ01-DR16-07 sample, clinopyroxene
phenocrysts have lower Mg# (ranging from 58.1 to 60.9) than clino-
pyroxene microlites (61.2-73.6, Fig. 7c, d, and Table S2). Consequently,
the composition of microlites cannot result from the fractional crystal-
lization of the magma that crystallized the phenocrysts. Rather, clino-
pyroxene microlites crystallized from a different, more primitive, later
magma. This implies that magma storages are episodically replenished
by new pulses of high-Mg magma.

5.6. The magmatism of the Bassas da India-Europa province integrated in
the regional geodynamics

Bassas da India-Europa volcanic province displays a similar
geochemical signature to the other neighboring Miocene to Holocene
volcanic provinces of the seaward extension of the EARS South-East
branch (Michon et al., 2022). In addition, the Miocene to Pleistocene
province is spatially superimposed to an active seismicity already known
in the region, the Quathlamba seismic axis, a 200 km-large fracture zone
connected to the Davie Ridge transform system and interpreted to be the
southward part of the East African Rift System (Berthod et al., 2022a;
Michon et al., 2022). These similarities are also particularly true for the
Comoros archipelago volcanism in the EARS Indian Ocean branch,
which is characterized by the coexistence of active fault systems and
Oligo-Miocene to Pleistocene alkaline volcanism (Spath et al., 1996;
Class and Goldstein, 1997; Class et al., 1998; Deniel, 1998 ; Class et al.,
2005, 2009; Pelleter et al., 2014; Berthod et al., 2021a, 2021b; Berthod
et al., 2022b). From geochemical and tectonic observations, volcanism
in the EARS South-East branch, which consists of small and scattered
volcanic areas in the Mozambique Channel, has firstly been interpreted
either as (1) the interaction of a mantle plume with oceanic lithosphere
(Class et al., 1998; Class et al., 2005, 2009; Claude-Ivanaj et al., 1998;
O’Connor et al., 2019) or as (2) the reactivation of lithospheric struc-
tures and regional extension possibly in relation with the onshore East
African Rift System (Famin et al., 2020; Lemoine et al., 2020; Thinon
et al., 2022).

Although close, the isotopic compositions of Bassas da India-Europa
lavas do not fully overlap with the compositional fields of other known
intraplate volcanic provinces in the Mozambique Channel (Fig. 11).
Bassas da India-Europa lavas appear to have formed from magmas
generated by less than 5 % partial melting of a mantle source within the
spinel and garnet stability fields (Fig. 12c) which is not consistent with a
strong influence of a mantle plume. Therefore, our study tends to sup-
port the hypothesis that the volcanism was likely associated with lith-
ospheric deformation. One argument (Berthod et al., 2022a) is that the
magma ascent is strongly controlled by large pre-existing crustal struc-
tures associated with the opening of the Mozambique Channel and the
movement of the Davie ridge, formed as a consequence of the breakup of
Gondwana, and of the ongoing southward propagation of the East Af-
rican Rift System (Deville et al., 2018). This is also consistent with the
Miocene to Holocene volcanic activity located in the Rungwe province
(Marcelot et al,, 1989; Furman, 1995), in the northern part of
Madagascar (Cucciniello et al., 2023, 2011; Melluso et al., 2011; Melluso
et al.,, 2007a) and in Comoros archipelago (Thinon et al., 2022), which
have mainly been attributed to regional extension associated with the
East African Rift System.

However, He-Sr-Nd-Pb-Os isotope ratios for the Comoros Archipel-
ago (Class et al., 1998, 2005; Class and Goldstein, 1997; Pelleter et al.,
2014; Spath et al., 1996) and Sr-Nd-Pb-Hf isotope ratios for the
Mozambique Ridge (Jacques et al., 2019; O’Connor et al., 2019) support
the geochemical influence of a mantle plume reported throughout the
Mozambique Channel. Furthermore, tomography approaches (e.g.,
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Tsekhmistrenko et al., 2021) suggests a slow velocity anomaly at 200 km
depth with two directions of expansion: (1) To the east in the northern
part of Madagascar and Mozambique Channel, and (2) to the southeast
beneath South Africa.

A third hypothesis, which reconciles the two first ones, is proposed
by Michon et al. (2022). They suggest a model involving an intricate
relationship between the mantle and plate dynamic on which they
interpret the EARS as the result of the combined effects of (1) extensive
stresses acting on the African lithosphere in the long-lived context of the
Gondwana breakup and (2) an overall complex dynamics of mantle
upwelling. In such a context, we can suggest that the volcanism
throughout the Mozambique Channel, and consequently that of the
province of Bassas da India and Europa, would result from a thermal
erosion of a heterogeneous and metasomatized mantle due to a mantle
plume coupled to a lithospheric deformation. Similar geochemical
signature, ages, and distribution of the EARS South-East and Indian
Ocean branches involve a large-scale process and would be in line with
this hybrid hypothesis.

6. Conclusion

Dredging realized during the PAMELA campaigns allowed us to
characterize, for the first time, the volcanism in the southern part of the
Mozambique Channel. Thus, despite a strong alteration, much infor-
mation has been obtained, and our petrological and geochemical studies
bring new constraints on the nature, the origin, and source of the
volcanism. Moreover, it allows us to determine the petrogenetic pro-
cesses and magmatic systems that fed this volcanic activity.

The Bassas da India-Europa volcanic province is characterized by a
bimodal chemical distribution of erupted magmas, with nephelinite/
basanite and intermediate lavas. Petrographic and geochemical in-
vestigations suggest that these lavas result from a low degree of partial
melting near the garnet-spinel transition zone, between 80 and 100 km
depth, of a garnet lherzolite, fertilized by dolomitic metasomatism.

The ascent of the magma passes through several long-life large and
dynamic magma storage levels located in the mantle and at the crust/
mantle and crust/sediment boundary zones at depths greater than 20
km, 15 km, and 5 km, respectively. In the crust, the magma ascent is
strongly controlled by large preexisting N45-80° and N160-180° crustal
faults. Our petrological study indicates that in this multiple magmatic
system, the magmatic reservoirs are the site of repeated events of
replenishment and fractional crystallization dominated by clinopyrox-
ene and olivine.
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