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ARTICLE INFO ABSTRACT

Editor: Dr R. Hickey-Vargas Intraplate volcanism provides remarkable insight into diverse sources in the mantle because its source can be
quite shallow, or as deep as the core-mantle boundary, and its origin can be as diverse as recycled crustal ma-
terial or undifferentiated mantle. While geophysical approaches can in some cases locate the source of magmas, a
geochemical approach is necessary to characterize both the nature of the source and the way it melts to produce
the erupted lavas.

Here we present geochemical and isotopic data obtained on a new submarine volcano (Fani Maoré) that was
discovered in 2019 next to Mayotte Island in the Comoros. The radiogenic isotope data are remarkably uniform
at subdued values intermediate between HIMU and EM1 compositions but trace element contents are unusual
with a marked enrichment in Ba (Ba/Th ~ 370 compared with the ocean island basalt (OIB) average of 100) and
depletion in Pb (Ce/Pb ~ 70 versus 25 for average OIB). This unique data set suggests that the basanites formed
by melting of a carbonated mantle source that was highly enriched in Ba and volatiles. A similar source is also
present under the East African Rift where contemporaneous basanite and carbonatite eruptions are known. This
establishes a possible link between the volcanic activity of the Comoros and the East African Rift zone. More
generally, it demonstrates that carbonated sources are more common in the mantle than previously thought and
can be traced using trace element geochemistry. Other volcanoes in the world carry similar characteristics and
we suggest that carbonated mantle sources explain the geochemical peculiarities of not only Fani Maoré in the
Comoros but also those of Cape Verde volcanics and more generally those of many HIMU-like OIBs, in particular
the so-called ‘young HIMU’ OIBs.
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1. Introduction

In early 2019, a new active submarine volcano was identified ~55
km off the eastern coast of Mayotte island in the Comoros Archipelago
(Feuillet et al., 2021). The start of volcanic activity was marked by deep
seismic events associated with large seafloor displacements and the
onset of lava eruption off the coast of Mayotte (Fig. 1). In less than one
year, about 5 km® of lavas erupted to form the new volcanic edifice
called Fani Maoré. This makes it the largest active submarine eruption
ever documented (Feuillet et al., 2021).

Mayotte belongs to the Comoros Archipelago, which is located be-
tween Africa and Madagascar in a strait known as the Mozambique
Channel (Fig. 1). While initial models for the formation of the archi-
pelago invoked a simple linear mantle plume trace on the overlying
plate (Esson et al., 1970), more recent work challenged this concept on
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the basis of the contemporaneous ages of volcanic edifices on different
islands (Class et al., 1998; Michon, 2016; Quidelleur et al., 2022). Today
the process that created this intermittent and dispersed magmatism
across the archipelago remains unclear (Class et al., 1998; Famin et al.,
2020).

In this contribution we present high-precision elemental and isotopic
(Sr-Nd-Pb-Ba) data for a suite of basanite and phonolite samples
collected during several cruises in the area (Rinnert et al., 2019). We use
this unique dataset to discuss the tectonic context in which the Comoros
archipelago forms but we also address broader scientific questions
relative to the nature of the mantle source and its relationship to other
OIB. We demonstrate that the basanites formed by melting of a quite
unusual mantle source highly enriched in Ba, CO, and sulfur but with
usual radiogenic isotopes compositions. We demonstrate that a
carbonated mantle source best explains the geochemical characteristics
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of Fani Maoré. We finally suggest that similar sources occur under other
island chains and produce lavas with the trace element characteristics of
HIMU OIB and in particular the ‘young HIMU’ OIBs such as Cape Verde,
Mururoa or some of the Canaries islands.

2. Geological context

Fani Maoré, the new submarine volcano, was discovered in May
2019 during MAYOBS1 cruise (Feuillet et al., 2019) on the seafloor at a
depth of about 3300 m and a distance of about 55 km from Petite Terre,
one of the two islands of Mayotte (see Fig. 1) in the Comoros Archi-
pelago. The volcanic edifice is an 820 m high structure that is linked to
Petite Terre by a volcanic ridge along which recent, probably late
Quaternary eruptions also occurred (see Fig. 2) (Feuillet et al., 2021).
The detailed petrology and chronology of eruptions is provided in
several publications including Berthod et al. (2021a), Berthod et al.
(2021b) and Berthod et al. (2022).

The Comoros Archipelago is located between Africa and Madagascar
on ~150 Ma old oceanic lithosphere that formed during the opening of
the Somali basin (Phethean et al., 2016) (see Fig. 1). The volcanic chain
consists in four islands (Grande Comore, Moheli, Anjouan and Mayotte)
with ages of subaerial volcanism ranging from 11 Ma to the present (see
Fig. 1). Up to 2019, the oldest volcanism was reported for the islands of
Mayotte and Anjouan, while the most recent eruption occurred on
Grande Comore (Nougier et al., 1986; Pelleter et al., 2014). This time
pattern has obviously changed since the birth of the new volcano
offshore Mayotte. Finally, the four Comoros islands are aligned along an

_
0.13 Ma- present
FS

10°S+

Earth and Planetary Science Letters 626 (2024) 118529

NNW-SSE direction on a transfer zone in the oceanic lithosphere
(Feuillet et al., 2021).

The exact driver of volcanism in the Comoros Archipelago is still
debated, with two main models. The first one suggests that a deep plume
interacted with the oceanic lithosphere (Class et al., 1998; Claude-Iva-
naj et al., 1998; Deniel, 1998; Class et al., 2005, 2009). The second
model attributes melting and melt migration to a regional extensional
tectonic regime linked to the East African Rift system, whereby
extension-driven melting of the lithospheric mantle is accommodated
along a series of transform faults, ultimately giving rise to the archi-
pelago in its current arrangement (Michon, 2016; Famin et al., 2020;
Michon et al., 2022).

3. Methods

During the first cruise in May 2019 and subsequent cruises, a large
sample suite was collected by dredging at the eruption site, along the
volcanic ridge and on the flank of Petite Terre, providing a unique set of
juvenile oceanic lavas. The analyzed samples were dredged during the
oceanographic cruises MAYOBS 1, MAYOBS 2, MAYOBS 4 and MAYOBS
15 (Feuillet et al., 2019; Fouquet and Feuillet, 2019; Jorry, 2019; Rin-
nert et al., 2019, 2020; Feuillet et al., 2021).

When glass was available at the surface of the samples, it was
selected and picked under a binocular to be used for isotopic measure-
ments. For major and trace elements, and for samples without glassy
rims, the crystallized part of samples was crushed using an agate mortar.
Major element concentrations were measured by XRF at University Paris
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Fig. 1. Location of the new Fani Maoré volcano in the Comoros Archipelago and ages of volcanism on each island. The red star on the top inset map marks the site of
the volcano that formed in 2018 and was discovered in 2019 on top of the oceanic crust. At these latitudes, one degree East corresponds to 106 km and one degree

South to 111 km.
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Fig. 2. A bathymetric map showing the site of the new eruptions and the dredge sites (DR) where samples presented here were collected. White stars mark the

occurrence of phonolite and black hexagons denote basanites.

Cité while other data were acquired at the Institut de Physique du Globe
de Paris. Trace elements were obtained using an Agilent 8900 ICP MS-
MS, Sr and Nd isotopes were measured using a Nu TIMS and Pb, Hf
and Ba isotopic compositions using either a Neptune or a Neptune Plus.
Methods are primarily based on modified versions of the methods
published by Chauvel et al. (2011) and by Charbonnier et al. (2020). The
quality and accuracy of the data was evaluated by analyzing interna-
tional standards (both rocks and solutions). Details are provided in the
Supplementary text file.

4. Results

About 90 samples were analyzed for major and trace elements. In
order to sample the various volcanic edifices, a subset of over 30 samples
was analyzed for Sr, Nd, Hf and Pb isotopes and 19 of these samples were
selected to measure Ba isotopic compositions. The full suite of elemental
and isotopic data is given in Supplementary Table 1.

We distinguish two main types of lavas, basanites and phonolites (see
Fig. 3) and four groups based on their location: the new volcano Fani
Maoré, the volcanic ridge located between Fani Maoré and Petite Terre,
the flank of Petite Terre and a small eruption site dredged east of Fani
Maoré (see Fig. 2).

As shown in Fig. 3, basanites have low SiO2 contents (< 47%) but
moderately high NaO,+K20 contents (=6%) associated with low MgO
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Fig. 3. Major element plot of the samples studied here (dots and triangles)
plotted alongside literature data from the Comoros Archipelago (diamonds).
Literature data from the Comoros islands is from GEOROC database.

contents (=~ 4%). In contrast, the phonolites have higher silica contents
(=~ 55%), much higher NaO3+K>0 contents (~14%) and extremely low
MgO contents (<1%). Fig. 3 also shows how literature data published for
lavas from Mayotte and the other islands in the Comoros Archipelago
compare to the new results.

Trace elements of basanites and phonolites from the various dredge
sites are shown as extended trace element diagrams in Fig. 4. The gen-
eral shape of the trace element patterns of basanites is rather constant
among the four groups, with enriched and sloping trace element profiles
and a significant negative K anomaly like those observed in HIMU-type
basalts (Weaver, 1991). However, with few exceptions, the Fani Maoré
basanites display several peculiar features: (a) strong enrichments in Ba
(Ba/Th >300) whereas almost all basanites from other locations in the
area have much lower ratios (<150); (b) strong depletion in Pb relative
to Ce with Ce/Pb ratios generally between 57 and 72, while other
analyzed basanites have variable but much lower Ce/Pb ratios (23 to
49); (c) large positive Sr and Eu anomalies (Sr/Sr*x~1.6 and
Eu/Eu*~1.25) while other samples have ratios at about 1; (d) persis-
tently lower concentrations of Th, U, Nb, Ta, Zr and Hf than in other
basanites translating into, for example, low Nb/La ratios of only =~
0.7-0.8 while samples from other locations in the Comoros archipelago
have Nb/La ratios at about 1.2. When Ba/Th, Nb/La, Sr/Sr*, Eu/Eu* are
plotted against Ce/Pb, it is clear that the composition of Fani Maoré
differs from that of other volcanics in the Comoros Archipelago
(Fig. 5a-d). In contrast, lavas erupted either on the flank of Petite Terre
or along the volcanic ridge share common features with the other
Comoros basalts from Mayotte or Grande Comore even if they tend to
have intermediate values between Fani Maoré and the other Comoros
islands.

The phonolites have very fractionated trace element patterns and
display extreme deficiencies in Ba, Sr and Ti. Their Ba/Th and Eu/Eu*
ratios are significantly lower than those of basanites (< 30 and between
0.3 and 0.7, respectively) but their Ce/Pb ratios do not differ from those
measured on basanites from the same geographical area. Their Nb/La
ratios are slightly higher than those of the basanites (see Figs. 5a-d).

The Sr, Nd, Hf and Pb isotopic compositions are given in Supp Table
1 and plotted in Supp Figures 1a-d. In #Sr/%Sr and 1**Nd/!**Nd space
(Supp Figure 1a) the Fani Maoré data form a tight cluster that overlaps
with literature data as compiled by GeoRoc for Mayotte. Basanites
erupted on the flank of Petite Terre have more variable isotopic values
but they also overlap with the field defined by published data on
Mayotte. No significant difference exists between basanites and pho-
nolites with the exception of one phonolite whose Sr isotopic
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Fig. 4. Extended trace element diagrams for the lavas sorted by geographical location. Sample concentrations are normalized to the primitive mantle (PM) values of

McDonough and S.S. Sun (1995).

composition is more radiogenic. This sample is highly vesicular and we
suspect that the sample was contaminated with strontium from
seawater. Various attempts to remove any seawater input by leaching
produced variable Sr isotopic compositions suggesting that the proced-
ure was not able to eliminate all the seawater strontium (see supple-
mentary text for detailed explanations).

In Pb-Pb space (Supp Figures 1b&c), isotopic variations are larger
than for Sr and Nd. Basanites from both Petite Terre and the volcanic
ridge have lower Pb isotopic ratios than the Fani Maoré samples. Pho-
nolites have 2°Pb/2%*Pb and 2°8Pb/2%*Pb identical to the Fani Maoré
samples but their 2°7Pb/2%4Pb are systematically lower, defining a ver-
tical trend in Supp Figure 1b. In }7%Hf/'7Hf versus '**Nd/***Nd space,
samples define a small vertical cluster (Supp Figure 1d). In Suppl
Figure 2, the newly acquired isotopic data are plotted together with
values reported in the literature for various ocean islands. In Sr-Nd, Sr-
Pb and Pb-Pb isotopic spaces (Supp Figure 2a, b and d), the Fani Maoré
samples overlap with data reported for the Australs, Canaries and Cape
Verde Island chains. In Nd-Hf isotopic space (panel c), literature data are
scarcer but the Fani Maoré lavas are located on the bottom side of the
general OIB array, close to HIMU lavas from the Austral Islands (Supp
Figure 2).

The Ba isotope data expressed as 5138/134Ba 15131042 vary between
0.011 =+ 0.052 %o (2SD) and 0.216 + 0.027 %o (2SD) with an average
composition of 0.102 + 0.107 %o (2SD). There is no systematic differ-
ence between basanites and phonolites and the overall average is
indistinguishable from average mantle value (Charbonnier et al., 2018)
(Sup Figure 3). In addition, 5138134, values remain constant while
875r/86Sr or Ba/Th vary (Sup Figure 3). However, when looking in
detail, the average Ba isotopic composition of Fani Maoré lavas (0.102
+ 0.107 %o) falls on the high side of the range reported recently by Bai
et al. (2022) for ocean island basalts (—0.07 to 0.14 %o), at values similar

to those reported for HIMU islands (St Helena and Cook-Australs).
5. Discussion

The complete set of geochemical data acquired on lavas sampled on
Fani Maoré and other recent eruption sites next to Mayotte helps to solve
several important scientific questions. Some of these relate to the tec-
tonic setting in the area: how does Fani Maoré, the new volcano, relate
to the Comoros Archipelago? And, what created the archipelago? Other
questions have broader implications for mantle geochemistry: what
process and what type of source can produce the very unusual
geochemistry of Fani Maoré lavas? Are there similar volcanoes in other
locations? These questions are addressed below.

5.1. Origin of the Ba and Pb anomalies in Fani Maoré lavas

Fani Maoré is exceptional in many respects. A remarkably large
amount of basalt erupted to build an 800 m high volcanic edifice in less
than a year (Feuillet et al., 2021). All these basalts are very alkaline and
their strong enrichment in highly incompatible elements relative to less
incompatible elements (see Fig. 4) suggests that they were produced by
low degrees of melting in the presence of residual garnet. To explain the
large volume of magma produced by low-degree melting in the presence
of garnet, we propose that the source melted at great depth (> 100 km)
and was continuously fed by ascending material from still deeper in the
mantle. The resultant lavas have very homogeneous radiogenic isotopic
compositions with, for example, 878r/868r=0.7033504-0.000018 (2SD,
n = 13) demonstrating that the composition of the source did not change
significantly during the entire emplacement period. Similarly, the trace
element patterns of the erupted basanites are quite uniform. In Fig. 4b,
all but three of the Fani Maoré samples have overlapping patterns
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Fig. 5. Various trace element ratios plotted against Ce/Pb ratios. Panel (a) shows that Ba/Th and Ce/Pb are correlated and display extreme values not reported in any
of the published data for Comoros lavas. In contrast to Fani Maoré basanites with their high Ba/Th and Ce/Pb, lavas erupted at other sites have much lower values
that resemble those of Grande Comore and Mayotte basalts. Panels (b), (c) and (d) show how Fani Maoré lavas have low Nb/La and high Sr/Sr* and Eu/Eu* ratios
compared to the other Comoros lavas. Due to fractionation of various mineral phases during differentiation, phonolites have low Ba/Th, Sr/Sr* and Eu/Eu* ratios and
high Nb/La ratios compared to their basanitic counterparts at Petite Terre. New data are shown as dots and triangles while published data as downloaded from

GeoRoc are shown as diamonds.

suggesting that the melting and fractionation processes that produced
the lavas also remained unchanged for the duration of the volcano
building. The three samples with slightly different trace element pat-
terns were collected on the southern side of the volcano and we specu-
late that they could have been mixed with magmas similar to those
produced along the volcanic ridge.

The most remarkable feature of the Fani Maoré lavas is their extreme
Ba enrichment which is accompanied by smaller but still significant
enrichments in Sr and Eu and large Pb depletion (Fig. 5), expressed by
very high Ba/Th ratios at about 350 to 400 and Ce/Pb ratios between 60
and 70. These values can be compared with the usual OIB Ba/Th of
about 100 and Ce/Pb of about 25 (Hofmann, 1986; Weaver, 1991).
Producing these extreme values requires very unusual circumstances:
they could be explained by secondary processes that affected the lavas
after eruption, or by very unusual residual mineralogy during melting
and/or fractional crystallization, or they could be due to melting of a
peculiar source enriched in alkaline earth elements and depleted in Pb.
Below we explore the various possibilities and we use constraints pro-
vided by trace elements and isotopic compositions to put forward the
most likely interpretation.

5.1.1. Could post-eruption processes explain the excess barium?

Because lavas erupted at more than 3000 m water depth, they could
have interacted with seawater and sediments at the eruption site. For
example, if the lavas had digested sediments rich in baryte (BaSOy), this
could explain the excess Ba contents of the basanites. However, baryte
forms a solid solution with celestine (SrSO4) and given the origin of the
baryte group, it is most likely that the Sr would originate from seawater
and have its Sr isotopic composition. Digestion of sedimentary baryte
(Ba,Sr)SO4 by the erupting lavas would not only increase the Sr content
of the lavas but would also shift the Sr isotopic compositions to more
radiogenic values. Given the extremely constant Sr isotopic composition
of Fani Maoré lavas and their unradiogenic value (0.703350-+0.000018,

2SD) which is similar to those of Petite Terre basanites that lack Ba and
Sr anomalies, and to other volcanic rocks in the Comoros Archipelago,
such an interpretation is unlikely. This is confirmed by mixing calcula-
tions for Ba and Sr contents as well as Sr isotopes as shown in Suppl
Table 4. In these calculations we constrain the Ba/Sr ratio of baryte by
assuming that all the excess Ba and Sr seen in Fig. 4b for Fani Maoré
basanites come from baryte ((Ba,Sr)SO4). The mixing calculation dem-
onstrates that about 0.5% of sedimentary baryte is necessary to account
for the excess Ba and Sr present in the Fani Maoré lavas. We can then
calculate its impact on the Sr isotopic composition of lavas. Using a
seawater %Sr/%0Sr ratio of 0.70916 (Veizer et al., 1999) for baryte, we
calculate that Fani Maoré lavas should have had an 87Sr/%0Sr ratio of
0.7014 before contamination, an extremely low value that has never
been reported in present-day volcanic rocks (Suppl Table 4). A sup-
porting argument is the constancy at 0.102 + 0.107%. (2SD) of
5138/134B3 values for lavas with or without Ba anomaly, a value within
error of the mantle value. This value contrasts with the variable values,
from —0.3%o to +1.3%o, reported for seawater and baryte deposits
(Charbonnier et al., 2018; Crockford et al., 2019; Middleton et al., 2023)
(see Sup Figure 3). This suggests that interaction with seawater or
digestion of sedimentary baryte cannot explain the barium excess in
Fani Maoré lavas.

5.1.2. Can unusual residual mineralogy explain the barium excess and the
lead deficit?

The presence of a residual phase during melting or crystallization can
create negative anomalies in the resultant magma. This is the case for
residual phlogopite or K-hollandite which create negative K and Ba
anomalies in melts because of their high partition coefficients for these
elements relative to those of Th, Nb or La (LaTourrette et al., 1995;
Grassi et al., 2012; Suzuki et al., 2012). For example, Class and Gold-
stein (1997) suggested that the presence of residual phlogopite during
melting could explain why lavas on La Grille, one of the Grande Comore
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volcanoes, have negative K and Ba anomalies while lavas erupted at
another volcano, Karthala, do not. More recently, Zeng et al. (2021)
argued that the large negative K, Ba and Pb anomalies of nephelinites
from eastern China were due to residual K-hollandite during melting in
the mantle transition zone. Fani Maoré basanites indeed have large
negative K and Pb anomalies (see Fig. 4) but in contrast to La Grille
volcanics and the eastern China nephelinites, they lack a negative Ba
anomaly and instead have a large Ba positive anomaly. Residual
phlogopite or K-hollandite are definitely not the best candidate to ac-
count for the large positive Ba anomaly.

Explaining a positive anomaly of a highly incompatible element is
challenging. One possibility is that all neighboring elements in Fig. 4 are
sequestered in one or more residual minerals, a situation that seems very
unlikely considering the difference in geochemical behavior of elements
such as Nb, Th, U, Rb and La. It would require an exceptional combi-
nation of residual phases, a situation that is extremely unlikely. We
therefore need to explore other processes.

5.1.3. Can a COy-rich source explain the barium excess and the lead
deficit?

One possibility is that the Ba excess (together with the excesses in Sr
and Eu, see Figs. 4& 5) originate from the source. Assuming that part of
the source consists in recycled oceanic crust, we can envision that
alteration on the seafloor could have introduced baryte in the altered
crust, as is the case at numerous hydrothermal sites (both black and
white smokers) on the ocean floor (Griffith and Paytan, 2012). The
presence of baryte in recycled altered oceanic crust would entrain an
elevated Ba content into the mantle source; however, it would also have
consequences on other chemical elements. For example, the sulfur and
CO4, contents in the source would be significantly increased and the Sr
isotopic composition of the lavas would also be affected.

The CO; contents of Fani Maoré volcanic glasses have not yet been
measured but other evidence exist to support high CO; contents in the
lavas and their source. Sun and Dasgupta (2023) demonstrated recently
that the primary melts of silica-poor alkaline OIBs are much richer in
CO,, than sub-alkaline lavas (3—-11% versus 0-7%) and that their CO,/Nb
and COy/Ba ratios were much higher than in MORB (1850+196 and 226
+22 (Sun and Dasgupta, 2023) versus 607+327 and 105+9 (Le Voyer
et al., 2017)). We can estimate the amount of CO, present in Fani Maoré
primary melts by using their Nb and Ba contents together with the ratios
suggested by Sun and Dasgupta (2023). Berthod et al. (2021a) calcu-
lated that Fani Maoré erupted lavas resulted of 50% crystal fractionation
of a mineral assemblage consisting in 20% olivine and 80% clinopyr-
oxene. Using Adam and Green (2006) partition coefficients for Nb and
Ba, we calculate a Nb primary melt content of about 65 ppm leading to a
CO content of about 12%, a value on the high side of the range sug-
gested by Sun and Dasgupta (2023). Values calculated using Ba are
similar for lavas without Ba anomaly and are of course higher for lavas
with positive anomalies (>20%).

The presence of large quantities of COy in Fani Maoré lavas is
consistent with their extremely vesicular textures (Berthod et al., 2021a,
2022) and ‘popping rocks’ are very common (Feuillet et al., 2021). It
also explains the large acoustic plume detected above the submarine
volcano during the first scientific cruise (MAYOBS1) (see Figure 3 in
Feuillet et al. (2021)) and the elevated concentrations of Hy, CH4 and
CO5 measured in the plume above the flank of the volcano (Feuillet
et al.,, 2021). Finally, indirect evidence of high CO. contents is the
ubiquitous presence of large amounts of sulfur in the lavas, either as
sulfides or as spherical droplets of iron sulfides in other minerals (Ber-
thod et al., 2021a, 2022).

Chowdhury and Dasgupta (2020) demonstrated that melting of
altered recycled oceanic crust produces carbonated silicate melts with
much higher sulfur concentrations than normal silicate melts and that in
these magmas, sulfide saturation occurs at much higher S concentration
(SCSS>2500 ppm versus SCSS~1500 ppm for MORB). They also show
that assuming a 500 ppm S content in a recycled altered oceanic crust,
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low-degree melting of a carbonated source can only strip off a small
proportion of the sulfur present in the recycled crust. Most sulfide re-
mains in the residue. This has direct implications for the Pb content of
the melts because Pb is highly compatible in sulfide (Kp~45 according to
Hart and Gaetani (2006)) and the melts should therefore be deprived in
lead. This is indeed the case of Fani Maoré lavas which are marked by a
large Pb deficit (3.2 ppm versus 5.9 ppm for other lavas and Ce/Pb ~ 70
versus =~ 35 for the other lavas, see Supp Fig 4a). The presence of re-
sidual sulfides in the source could not only explain the Pb deficit of Fani
Maoré lavas (see Fig. 5) but it would also account for the copper contents
of Fani Maoré basanites which are low relative to those of other
basanites (see Supp Table 1 and Supp Fig 4b).

If baryte is present in the altered part of recycled oceanic crust in the
mantle source, it will also impact the Sr isotopic composition of the
lavas. Its impact on the Sr isotopic composition of the mantle source can
be evaluated following the same line of reasoning as in Section 5.1.1 but
here, we cannot assume that the baryte has a sedimentary origin. It
could just as well have a hydrothermal origin and be formed by inter-
action between fluids and basaltic crust when the crust was present at
the bottom of the ocean. Its Sr isotopic composition is therefore un-
known but we can estimate its composition by doing a mass balance
calculation similar to that presented in Section 5.1.1. Results are given in
supp Table 4. Assuming an %Sr/%0Sr ratio of 0.70280 for the baryte-free
recycled basalt and using the measured 8 Sr/%r ratio of 0.70335 as the
composition of the mixture, we calculate that the baryte has an 87sr/%6sr
ratio of 0.70497. Changing the 8”Sr/%0sr ratio of the baryte-free recycled
basalt at 0.70300 only modifies the baryte Sr isotopic ratio to 0.70438.
Both values are much lower than what is presently reported for marine
baryte (Paytan et al., 1993) suggesting that either it traces seawater at
least as old as the Proterozoic (Prokoph et al., 2008) or it originates in
hydrothermal vents where part of the strontium that precipitated came
from a basaltic crust. In both cases, the proportion of baryte in the
mantle source is about 0.005% (see supp Table 4) and it would add
about 7.3 micrograms of sulfur in the source.

In summary, the presence of hydrothermally altered oceanic crust in
the mantle source of Fani Maoré could explain its exceptional
geochemical character. Melting of such source could produce carbon-
ated silicate melts rich in CO; and S, and the presence of baryte in the
source could explain the Ba and Sr excess of the lavas (see Supp Fig 5). In
such source, sulfide might be residual during melting, leading to a lower-
than-normal lead content in the liquid and higher-than-normal Ce/Pb
ratios in erupted magmas.

5.2. Is the source of Fani Maoré exceptional or common among OIB?

Fig. 6 shows a compilation of Ba/Th and Ce/Pb ratios plotted as a
function of SiO; for ocean island basalts. The figure clearly demonstrates
that the elevated Ba/Th and Ce/Pb of Fani Maoré volcanics are excep-
tional. Given the large noise on the published data, it is difficult to
quantify the difference between Fani Maoré lavas and lavas from other
ocean islands but some general tendencies can be highlighted: while OIB
have on average a Ba/Th ratio of 100 and a Ce/Pb ratio of 25 (Hofmann,
1986), Fani Maoré basanites average at 370 and 70. The only ocean
island basalts with similarly elevated Ba/Th and Ce/Pb (~160 and ~48)
come from Cape Verde and Fuerteventura in the Canaries islands, which
are also the only ocean island chains where carbonatites have been
found and it was also reported by Dixon et al. (2008) for Hawaiian
rejuvenated lavas erupted at Niihau. Cape Verde carbonatites display
extremely variable trace element patterns (Doucelance et al., 2010) but
their average Ba/Th and Ce/Pb ratios are also high (=~ 400 and = 70).
Doucelance et al. (2003) did not discuss the elevated Ba/Th and Ce/Pb
of the Cape Verde basalts and carbonatites but focused the discussion on
the location and origin of the sources of magmas. Given the similarities
between Cape Verde, Fuerteventura and Niihau rejuvenated basalts and
Fani Maoré basanites, we suggest, as done by Dixon et al. (2008) for the
Niihau rejuvenated basalts, that in all cases, a carbonated silicate melt
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Fig. 6. Ba/Th and Ce/PDb ratios plotted as a function of SiO,. The new data are
compared to published data for ocean island basalts in general and Cape Verde
in particular (the only known oceanic location where carbonatites have been
reported) (database compiled from GEOROC and too large to be cited here). As
is the case at Cape Verde, the Fani Maoré basanites have significantly higher
Ba/Th and Ce/Pb ratios than other OIB.

produced basanites with exceptional geochemical characteristics. The
presence of carbonatites on Cape Verde or Fuerteventura suggest that
this type of lava might erupt on Fani Maoré or somewhere else along the
Comoros archipelago.

Even if the Fani Maoré lavas are exceptional, similar carbonated
sources could indeed be more common than previously thought. As
discussed in Section 5.1.3, the CO, content of Fani Maoré primary melts
is estimated at 12% using the COy/Nb ratio of Sun and Dasgupta (2023)
and reaches values as high as 25% if calculated using their CO,/Ba ratio.
Here, we suggest that in such sources, sulfide might be residual during
melting, leading to a deficit in lead in the liquid. This in turn, leads to
higher-than-normal Ce/Pb ratios in erupted magmas. While Fani Maoré
basanites have exceptionally high Ce/Pb ratios at ~ 70, some other OIB
also have high Ce/Pb. This is the case of typical HIMU OIB, which have
Ce/Pb ratios higher than 30 (average of 35 for St Helena, 33 for Tubuai
and Mangaia) and is also the case for islands such as the Canaries Islands
(~39), Mururoa and Fangataufa in the Gambier-Pitcairn chain (~31)
(Cordier et al., 2021) or Cape Verde Island (~48) (Doucelance et al.,
2010). Those islands are often referred to as ‘young’ HIMU islands
because they share the same trace element characteristics as the HIMU
islands (for example, high Ce/Pb) but they do not have the elevated Pb
isotopic ratios of the HIMU islands (2%pp/20%ph > 20). As suggested
originally by Vidal (1992), the source of ‘young’ HIMU islands is prob-
ably similar to that of HIMU islands but the age of the fractionation that
created elevated U/Pb and Th/Pb ratios is not sufficiently old for enough
radiogenic 2°°Pb, 207pPb and 2%Pb to be produced to translate into
elevated Pb isotopic ratios.

In summary, based on combined petrological and geochemical con-
straints, a genetic link can be established between high carbon, high
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alkalinity and the distinctive trace element and isotopic characteristics
of HIMU volcanics, suggesting that the source of such lavas contains
recycled oceanic crust rich in volatiles. The presence of large quantities
of carbon coupled to low degrees of melting facilitates the presence of
residual sulfides and, as a consequence, high Ce/Pb ratios in the pro-
duced lavas .

5.3. Fani Maoré, Mayotte and the Comoros Archipelago

We demonstrated above that Fani Maoré basanites have very uni-
form geochemical and isotopic compositions. However, this composi-
tion is unique and not found at the other eruption sites in the Comoros
Archipelago. Basanites sampled on the flank of Petite Terre, on the
volcanic ridge located between Petite Terre and Fani Maoré, and east of
Fani Maoré (see Fig. 2), generally have lower and more variable SiO,
contents, more classical trace element patterns (see Figs. 3, 4& 5),
similar but more variable radiogenic isotopes (see Supp Table 1 and
Supp Figure 1), and importantly, they do not have Fani Maoré’s large
Ba excess and Pb deficit. With two exceptions, basanites other than those
at Fani Maoré resemble basalts on the island of Mayotte, as described by
Pelleter et al. (2014). This suggests that carbonated silicate melts occur
in a sporadic manner and did not contribute significantly to liquids
outside of the new volcano.

The restriction of phonolites to the flank of Petite Terre suggests that
a pre-existing volcanic structure could have influenced the type of
erupted products. Berthod et al. (2021b) discussed at length the pro-
cesses involved in their genesis and concluded that the phonolites most
probably formed by fractional crystallization of basanitic liquids. The
new data presented in this study (Supp Table 1) fully support this
interpretation. Indeed, phonolites have the same Sr and Nd isotopic
composition as the basanites, suggesting that they share similar sources
(see Supp Figure 1). Only small differences are seen in 7°Hf/}77Hf
versus “*Nd/***Nd and 2°7Pb/2%*Pb versus 2°°Pb/2%*Pb spaces (see
Supp Figures 1b&d) where the phonolites have systematically higher
176H£/177Hf and lower 2°7Pb/2%Pb ratios than basanites. While the
difference in Hf isotopes cannot be easily interpreted because of the lack
of Hf isotopic data for Mayotte, the lower 20’Pb/2%*Pb ratios resemble
those of the Mayotte lavas reported by Spath et al. (1996) and Pelleter
et al. (2014). We therefore suggest that during fractional crystallization
at ~17 km depth according to Berthod et al. (2021a), liquids interacted
with the surrounding oceanic lithosphere. The assimilation-fractional
crystallization process produced phonolites with lower 2%7Pb/2%4pp
and higher 17%Hf/177Hf than the more primitive basanites.

When considering the Comoros Archipelago as a whole, it is now
clear that no age progression exists between Mayotte at its eastern end
and Grande Comore at its western end. The oldest lavas reported in the
literature (Emerick and Duncan (1982); Emerick and Duncan (1983);
Nougier et al. (1986)) were sampled at Mayotte at the eastern end of the
archipelago adjacent to the youngest lavas on Fani Maoré (see also
Fig. 1). The general concept of the archipelago being created on a
moving plate above a fixed mantle plume clearly does not apply to the
Comoros Archipelago and this requires another explanation. The first
possible reason could be that a plume is absent below the archipelago
but this is inconsistent with the seismic observations that clearly map a
hot conduit under the Comoros (Dongmo Wamba et al., 2023). In
addition, even if not a strong argument, lavas of the Comoros Archi-
pelago have the same geochemical characteristics as ocean island basalts
that are thought to be plume-derived, i.e., steeply sloping trace element
patterns, the alkali nature of the magmas, and the same isotopic com-
positions. The origin of lavas in a hot rising plume that undergoes
low-degree melting at depth is consistent with both geophysical and
geochemical observations. A possible explanation for the lack of age
progression along the chain is that the oceanic crust on which the ar-
chipelago rests did not move relative to the plume conduit. This is
indeed quite possible given the general tectonic framework in the area
(Phethean et al., 2016; Famin et al., 2020) and the location of the
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Comoros Archipelago along a transfer zone between East Africa and
Madagascar (Feuillet et al., 2021). In that area, the oceanic crust was
most probably weakened and hot magmas were able to reach the surface
at various places along the transfer zone.

5.4. Where do magmas erupting in the Comoros archipelago come from?

The geochemistry of the magmas erupted at Fani Maoré and at the
various recent eruption sites located between Fani Maoré and Mayotte is
very similar to that of intra-plate volcanic rocks such as ocean island
basalts (see Supp Figure 2 for their radiogenic isotopes). This suggests
that the mantle source is located in the asthenosphere and that the
process producing the lavas resembles that inferred for most ocean
islands, i.e., hot mantle material partially melts as it approaches the
overlying lithosphere. What is quite remarkable in the case of Fani
Maoré is the rate of eruption (over 5 km? in less than a year, Feuillet
et al. (2021)) of magmas that must have been produced by low degrees
of melting, given their trace element enrichment and fractionated trace
element patterns. This suggests that the rising material is continuously
supplied under the eruption sites so that vast quantities of lavas could be
produced within a short time. Such high magma productivity remains to
be explained but the presence of vast amounts of CO; in the source and
the rising magmas could potentially play a role.

A deep origin of the rising magmas is more difficult to establish and it
could be connected either to the Réunion hotspot or to the East African
plume. Several hints favor a common origin with magmas that erupted
along the East African Rift. First, the Comoros archipelago has radio-
genic isotope compositions clearly different from Réunion Island lavas
(see Fig. 7) but overlapping with the East African Rift in Fig. 7. Similarly,
the carbonatitic melts erupting along the East African Rift also have
radiogenic isotopes similar to those reported for the Comoros lavas (this
work and Spath et al. (1996), Class et al. (1998) and Pelleter et al. (2014)
for example) (see Fig. 7). Finally, seismic tomographic maps of the
mantle under the Archipelago show a hot zone linking the Comoros
Archipelago and the East African Rift Zone (see Supp Figure 4 and
Dongmo Wamba et al. (2023)). These authors also point to a common
source in a ponding zone located at about 1000 km depth (Dongmo
Wamba et al., 2023). They not only argue that this deep ponding zone is
large but they also suggest that it is separate from the zone that produces
the magmas erupted in Réunion Island. Finally, they suggest that below
the two ponding zones, two separate hot rising sources rose from the
core mantle boundary. The ultimate source of the Comoros magmas
might therefore be found at the core-mantle boundary, perhaps in the
African Large Low Shear Velocity Province. Fig. 8 presents a sketch of
the possible pathway of material producing the Comoros Archipelago
within the mantle.

6. Conclusion

The geochemistry of Fani Maoré lavas in the Comoros Archipelago is
exceptional and provides key elements to understand the nature of its
source, its link with the East African Rift magmas and more generally a
common origin with carbonatites and HIMU-type volcanoes.

Fani Maoré lavas are low degree melts with a strong alkaline flavor.
There exceptional Ba excess and Pb deficit are features that have never
been highlighted in any other ocean islands but that also occur in Cape
Verde basanites and to a lesser extend at Fuerteventura in the Canaries
and Niihau in the Hawaiian chain. We suggest that this peculiar
geochemistry is due to the presence in the source of recycled
hydrothermally-altered basaltic crust rich in baryte. Such material
represents a carbonated mantle source that is enriched in Ba, CO3 and S.
Melting of such material provides the necessary excess barium and ex-
plains the lead deficit by having residual sulfides during low-degree
partial melting in a high CO; environment.

More generally, similar types of recycled material can explain the
occurrence of many types of volcanics: If the recycled oceanic crust is
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Fig. 7. 13Nd/**Nd  versus %7Sr/%0sr (panel a) and 208pp /20ph  versus
206pp,/204ph (panel b) plots. The new isotopic data obtained in this study
resemble data published in literature for the various Comoros islands (Dupré
and Allégre, 1983; Nougier et al., 1986; Spath et al., 1996; Class and Goldstein,
1997; Class et al., 1998; Deniel, 1998; Salters and White, 1998; Class et al.,
2005; Pelleter et al., 2014). Data for East Africa and the Mascarene chain lavas
are compiled from GeoRoc database. As a whole, both diagrams demonstrate
that the radiogenic isotopes of Comoros lavas differ significantly from those
reported for Réunion Island and other Mascarene lavas but overlap with those
reported for basalts and carbonatites from the East African Rift zone.

more heavily altered than in the Fani Maoré case, it produces carbo-
natites and if it contains less baryte than in the Fani Maoré case, it
produces HIMU-like volcanics. A genetic link can therefore be estab-
lished between carbonatites and HIMU ocean islands.
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