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Abstract: Petrology and geochemistry of fluid inclusions (Fl) are increasingly used in tandem to
constrain the compositional features and evolution of the lithospheric mantle. In this
study, we combine petrography and mineral chemistry with analyses of noble gases
(He, Ne and Ar) and CO2 in olivine-, opx- and cpx-hosted Fl, as well as radiogenic
isotope (Sr-Nd-Pb) systematics of ultramafic xenoliths collected at La Grille volcano in
Grande Comore Island, aiming at better characterizing one of the most controversial
portions of the western Indian Ocean lithospheric mantle. Xenoliths have been divided
in three groups on the basis of their textural features: Group 1 (Opx-bearing),
characterized by protogranular to porphyroclastic texture overprinted by metasomatic
reactions; Group 2 (Opx-free), with ad-cumulitic, infiltrated characteristics, and Group 3
(Cumulate), showing ortho-cumulitic texture. Overall, petrographic observations and
mineral phase compositions indicate that the sampled lithospheric portion experienced
variable degrees of melting (from 5% to 35%), recorded by Group 1 most refractory
harzburgites and lherzolites, as well as modal metasomatic processes as evidenced by
the severe crystallization of cpx at the expenses of opx in Group 1 fertile Iherzolites
and wehrlite and by Group 2 xenoliths. Crystallization of slightly oversaturated basic
silicate melts seems also to have occurred, as shown by Group 3 xenolith. The
calculated equilibration temperatures range from 930 -C to 1180 - C with oxygen
fugacity values between -0.93 and +0.71 AlogfO2 [FMQ], with Group 1 tending to be
the most reduced and the coldest. A positive trend between temperature and fO2 can
be envisaged, with Group 2 and 3 xenoliths testifying for hotter and more oxidised
conditions than Group 1. The variability of the 4He/40Ar* ratio (0.02-0.39) in Group 1,
significantly below typical values of a fertile mantle (4He/40Ar* = 1-5), can be explained
by the variable degrees of partial melting coupled to metasomatism enrichment that
may account for modifying 4He/40Ar*, as also indicated by the mineral composition.
He-Ar-CO2 relationships support the presence of a metasomatic CO2-rich process
post-dating the melt extraction and the cumulite formation event and affecting their
relative abundances, as suggested by Coltorti et al. (1999). The air-corrected 3He/4He
isotopic ratios (6.30 to 7.36 Ra) are intermediate between the MORB mantle signature
(8+1Ra, Mid-Ocean Ridge Basalt) and the SCLM (6.1+0.9Ra, Sub-Continental
Lithospheric Mantle). The Ne and Ar isotopic signatures (20Ne/22Ne, 21/Ne/22Ne and
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40Ar/36Ar) are consistent with mixing between an air-derived component and a
MORB-like mantle, supporting the hypothesis for a lithospheric origin of the Comoros
magmas, and arguing against any deep mantle plume-related contribution. This is also
corroborated by combining Ne with He isotopes, showing that La Grille ultramafic
xenoliths are far from the typical plume-type compositions. Sr-Nd-Pb isotope
systematics in Opx and Cpx from La Grille additionally support a MORB-type signature
for the lithospheric mantle beneath La Grille.

In summary, our investigation reveals that the La Grille ultramafic xenoliths record
variable degrees of partial melting (Group 1) of a MORB-type mantle and metasomatic
processes (all Groups), without necessarily requiring the influence of a deep mantle
plume beneath the Comoros Archipelago as previously inferred.
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ABSTRACT

Petrology and geochemistry of fluid inclusions (FI) are increasingly used in tandem to constrain the
compositional features and evolution of the lithospheric mantle. In this study, we combine
petrography and mineral chemistry with analyses of noble gases (He, Ne and Ar) and CO> in olivine-
, opx- and cpx-hosted FI, as well as radiogenic isotope (Sr-Nd-Pb) systematics of ultramafic xenoliths
collected at La Grille volcano in Grande Comore Island, aiming at better characterizing one of the
most controversial portions of the western Indian Ocean lithospheric mantle. Xenoliths have been
divided in three groups on the basis of their textural features: Group 1 (Opx-bearing), characterized
by protogranular to porphyroclastic texture overprinted by metasomatic reactions; Group 2 (Opx-
free), with ad-cumulitic, infiltrated characteristics, and Group 3 (Cumulate), showing ortho-cumulitic
texture. Overall, petrographic observations and mineral phase compositions indicate that the sampled
lithospheric portion experienced variable degrees of melting (from 5% to 35%), recorded by Group
1 most refractory harzburgites and lherzolites, as well as modal metasomatic processes as evidenced
by the severe crystallization of cpx at the expenses of opx in Group 1 fertile lherzolites and wehrlite
and by Group 2 xenoliths. Crystallization of slightly oversaturated basic silicate melts seems also to

have occurred, as shown by Group 3 xenolith. The calculated equilibration temperatures range from
930 °C to 1180 °C with oxygen fugacity values between —0.93 and +0.71 AlogfO2 [FMQ], with
Group 1 tending to be the most reduced and the coldest. A positive trend between temperature and
fOzcan be envisaged, with Group 2 and 3 xenoliths testifying for hotter and more oxidised conditions

than Group 1. The variability of the “He/*°Ar* ratio (0.02-0.39) in Group 1, significantly below typical
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values of a fertile mantle (*He/**Ar* = 1-5), can be explained by the variable degrees of partial melting
coupled to metasomatism enrichment that may account for modifying “He/*°Ar*, as also indicated by
the mineral composition. He-Ar-CO» relationships support the presence of a metasomatic CO»-rich
process post-dating the melt extraction and the cumulite formation event and affecting their relative
abundances, as suggested by Coltorti et al. (1999). The air-corrected *He/*He isotopic ratios (6.30 to
7.36 Ra) are intermediate between the MORB mantle signature (8+1Ra, Mid-Ocean Ridge Basalt)
and the SCLM (6.1+0.9Ra, Sub-Continental Lithospheric Mantle). The Ne and Ar isotopic signatures
(®°Ne/?’Ne, 2*/Ne/?*Ne and “°Ar/*®Ar) are consistent with mixing between an air-derived component
and a MORB-like mantle, supporting the hypothesis for a lithospheric origin of the Comoros magmas,
and arguing against any deep mantle plume-related contribution. This is also corroborated by
combining Ne with He isotopes, showing that La Grille ultramafic xenoliths are far from the typical
plume-type compositions. Sr-Nd-Pb isotope systematics in Opx and Cpx from La Grille additionally
support a MORB-type signature for the lithospheric mantle beneath La Grille.

In summary, our investigation reveals that the La Grille ultramafic xenoliths record variable degrees
of partial melting (Group 1) of a MORB-type mantle and metasomatic processes (all Groups), without
necessarily requiring the influence of a deep mantle plume beneath the Comoros Archipelago as

previously inferred.
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HIGHLIGHTS

e Petrography, mineral chemistry, noble gases and CO; in mineral-hosted fluid inclusions, and
Sr-Nd-Pb systematics of ultramafic xenoliths from La Grille volcano have been combined to
unravel the processes in the lithospheric mantle beneath Grande Comore Island.

e The lithospheric mantle experienced variable degrees of melting (from 5% to 35%), as well
as modal metasomatic processes with crystallization of clinopyroxene at the expense of
orthopyroxene, leading to wehrlite formation.

e He-Ar-CO: relationships support the presence of a metasomatic CO»-rich process post-dating
the melt extraction.

e The air-corrected 3He/*He isotopic ratios (6.30 to 7.36 Ra) are intermediate between the
MORB mantle signature (8+1Ra) and the SCLM (6.1+0.9Ra).

e The features of the lithospheric mantle beneath La Grille can be explained without necessarily

requiring the influence of a deep mantle plume.
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be envisaged, with Group 2 and 3 xenoliths testifying for hotter and more oxidised
conditions than Group 1. The variability of the *He/*°Ar* ratio (0.02-0.39) in Group 1,
significantly below typical values of a fertile mantle (*He/*°Ar* = 1-5), can be explained by
the variable degrees of partial melting coupled to metasomatism enrichment that may
account for modifying “He/*’Ar*, as also indicated by the mineral composition. He-Ar-CO:
relationships support the presence of a metasomatic CO»-rich process post-dating the melt
extraction and the cumulite formation event and affecting their relative abundances, as
suggested by Coltorti et al. (1999). The air-corrected *He/*He isotopic ratios (6.30 to 7.36
Ra) are intermediate between the MORB mantle signature (8+1Ra, Mid-Ocean Ridge
Basalt) and the SCLM (6.1+0.9Ra, Sub-Continental Lithospheric Mantle). The Ne and Ar
isotopic signatures (*°°Ne/?’Ne, 2Y/Ne/?Ne and “°Ar/*®Ar) are consistent with mixing
between an air-derived component and a MORB-like mantle, supporting the hypothesis for
a lithospheric origin of the Comoros magmas, and arguing against any deep mantle plume-
related contribution. This is also corroborated by combining Ne with He isotopes, showing
that La Grille ultramafic xenoliths are far from the typical plume-type compositions. Sr-
Nd-Pb isotope systematics in Opx and Cpx from La Grille additionally support a MORB-
type signature for the lithospheric mantle beneath La Grille.

In summary, our investigation reveals that the La Grille ultramafic xenoliths record variable
degrees of partial melting (Group 1) of a MORB-type mantle and metasomatic processes
(all Groups), without necessarily requiring the influence of a deep mantle plume beneath
the Comoros Archipelago as previously inferred.

Keywords: Comoros Archipelago, mantle xenoliths, mineral chemistry, noble gases, fluid inclusions,
radiogenic isotopes

1. Introduction

Oceanic and continental magmas allow characterizing mantle heterogeneities and their
possible evolution since the Earth formation (e.g., Broadley et al., 2021; Graham, 2002;
Hilton et al., 2002; Marty et al., 2021). Such mantle heterogeneities, and the processes
that determine them, are still matter of debate and represent the target of multidisciplinary
investigations (e.g., Davies, 2009; Jackson et al., 2018, 2021). Combining petrography,
mineral chemistry and fluid inclusions (FI) composition (noble gases and CO>) in minerals
from ultramafic xenoliths has proven to be an efficient tool for constraining the geochemical

characteristics and understanding the evolution of specific portions of the lithospheric
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mantle, as well as for identifying the chemical processes that affect its pristine composition
such as melting and metasomatic events (e.g., Correale et al., 2012, 2016, 2019; Faccini
et al., 2020; Martelli et al., 2011; Rizzo et al., 2018, 2021). In this regard, the Comoros
Archipelago in the western Indian Ocean, where the characteristics of the local lithospheric
mantle are intimately related to a complex and debated geodynamic setting (e.g., Bachelery
et al., 2016; Famin et al., 2020), offers an intriguing opportunity to use such an approach.
The Comoros Archipelago is located in the northern edge of the Mozambique Channel
between the northern tip of Madagascar and the eastern coast of Mozambique (Fig.1a), and
includes four major volcanic islands (Fig.1b): from west to east, Grand Comore, Moheli,
Anjouan and Mayotte, followed by a series of poorly known submarine volcanic banks and
submerged reef platforms (Daniel et al., 1972; Tzevahirtzian et al., 2021). Grande
Comore Island is a volcanic doublet composed by two main coalescing shields: La Grille,
located in the north, and the large edifice of Karthala in the south (Fig. 1c). La Grille
volcano, mostly active during the Pleistocene, is characterized by eroded and weathered
lava flows associated with a series of large monogenetic scoria cones (Bachelery et al.,
2016; Bachelery and Coudray, 1990), while Karthala is the second most active volcano
of the Indian Ocean (after Piton de la Fournaise at the Reunion Island), with its most recent
volcanic eruption in January 2007 (Thivet et al., 2022). Alkali basalts, including oceanites
(olivine-rich basalts) and ankaramites (pyroxene-rich basalts), are the most common
lithotypes at Karthala volcano, whereas La Grille products are markedly more silica-
undersaturated, ranging from basanites to nephelinites (Spath et al., 1996; Strong, 1972).
Subaerial Holocene volcanic activity, ranging in compositions from basanite to phonolite,
has been documented in all four islands (Bachélery et al., 2016; Berthod et al., 2021a, b;
Quidelleur et al., 2022). Lavas from La Grille often enclose abundant cm- to dm- sized
ultramafic xenoliths (Bachelery and Coudray, 1993; Coltorti et al., 1999; Strong, 1972).
In the present paper, we report on a complete petrographic, petrological (major-element
mineral chemistry) and first ever geochemical investigation of noble gases (He, Ne and Ar)
and COz in orthopyroxene-, clinopyroxene- and olivine-hosted FI from ultramafic xenoliths
collected at La Grille volcano. Previous investigations of La Grille lithotypes have been
mainly focused on bulk samples and mineral separates from lavas (Class et al., 1998; Class
et al., 2005; Class and Goldstein, 1997), although petrological and geochemical data from
clinopyroxenes and glasses of ultramafic xenoliths from La Grille were discussed by
Coltorti et al., 1999. The investigation of these ultramafic xenoliths can help to shed light

and deepen our current knowledge on the compositional features of the mantle below
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Grande Comore Island. A renewal of multidisciplinary investigations on the sources of the
volcanic activity of this archipelago was also stimulated by the intense volcano-tectonic
crisis starting in May 2018 and still ongoing, leading to the formation of a huge submarine
(3.5 km depth bsl) volcanic edifice about 50 km offshore east of Mayotte (Berthod et al.,
2021a, b; Cesca et al., 2020; Feuillet et al., 2021; Lemoine et al., 2020; Liuzzo et al.,
2021). At Mayotte, magma differentiation in the upper mantle (1.2 GPa) has been recently
suggested from phenocryst composition in basanitic to tephritic magmas. Ultramafic
xenoliths, occurring both in basanite and phonolite lavas, record surprisingly low re-
equilibration pressures (< 0.6 GPa), corresponding to that inferred for the local Moho depth
(Berthod et al., 2021a). Finally, our detailed study aims also at contributing to define the
geochemical dataset of the Comoros Archipelago with important implications for the
development of geochemical monitoring of one of the most active and potentially hazardous
regions of the Indian Ocean (Liuzzo et al., 2021, 2022).

2. Geodynamic context

The Comoros archipelago is one of the most active seismic and magmatic sectors of the
western Indian Ocean (Berthod et al., 2021a, b; Cesca et al., 2020; Deville et al., 2018;
Famin et al., 2020; Feuillet et al., 2021; Franke et al., 2015; Heidbach et al., 2016;
Lemoine et al., 2020; Michon et al., 2016; Rindraharisaona et al., 2013; Saria et al.,
2014; Stamps et al., 2018; Thivet et al., 2022), but its tectonic features are far from being
unambiguously defined. In fact, the origin of the Comoros magmatism has been ascribed
to either lithospheric migration above a relatively stationary plume-related hot spot (Class
et al., 1998; Claude-lvanaj et al., 1998; Deniel, 1998; Emerick and Duncan, 1982;
Hajash and Armstrong, 1972) or to passive response of lithospheric break-up due to
activation of a very slowly spreading ridge axis dissected by transform zones (Courtillot
et al., 2003; Nougier et al., 1986; Upton, 1982). According to the latest interpretations,
the volcanic alignment of the Comoros Archipelago would represent a NW-SE-trending
tectonic boundary between the Somali plate and the Lwandle microplate and part of the SE
prolongation of the East African Rift System, a broad deformation zone characterized by
intense seismicity extending from the African coast in the west to the northern half of
Madagascar in the east (Cesca et al., 2020; Courgeon et al., 2018; Deville et al., 2018;
Famin et al., 2020; Franke et al., 2015; Lemoine et al., 2020; Michon et al. 2016; Saria
et al., 2014; Stamps et al., 2018, 2021). The few absolute ages available in the literature

from the emerged sector of the volcanic edifices indicate that magmatic activity of the
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Comoros Archipelago began in the Mio-Pliocene and was diachronous in all four volcanic
islands (Mayotte, 10.6 + 0.5 Ma to ~6 ka; Anjouan, 11.1 + 0.5 to 0.36 £ 0.09 Ma; Moheli,
5.0+ 0.4 Mato 0.48 + 0.15 Ma; Grande Comore, 0.13 + 0.02 Ma to present) (Debeuf, 2004;
Emerick and Duncan, 1982; Hajash and Armstrong, 1972; Montaggioni and Nougier,
1981; Nougier et al., 1986; Pelleter et al., 2014; Quidelleur et al., 2022; Zinke et al.,
2003, 2005). Based on magma production rate, Michon, 2016 estimated the submarine
onset of magmatic activity of the Comoros Archipelago at around 20 Ma ago in Mayotte
and, almost simultaneously, 10 Ma ago in Anjouan, Moheli and Grande Comore. This
magmatism is coeval with other volcanic provinces around the Mozambique Channel, i.e.,
East African Rift System and the central-northern Madagascar whose magmatic periods
date back the upper Oligocene (Cucciniello et al., 2011; Roberts et al., 2012).

It is matter of debate whether volcanic activity in the Comoros Archipelago developed on
either continental (Esson et al., 1970; Flower and Strong, 1969; Lacroix, 1922; Lort et
al., 1979) or oceanic crust (Cochran, 1988; Coffin and Rabinowitz, 1987; Phethean et
al., 2016; Rabinowitz et al., 1983; Talwani, 1962). Recently, new geophysical data
strongly support a dual nature of the underlying crust in the region surrounding the Comoros
Archipelago (Dofal et al., 2021 and references therein), and suggest the occurrence of
continental crust in the form of thinned crustal slices in the western and southern sectors of
the Comoros basin (Roach et al., 2017; Vormann et al., 2020), and oceanic crust in the
northern part (Klimke et al., 2016; Vormann et al., 2020), thus casting further questions

on the continental-oceanic transition in the northern Mozambique Channel.

3. Sampling and analytical methods

3.1 Sample preparation

Ultramafic xenoliths were collected on the north-eastern coast of Grande Comore Island
(La Grille volcano; Fig. 1c) during two field campaigns (2017-2018). All the xenoliths were
embedded within basanitic lavas. Samples were cut, sliced and polished in order to define
modal composition, petrography and mineral chemistry. After crushing and sieving of the
xenoliths, orthopyroxene, clinopyroxene and olivine (Opx, Cpx, and Ol) crystals larger than
0.5 mm size-fraction were handpicked with binocular microscope for noble gas (He, Ne,
and Ar) and CO- analyses. Modal estimations were carried out by count-pointing under
optical microscope (> 2000 points per section); modes were also determined by mass

balance to the least square minimum between mineral phases, glass and whole rock
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composition for those samples whose larger dimensions allowed to obtain powders for X-
Ray Fluorescence (XRF) analyses. Comparison between the two methods showed that the
errors were on the first decimal of the percentages. The minerals selected for noble gas and
CO2 measurements were then ultrasonically immersed in 6.5% HNO3 and 6.5% HCI,
respectively, before being cleaned and rinsed with deionised water and acetone in ultrasonic

bath to remove all the impurities.

3.2 Bulk and mineral chemistry analyses

Whole rock analyses. Whole-rock major chemistry was determined by means of an ARL
Advant-XP automated X-Ray Fluorescence (XRF) spectrometer at the Department of
Physics and Earth Sciences of the University of Ferrara. Full matrix correction procedure
and intensities were carried out according to Traill and Lachance, 1966. Accuracy and
precision were better than 2-5% for major elements and detection limits were 0.01 wt% for

most of the major element concentrations.

Mineral major element. The major-element composition of orthopyroxene, clinopyroxene
olivine and spinel minerals was determined using a CAMECA SX100 electron microprobe
equipped with four WD and one ED spectrometers, at the Department of Lithospheric
Research, University of Vienna. The operating conditions were: 15 kV accelerating voltage,
20 nA beam current, 20 s counting time on peak position with background counting times
half of the peak counting time. In order to minimize Na and K loss, a 5 um defocused beam
and 10 s counting time on peak position was applied for glass analyses. Natural and
synthetic standards were used for calibration and PAP corrections were applied to the
intensity data (Pouchou and Pichoir, 1991). Detection limits were typically in the range
of 0.02-0.06 wt%.

3.3 Noble gas (He-Ne-Ar) and CO2 measurements in fluid inclusions

Elemental and isotopic analysis of noble gases (He, Ne, Ar) and CO2 concentration in FI
were performed at the Noble Gas Laboratory of Istituto Nazionale di Geofisica e
Vulcanologia, Sezione di Palermo (Italy). The handpicked minerals (up to 1 gr) were loaded
into a stainless-steel crusher capable of holding up to six different samples simultaneously
for noble gas measurements. FI were released by in-vacuum single-step crushing of

minerals by hydraulic press at about 200 bar. CO, concentration was quantified during
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crushing at the time of noble gas extraction. Firstly, the total gas pressure (CO, + N, + O,

+ noble gases) was measured, then the residual pressure of N, + O, + noble gases was

subtracted after removing CO, using a “cold finger” immersed in liquid N, at — 196 °C. The
released noble gases from F1 were then cleaned in an ultra-high vacuum (107°-10%° mbar)
purification line by using four St 101 Zr-Al alloy getters (three kept at room temperature
and one at about 400°C). All the unwanted species in the gas mixture were removed, so at
the end of the purification procedure only He, Ne, Ar were in the line and ready for being
analysed. Ar was trapped in a cold finger with active charcoal cooled by liquid nitrogen,
whereas He and Ne were trapped and released separately by a cold-head cryogenic pump.
Hence, Ar was released from the trap at room temperature after removing the liquid nitrogen
and successively measured for its stable isotopes (*°Ar, 3Ar, and “°Ar) by a multi-collector
mass spectrometer Argus GVI. He (*He and “He) and Ne (?**Ne, 'Ne and ?2Ne) isotopes
were determined using two different split-flight-tube mass spectrometers (Helix STF
Thermo Scientific). Helium isotope ratios (*He/*He) are expressed in R/Ra units (where R
is the 3He/*He ratio of the samples and Ra is the *He/*He ratio in air = 1.39 x 10). The
values of the Ne-isotope ratios (*°Ne/??Ne and ?’Ne/?’Ne) are corrected for isobaric
interferences at m/z values of 20 (*°Ar?*) and 22 (**C0O?*). The measurements of 2°Ne, 2'Ne,
22Ne, “9Ar and **CO; during the same analysis allowed to perform corrections given that
the “0Ar2*/*9Ar* and ““CO?*/CO" ratios were previously determined on the same Helix SFT
that run FI samples. For each analytical session, at least one standard sample was analysed
for He, Ne and Ar that had previously been purified from air and stored in tanks. The
analytical uncertainty (1o) values for 3He/*He, °Ne/?Ne, 2!Ne/?’Ne, “CAr/*°Ar were
<0.94%, <0.07%, <0.3%, <0.05%, respectively. Typical blanks for He, Ne and Ar were
<10, <107% and 10%* mol, respectively. Additional details about sample preparation and
analytical procedures can be found in Rizzo et al., 2018 and 2021. Considering that some
of the samples showed the presence of an atmosphere-derived component (e.g., “He/?*’Ne <
2; the same ratio in air is 0.318 and in mantle-derived volatiles it is higher than 1000, e.g.,
Ozima & Podosek, 2002), the measured 3He/*He ratios, “°Ar and ?!Ne were corrected for
atmosphere contamination. He isotope compositions were corrected on the basis of

“He/*°Ne ratio and expressed as Rc/Ra using the following formula (Ballentine et al. 2002):

Rc/Ra = ((Rm/Ra)(He/Ne)m — (He/Ne)a)/((He/Ne)m-(He/Ne)a)
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where (Rw/Ra) and (He/Ne)wm represent the measured values and (He/Ne)a the atmospheric
value (0.318; Ozima & Podosek, 2002), respectively.

“OAr was corrected assuming an entire atmospheric origin of the measured *®Ar as follows
(Graham, 2002): “°Ar* = Arm — [**Arm x (“CAr/*8Ar)a]

where “°Ar* is the corrected “°Ar value, while “°Ary and %Arv represent the measured

values and (“°Ar/3Ar)a the atmospheric value (298.56; Lee et al., 2006), respectively.

Finally, 2*Ne were corrected on the basis of the measured °Ne/??Ne and *Ne/?’Ne ratios

with the following relation (Graham, 2002): !Ne* = 2!Nem — [?Newm X (*!Ne/?2Ne)a]

where 2!Ne* is the corrected 2!Ne value, while ?Nem and ?’New represent the measured
values and (*!Ne/*?Ne)a the atmospheric values (0.029; Ballentine et al., 1991),

respectively.

3.4 Radiogenic isotope analyses (Sr-Nd-Pb)

Mineral powders (of approximately 100 mg) of opx and cpx separates were placed in Teflon
beakers and dissolved in a mixture of 1.5 ml HF and 1.5 ml HNO3 on a hot plate at 120°C
for 72h. After evaporation, 3 ml of 6N HCL were added to the mineral residue at 120°C for
72h before evaporation to dryness, then digested samples were re-dissolved in 1 ml of HBr.
Before purification each sample was split into two different aliquots for Sr-Nd and Pb
extraction, respectively. Chromatographic separation was carried out on Teflon columns
with exchange resin using a HBr-HCL-HNO3 exchange procedure. Sr, Nd and Pb isotope
analyses were performed at CRPG (Nancy, France). Sr isotope ratios were measured with
thermal-ionization mass spectrometer (TIMS) Thermo Scientific Triton, whereas Nd and
Pb isotope ratios were determined with multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) Thermo Scientific Neptune Plus. Sr and Nd isotope ratios were
corrected for mass fractionation by normalizing to #Sr/8’Sr = 0.11938 and 4¢Nd/***Nd =
0.74049. Over the course of this study, the NBS 987 Sr standard gave a mean value of
83r/8Sr = 0.710256 + 9 (20m, N = 5), and the La Jolla Nd standard gave a mean value of
16Nd/**Nd = 0.512097 + 6 (20m, n = 10). The NIST 981 Pb standard yielded average
values of 2%°Pb/?%4Pp = 16.93 + 0.0054, 2"Pb/?%*Pb = 15.48 + 0.0074, 2%Ph/?**Pb = 36.66 +
0.0083.
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4. RESULTS

4.1 Petrography and mineral chemistry of La Grille xenoliths

4.1.1 Petrographic outline

Ultramafic xenoliths from La Grille volcano (Fig. 2) include three Iherzolites (NDR2,
NDR6 and NDRY7), three harzburgites (NDR9, NDR11 and NDR13), four wehrlites
(NDR1, NDR5, NDR8 and NDR12), and two dunites (NDR14 and NDR16). Modal
proportions and rock classification, together with a textural classification, are reported in
Table 1. Based on their textural features, the xenoliths can be divided into three different

groups:

Group 1 (“Opx-bearing group”, Fig. 2, colour code: soft blue) includes all the harzburgites
(NDR9, NDR11 and NDR13) and lherzolites (NDR2, NDR6 and NDR7), and one wehrlite
(NDRS5). All samples share a similar pre-metasomatic coarse-grained protogranular texture
(Mercier and Nicolas, 1978), characterized by large primary olivines and orthopyroxenes
(up to 25 and 20 mm across, respectively) with curvilinear boundaries (Fig. 1A, B, C, D
ESM). The largest olivines typically show kink-banding, fractures and they are often
altered to iddingsite to various degrees, although never completely (Fig. 1B, D ESM);
orthopyroxenes have fine exolution lamellae at their cores. NDR7 has a texture transitional
between protogranular and porphyroclastic (Mercier and Nicolas, 1978), with a band made
up of mosaic equigranular smaller (up to 1.5 mm) olivines. Primary spinels, when
preserved, have dark brown colour and lobate to vermicular shapes. Metasomatic textures,
superimposed on the pre-metasomatic features, are widespread and include three Types
similar to those already described by Coltorti et al., 1999 for ultramafic xenoliths from La
Grille volcano:

- Type A (Fig. 2A, B ESM) is set on primary orthopyroxenes, which show evidence
of destabilization/reaction by losing their exolution lamellae at the rims,
progressively becoming spongy and studded with FI. Secondary clinopyroxenes and
olivines are replacing orthopyroxenes (Fig. 2A ESM) together with tiny
idiomorphic spinels and rare yellowish glass. Clinopyroxenes related to this texture
have a sieved appearance due to FI (Fig. 2B ESM) and are generally small, but they

may reach large dimensions (up to 6 mm) in some cases. Indeed, orthopyroxenes
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have been almost totally replaced by clinopyroxene in wehrlite NDR5 (Fig. 1D
ESM).

- Type B (Fig. 2C ESM) includes patches and veinlets of light to dark yellow glass
that contain small euhedral to subhedral clinopyroxenes, olivines (up to 1 and 3 mm
in size, respectively) and sub-millimetric spinels.

- Type C (Fig. 2D ESM) is somehow similar to Type B but it is characterized by the
presence of secondary olivine and clinopyroxene grains grown aligned and/or in
optical continuity within abundant yellowish glass; secondary spinels may also be
present.

Both Type B and C often involve primary spinels that react and give rise to clusters of
secondary black, micrometric euhedral spinel grains arranged in shapes that resemble those
previously occupied by the former primary phase. All metasomatic textures can be present
in the same sample, with Type A grading into, or being cut by, Type B and/or Type C. This
co-existence is sometimes intricate to the point that envisaging a temporal sequence is

impossible.

Group 2 (“Opx-free Group”, Fig. 2, colour code: pale yellow) includes wehrlites NDR1
and NDRS8 and the two dunites NDR14 and NDR16 (Table 1). NDR1, NDR8 and NDR14
share a very similar texture, constituted by a backbone of large olivine grains (up to 20 mm
across) that are characterized by irregular and/or lobate contacts, well-defined kink-banding
and some fractures. These olivines often show dusty patches, incipient signs of
iddingsitization (Fig. 1E, F, G ESM). Small secondary euhedral to subhedral olivine (up
to 1 mm across) and spinel crystals, subhedral to anhedral clinopyroxenes (up to 4 mm in
size) and dark yellow-brownish glass can be found in patches, pods and veinlets (Fig. 2E,
F ESM) between the large olivines (Fig. 1E, F ESM). The secondary olivines have no
kink-banding and may include spinel grains; the clinopyroxenes can be optically iso-
oriented (Fig. 2F ESM) and often appear sieved-textured due to their high amount of FI.
The proportions of secondary phases and their dimensions are variable between the three
samples, as well as the amount of glass: NDR1 and NDR8 have more clinopyroxenes and
less glass with respect to NDR14. Dunite NDR16 has a mosaic equigranular texture
(Mercier and Nicolas, 1978) in which deformed remnants of large kink-banded olivines
are mixed with slightly smaller (max 2 mm) polygonal individuals devoid of kinking and
typically joined at a 120° angle (Fig. 1G ESM). The sample has been massively infiltrated
by a melt through both veinlets and as porous flow between grains, resulting in the
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crystallization of the same secondary phases that are present in other samples of this group.
In addition, acicular plagioclase is often found within the glass and the secondary
clinopyroxenes (up to 0.3 mm in size) can be frequently observed as single grains at the
olivine junctions. The infiltration textures closely resemble Type B and Type C textures.

Group 3 (“Cumulate Group”, Fig. 2, colour code: magenta) is constituted only by wehrlite
NDR12 (Table 1). Its texture is ortho-cumulitic, with euhedral olivine crystals as cumulus
phase and anhedral clinopyroxenes and orthopyroxenes occupying the intercumulus spaces
(Fig. 1H ESM). Olivines lack kink-banding; clinopyroxenes and orthopyroxenes
sometimes have very thin sets of exolution lamellae while cleavage is almost absent.
Micrometric globular spinel grains are often poikilitically enclosed in both olivines and
pyroxenes. Trails of Fl are abundant especially in clinopyroxenes. Melt infiltration, in the
form of rare patches of dark glass with quenched acicular phases, can be observed between

the grains, which, however, show no evidence of destabilization/reaction.

4.1.2 Bulk rock composition

The large size of some samples allowed to carry out bulk rock major element measurements
(Fig. 4 ESM, Table ESM1). Group 1 xenoliths show variable degrees of depletion,
according to their modal composition, with harzburgites having higher MgO (and mg#) and
lower SiO2, Al>O3, FeO and CaO with respect to the Iherzolite (Fig. 4a, b, ¢, d, e ESM).
The compositions of Group 1 xenoliths fit both the polybaric batch melting and fractional
melting paths (< 5 GPa) of Niu, 2004 and those proposed by Herzberg, 2004 (Fig. 4a, b,
¢, d ESM). Group 1 harzburgites could represent peridotitic residua after 20-30% degree
of melting (F) of a fertile source. Furthermore, these latter are similar to a cpx-free
harzburgite sampled on Mayotte Island (sample MAY181215-14 of Berthod et al., 2021a),
whose composition fits well with a refractory mantle that underwent polybaric (pressure <
2 GPa) fractional melting up to 25% (Fig. 4a, b, ¢, d ESM). On the other hand, Group 2
xenoliths are characterized by lower SiO. and mg# and higher FeO and CaO with respect
to Group 1 samples (Fig. 4a, b, ¢, d, e ESM), and their compositional features are
inconsistent with simple partial melting processes, but rather tend towards compositions of

metasomatized rocks (Fig. 4a, c and d ESM).

4.1.3 Mineral chemistry
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All mineral phases analyses are reported in the Electronic Supplementary Materials
(Tables ESM2, ESM3, ESM4, ESMS5).

4.1.3.1 Olivines

Primary olivines (ol1) in Group 1 xenoliths have large variation in Fo contents (87.5-91.6),
with the more restitic compositions being found in harzburgites and the more fertile in
Iherzolites and wehrlite (Fig. 4a ESM). NiO content in Iherzolites (0.41 to 0.28 wt%) shows
a higher degree of variation with respect to harzburgites (0.41-0.32 wt%) and particularly
with respect to the wehrlite (0.37-0.33 wt%). The range of Fo and NiO of ol1 in Group 2
xenoliths are similar to those of Group 1 oll (Fig. 4a ESM), but for wehrlite NDR1 that is
characterized by lower Fo contents (86.3-87.3). CaO in oll of both Group 1 and 2 is
generally low (< 0.1 wt%), with an increasing tendency at decreasing Fo (up to 0.24 in
NDR1). As a whole, our data are comparable to those of Coltorti et al., 1999 except for
the lack of olivines with very low NiO contents (Fig. 4a ESM). Olivines of Group 3 have
distinctly lower Fo (82.3-83.4) and NiO (0.24-0.18 wt%) (Fig. 4a ESM) and their CaO
contents are globally higher than that of Group 1 and 2 ol1. Secondary olivines (0l2) in all
metasomatic textures of Group 1 and Group 2 have lower NiO contents (0.37-0.19 wt%)
with respect to oll at slightly lower or higher Fo values (84.9-91.6) (Fig. 4a ESM). In
addition, their CaO contents are high (0.15-0.35). Olivines in Group 3 wehrlite generally
have variable Fo at comparable NiO and CaO but show a large decrease in Fo and NiO

when in contact with the glass (Fig. 4a ESM).

4.1.3.2 Orthopyroxenes

Similarly to olivines, orthopyroxenes in Group 1 xenoliths has higher mg# in harzburgites
(90.7-92.3) than in lherzolites (88.4-90.7) and wehrlite (88.3-89.1) (Fig. 4b ESM).
Analogously, Al>O3 contents are lower in harzburgites (0.90-4.09 wt%) than in lherzolites
(2.01-5.73 wt%) and wehrlite (4.28-5.11 wt%). TiOz is rather low, being always below 0.21
wt%, while CaO are similar in all lithologies (0.50-0.97 wt%). Orthopyroxenes similar to
those belonging to Group 1 have already been described by Coltorti et al., 1999.
Orthopyroxenes in Group 3 have distinctly lower mg# (83.1-83.5), higher Al,O3 (5.27-7.06
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wt%) (Fig. 4b ESM) and TiO2 (0.20-0.48 wt%) than those in Group 1 xenoliths, at
comparable CaO contents (0.95-1.61 wt%).

4.1.3.3 Clinopyroxenes

Clinopyroxene is the phase that shows the largest compositional variations in La Grille
ultramafic xenoliths. In Group 1, clinopyroxenes in the three types of metasomatic textures
have overlapping compositions and cannot be parted out, with the exception of one single
grain poikilitically enclosed in spinel and two tiny acicular crystals quenched within the
glass (Fig. 4c, d, e ESM). A decrease in mg# is coupled with increasing Al,Os contents
passing from clinopyroxenes in harzburgites (mg#: 91.3-93.5; Al.Os: 1.08-5.01 wt%) to
those in Iherzolites (mg#: 85.5-90.8; Al>Os: 3.41-7.48 wt%) and wehrlite (mg#: 84.1-86.2;
Al;03: 5.64-6.63 wt%) (Fig. 4c ESM). TiOz increases with rock fertility, from bdl to 0.91
wt%, while CaO and Cr2Os show the opposite behaviour, reaching lower values in
Iherzolites and wehrlite with respect to harzburgites (CaO: 17.8-21.5 wt%, 18.4-21.1 wt%
and 19.2-22.6 wt%; Cr.03: 0.74-2.45 wt%, 0.74-1.66 wt% and 0.84-1.35 wt%,
respectively) (Fig. 4d, e ESM). Clinopyroxenes in Group 2 xenoliths have distinct
compositional characteristics depending on the lithology and, according to their
petrographic features, they can be considered all of secondary origin. They have higher mg#
and lower Al>Oz in the dunites (89.3-91.9 and 1.47-2.63 wt%, respectively) with respect to
wehrlites (81.4-88.5 and 4.12-7.17 wt%, respectively) (Fig. 4c, d ESM). TiO2 behaves like
in Group 1, ranging from bdl up to 2.27 wt%, as well as CaO and Cr,O3 that decrease from
dunites to wehrlites (CaO: 17.8-20.8 wt% in dunites, 20.3-23.2 wt% in wehrlites; Cr2Os:
1.34-3.52 wt% in dunites, 0.50-1.62 wt% in wehrlites). The acicular grains found in the
glass of the dunites have a distinct composition, being enriched in Al,Os and CaO and
depleted in Cr.O3 with respect to the other clinopyroxenes (Fig. 4c, d, e ESM). Group 3
clinopyroxenes have Al,O3, CaO and Cr.0s contents comparable to those of Group 2
wehrlites (5.64-6.63 wt%, 18.6-21.0 wt% and 0.80-1.45 wt%, respectively) but at lower
mg# (84.1-86.2) (Fig. 4c, d, e ESM).

4.1.3.4 Spinels

Primary spinels in Group 1 have highly variable compositions in terms of mg# and cr#

especially in the harzburgites, while the ranges are smaller for Iherzolites and the wehrlite
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(Fig. 4f ESM)), these latter being more fertile (mg#: 59.7-74.4 in harzburgites, 67.6-76.1 in
Iherzolites, 68.8-70.75 in the wehrlite; cr#: 30.5-71.9 in harzburgites, 15.3-31.3 in
Iherzolites, 21.2-27.0 in the wehrlite). Cr.Oz contents increases in secondary and
recrystallized spinels in Type B and C metasomatic textures, while maintaining comparable
mg#. Spinels in Group 2 are all secondary phases and have more chromiferous
compositions in dunites (mg#: 50.5-54.7, cr#: 81.8-81.9) with respect to wehrlites (mg#:
59.7-62.2, cr#: 30.9-36.2) (Fig. 4f ESM). Comparison between our data and those of spinels
analysed in La Grille ultramafic xenoliths by Coltorti et al., 1999 shows partial overlap
only for the highly restitic compositions. Group 3 spinels are very different from those in
the other two Groups, being typified by rather constant mg# (68.2-68.9) and very low cr#
(3.70-4.49) (Fig. 4Ff ESM).

4.2 Redox and thermal state of the mantle beneath La Grille VVolcano

The Mg and Fe equilibrium exchange between peridotite minerals allows the evaluation of
mineral pairs equilibrium (Brey and Kohler, 1990). The Fe/Mg exchange between olivine
and orthopyroxene of Group 1 samples reproduces, within the experimental error, the slope
of olivine-orthopyroxene lines calculated for temperatures varying between 627 and 1127
°C (900-1400 °K) in the pressure range of 1.5-2.0 GPa. On the other hand, olivine-
clinopyroxene (both primary and secondary phases) and orthopyroxene-clinopyroxene
pairs do not always reflect the ideal Fe/Mg equilibrium in the same temperature and
pressure range; this is particularly evident for Group 2. These non-equilibrated mineral
pairs were discarded from temperature and oxygen fugacity calculations. Equilibrium
between primary olivine and spinel was also evaluated, using the method described in
Faccini et al., 2013. Equilibration temperatures of La Grille ultramafic xenoliths were
estimated using both the olivine-spinel exchange thermometer of Ballhaus et al., 1991 and
orthopyroxene-clinopyroxene exchange thermometer by Brey and Kohler, 1990, this latter
only for opx-bearing samples (Table 1). Minerals in metasomatic reaction textures were
excluded from computation. A constant average input pressure of 1.5 Gpa has been used.
When homogeneous, both core and rim compositions of the grains (this latter were acquired
at approximately 2040 um from the crystal edges to avoid potential effects of diffusion)
were used for calculations. Temperatures for the xenoliths were averaged from multiple
olivine-spinel and orthopyroxene-clinopyroxene pairs within the same grain. The

differences in calculated T were small and had negligible influences on the results of
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oxygen fugacity computations, which are referenced to the FMQ (Fayalite-Magnetite-
Quartz) buffer to minimise the effects of T uncertainties (see below). Irrespective of the
lithology, Group 1 xenoliths yielded a larger range of temperatures (933-1142°C; Ballhaus
et al., 1991; 930-1139°C, Brey and Kohler, 1990); lherzolite NDR2 showed a systematic
increase in temperature from cores to rims of olivine and spinel (Table 1). As a general
rule, temperatures obtained from the two-pyroxene thermometer tend to be higher than
those calculated from olivine-spinel equilibria but, in both cases, they are comparable to
the temperatures reported by Coltorti et al., 1999 for La Grille lherzolites (Fig. 5 ESM).
The oxygen fugacity (fO2) recorded by spinel peridotites can be determined using any of
the calibrated heterogeneous chemical equilibria (e.g., 2Fe304 + 3Fe2Si>Os = 6Fe2SiO4 +
O or 2Fe304 + 3Si02 = 3Fe;Si04 + O2), with the most sensitive compositional parameter
being the spinel ferric/ferrous iron ratio. The Fe3* content of spinels from the xenoliths was
calculated from microprobe data assuming perfect stoichiometry; comparison of
stoichiometric versus Mdssbauer spectroscopy Fe®*/>fe ratios in spinels indicated that this
method yields comparable results (Canil and O’Neill, 1996). Oxygen fugacity was
calculated relative to the FMQ buffer based on the olivine-spinel oxygen barometer of
Ballhaus et al., 1991. This formulation was selected as it can be applied to opx-free
samples; however, for validation, fO2s for opx-bearing samples have also been calculated
using the Miller et al., 2016 method that has the major advantage of solving several
reactions simultaneously by the least-squares method, providing a robust estimate within
an accuracy of about £0.3-0.6 log units. The results from the different methods here used
are generally in good agreement (Table 1). As for temperatures, AlogfO2 [FMQ] for the
xenoliths are averages determined from multiple olivine-spinel-orthopyroxene sets.
Differences in calculated fO- are generally small (within or slightly above 0.1 log units),
suggesting redox equilibrium between the minerals. The calculated AlogfO. [FMQ] values
varied between -0.93 and 0.05 for Group 1 xenoliths (with all samples but one lying below
FMQ) and between 0.09 and 0.71 for Group 2 xenoliths. Group 3 sample yielded a AlogfO-
[FMQ] of -0.65 (Fig. 5 ESM). A positive trend between temperature and fO> can be
envisaged, with Group 2 xenoliths tending to be hotter and less reduced than Group 1 and
3. A comparison between the fO ranges of values computed in this work and those from
Coltorti et al., 1999 has been carried out (Fig. 5 ESM). These latter were calculated using
different methods (O’Neill and Wall, 1987 and Wood et al., 1990) that, however, yield
results consistent with those obtained with the Ballhaus et al., 1991 equation within an

accuracy of = 0.5 log units (Wood, 1991). A similarity can be envisaged between Group 1
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and the lherzolites from Coltorti et al., 1999; however, Group 2 differ significantly from
the two groups of wehrlites (Wh 1 and Wh 2) previously recognized (Fig. 5 ESM). All
samples fall within both the ridge peridotite and the MORB ranges reported by Davis and
Cottrell, 2021, although Group 1 and 3 sit slightly below the averages.

4.3. Noble gas geochemistry and CO, abundance

Noble gas (*He, 2!Ne* and “°Ar*) and CO- concentrations in FI hosted in La Grille minerals
are illustrated in Fig. 4 and Table ESM6. The concentrations of “He in Ol, Opx and Cpx
are 3.64 x 103-1.45x 101, 1.10 x 101 —4.30 x 10, and 1.38 x 1012 — 3.84 x 101t mol/g,
respectively (Fig. 4a, b, ). The “°Ar* contents in Ol, Opx and Cpx are 3.55 x 1012 — 2.40
x 1071 4,90 x 10 — 1.14 x 10, and 1.12 x 10! — 1.22 x 107*° mol/g, respectively (Fig.
43). The abundance of 2!Ne* in Ol, Opx and Cpx are 8.30 x 10°—1.15x 107, 2.96 x 10°
18_4,02x 10", 4.60 x 10*° — 2.31 x 108 mol/g, respectively (Fig. 4c). Finally, COz is the
most abundant gas species with concentrations varying from 2.77 x 10%°to 1.42 x 107 in
Ol, from 5.50 x 107 to 1.27 x 10 in Opx, and from 8.92 x 108 to 1.08 x 10 in Cpx mol/g
(Fig. 4b). In general, within the same xenolith Opx and Cpx are more gas-rich than Ol.
The measured *He/*He ratio not corrected for air contamination (R/Ra) is 5.67-7.34 in Ol,
6.57-7.01 in Opx, and 6.46-7.25 in Cpx (Fig. 5; Table ESM6). The “He/*’Ne ratios are in
the range 2.82-125 in Ol, 46.6-572.82 in Opx, and 77.47-1859.82 in Cpx, (Fig. 5; Table
ESM6). The °Ne/??Ne and 2*Ne/??Ne ratios are respectively 9.81-9.90 and 0.0291- 0.0304
in Ol, 9.93-10.36 and 0.0299-0.0347 in Opx, and 9.80-10.38 and 0.0292-0.0345 in Cpx
(Table ESMG6). The *Ar/*®Ar ratio is 310.30-1501.54 in Ol, 1860.89-7747.47 in Opx, and
501.39-3161.71 in Cpx (Table ESM®6). The *He/*He ratio corrected for air contamination
is 6.30-7.36 in Ol, 6.60-7.01 in Opx, and 6.48-7.25 in Cpx (Table ESM®6). Finally, the
“He/*°Ar* ratios range between 0.02 and 0.42 in Ol, 0.04 and 0.21 in Opx, and 0.005 and
0.39 in Cpx (Table ESMS6), and are significantly below than the typical mantle production
values (*He/*°Ar= 1-5; Graham, 2002; Marty, 2012).

4.4 Radiogenic isotopes

Sr, Nd and Pb isotope ratios for Opx and Cpx crystals are given in Table ESM7. The
87Sr/%8Sr ratios vary between 0.703225 and 0.703449, and 0.703457 and 0.703551 in Cpx
and Opx, respectively, while 1*3Nd/***Nd ratios range between 0.512807 and 0.512865, and
0.51279 and 0.51286 in Cpx and Opx, respectively. The 2%6Pb/2%4Pb, 207Pb/2%4Ph and
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208pp/2%4pPp ratios are 18.63-19 and 18.24-18.70, 15.62-15.66 and 15.63-15.81, and
38.60-38.93 and 38.47-38.87 in Cpx and Opx, respectively.

5. Discussion

In the discussion below, we integrate the information obtained from the petrographic and
petrologic evidence with abundance and isotope signature of noble gases and CO:
concentration in FI, with the aim to shed light into the geochemical characteristics of the

mantle source beneath La Grille volcano.

5.1 Atmosphere-derived component

Due to distinctive isotopic signatures of the different Erath’s reservoirs, the isotope ratios
of He, Ne, and Ar can provide useful information on the origin of these noble gases trapped
within the FI. The *He/?°Ne ratios, together with Ne (*°Ne/??Ne and #!/Ne/??Ne) and Ar
(“°Ar/**Ar) isotopes in FI from La Grille mantle xenoliths, suggest variable extents of
addition of an atmospheric component, with olivine being generally more contaminated
than Opx and Cpx. Overall, the “He/?°Ne and R/Ra values fall along the binary mixing
curve between air and mantle end-members, and overlap with the compositional fields of
ultramafic xenoliths from other localities such as European SCLM, West Antarctic Rift
Systems (WARS) and Kenya Rift Graben (Fig. 5). In the Ne three-isotope plot (Fig. 6), our
data fall in correspondence of the two-component mixing between air and a MORB-like
mantle assuming °Ne/??Ne = 12.5 and 2}/Ne/?’Ne = 0.06 as MORB end-member values
(Moreira et al., 1998; Sarda et al., 1988). Similar indications are provided by coupling
helium isotopes with argon isotopes (Fig. 7). These show that La Grille xenoliths fall along
the theoretical mixing trend between air and “°Ar/®Ar isotope ratios expected for the
regional mantle (Hopp et al., 2007) assuming ~ 44000 as the MORB-like “°Ar/*®Ar
signature of the pristine upper mantle (Moreira et al., 1998) and 3He/**Ar between 2.45
and 0.002 (Fig. 7). In this respect, °Ne/?>Ne, 2!Ne/??Ne and “°Ar/*®Ar isotope ratios in La
Grille xenoliths are found significantly below the typical mantle values (Burnard, 1997,
Moreira et al., 1998), supporting the evidence of a certain contamination by atmosphere-
derived fluids. The presence of an atmospheric component in mantle-derived materials can
reflect either a source signature or shallow-level contamination, as it has been widely

observed in mantle xenoliths worldwide both in oceanic (e.g., Samoa [Poreda and Farley,
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1992], Kerguelen [Valbracht et al., 1996], La Reunion [Hopp and Trieloff, 2005]) and
continental settings (e.g., Europe [Buikin et al., 2005; Correale et al., 2012; Gautheron
et al., 2005; Martelli et al., 2011; Rizzo et al., 2018, 2021], Africa [Hallddrsson et al.,
2014; Hopp et al., 2007], Antarctica [Correale et al., 2019], central America [Sandoval-
Velasquez et al., 2021, 2022]). To date, three hypothetic scenarios have been set out to
unfold the origin of the atmospheric signature incorporated in the FI of ultramafic mantle
xenoliths: 1) recycling of atmospheric volatiles due to dehydration during subduction of
hydrated oceanic slabs and their sedimentary cover (i.e., Faccini et al., 2020; Hopp and
lonov, 2011; Matsumoto et al., 2001; Rizzo et al., 2018, 2021; Sandoval-Velasquez et
al., 2021, 2022; Sarda, 2004; Yamamoto et al. 2004), 2) syn- or post-eruptive air
entrapment in mineral micro-cracks (i.e., Correale et al., 2012; Martelli et al., 2011;
Nuccio et al., 2008), and 3) air contamination due to melt/volatile percolation during ascent
of xenolith-bearing magmas (i.e., Buikin et al., 2005; Gautheron et al., 2005). As far as
concern the first hypothesis, if air contamination resulted from recycling of atmospheric
noble gases introduced into the mantle via subducting slabs, then a positive correlation
between primordial (e.g., *He) and air components (e.g., %°Ar) should be expected
(Matsumoto et al., 2001). However, no correlation between *He and *Ar concentrations
is observed (Fig. 4d), thus suggesting that recycling process as dominant origin of the air-
derived component in our xenoliths seems unlikely. However, it is worth pointing out that
the lack of correlation between 3He and *°Ar is a necessary but not sufficient condition to
rule out the hypothesis of a (fossil) subduction, whose effects would be distant in the
geological time and thus far from the current geodynamic context. The lithospheric mantle
beneath La Grille in fact has not been recently affected by subduction and, on the basis of
the latest investigations, the Comorean volcanism has been interpreted as a result of plate
boundary processes (see section Geodynamic context). At the current state of our
knowledge, we argue that La Grille mantle minerals may have entrapped air-derived
volatiles in crystal micro-cracks due to surface exposure to the atmosphere during or after
xenolith emplacement, or, alternatively, by percolation of melts and volatiles from the host
magma into the entrained xenoliths en route to the surface. The petrographic evidence of
melt infiltration in the form of veinlets and glass patches observed between the mineral
grains suggest that air-addition from the host basalt may represents the most likely

hypothesis to explain the atmospheric component in our xenoliths.

5.2 Mantle processes
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5.2.1 Mineral chemistry constrains

The major-element composition of the minerals in the studied ultramafic mantle xenoliths
can provide precious information on melt extraction and metasomatic history affecting the
sampled lithospheric portions below La Grille volcano. Nearly all of the Group 1 La Grille
xenoliths fall within the area defined by hydrous melting paths at 1 GPa and water content
ranging from 0.5 to 1 wt. % H>O (Fig. 2), whereas Group 2 and 3 lay outside any partial
melting trend. Interestingly, clinopyroxene phenocrysts from Mayotte basanites record a
maximum pressure of 1.2 GPa, while ultramafic xenoliths record lower pressure (<0.6
GPa), close to that expected at the Moho depth (Berthod et al., 2021a). The whole rock
chemical variations (Fig. 3 ESM), together with compositional variability of MgO and
Al>03 in Opx and Cpx (Fig. 3a, b) and the evolution of Fo content in Ol and Cr# of spinel
(OSMA diagram in Fig. 3c) provide important clues on the partial melting and/or
metasomatic processes experienced by this lithospheric portion. In particular, Opx and Cpx
of Group 1 harzburgites show compositions ranging from refractory (i.e., depleted in Al,O3
and enriched in MgO) to relatively more fertile (i.e., enriched in Al>O3) recording a variable
partial melting degree ranging between 15% and 35% (Fig. 3a, b) consistent with both
whole rock compositions (Fig. 3 ESM b, c) and olivine-spinel pairs showed in the OSMA
diagram (Fig. 3c). Opx and Cpx of Group 1 Iherzolites display a more fertile composition
with lower degrees of melt extraction (5-20%) with respect to harzburgites and low Cr#
composition. On the other hand, pyroxenes in the Group 1 wehrlite (sample NDR 5) are
rich in Al203 and have low MgO contents (Fig. 3a, b) that may indicate low degrees of
partial melting (<15%). However, its high clinopyroxene modal content (Fig. 1 ESM;
Table 1), along with low Fo and spinel Cr# composition (placing it almost outside the
OSMA field, Fig. 3c), rather suggest a different origin, probably due to a metasomatic
process that modified the pyroxene modal abundance increasing Cpx at the expenses of
Opx starting from a harzburgitic lithology. Group 2 xenoliths show high compositional
variability. Cpx in dunites have high MgO and low Al,O3, while Cpx in wehrlite display
higher Al>Os and lower MgO contents. In both cases, this phase, does not fit the model
partial melting trends, irrespective of the selected PM clinopyroxenes composition (Fig.
3b). In the OSMA diagram (Fig 3c), Group 2 xenoliths fall outside the mantle field,
following instead fractional crystallization trends. This, together with the total lack of

equilibrium between Ol and Cpx in these lithologies, suggests that Group 2 xenoliths most



654
655
656
657
658
659
660
661
662

663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687

likely originated as cumulates and, subsequently, they were variously modally
metasomatized by a percolating melt that crystallized the Cpx within a dunitic matrix. The
AlogfO2 [FMQ] always above 0 (Fig. 5 ESM; Table 1) likely indicates the oxidizing nature
of the metasomatic melt (relative to the ambient peridotite). Group 3 xenolith (NDR12)
show mineral compositions typical of cumulate rocks, with high Al.Oz and low MgO
abundances in pyroxenes (Fig. 3a, b) in accordance with low Fo content and Cr# in olivine
and spinel (Fig 3c). This sample may have been originated from the crystallization of a
slightly oversaturated basic melt en route from the mantle to the surface.

5.2.2 Noble gas and CO. constrains

The information obtained from mineral chemistry of La Grille xenoliths are coupled to
noble gas elemental ratios in FI in order to shed light on possible partial melting and/or
metasomatic events occurring in the mantle. The *He/*°Ar* ratio has been previously used
as an index for assessing the effect of mantle processes on volatiles in FI retained in the
residual mantle (Burnard, 2004; Correale et al., 2012, 2016, 2019; Faccini et al., 2020;
Rizzo et al., 2018, 2021; Yamamoto et al., 2009). Due to their incompatibility in mantle
minerals, noble gases in fact tend to be preferentially partitioned into the melt phase during
melt extraction or magma migration within the mantle (Burnard, 2004; Yamamoto et al.,
2009). The different crystal-melt partition coefficients between *He and “°Ar, with that of
He being one order of magnitude higher than that of Ar (Heber et al., 2007) would lead to
a fractionation of these two isotopes, resulting in a decrease of “He/*°Ar* ratios in the
mantle source. According to Burnard, 2004, the noble gases diffuse out of the solid mantle
into fast diffusion routes such as fractures or melt channels during melt extraction.
Yamamoto et al., 2009 attributed the low *He/*°Ar* ratios in olivines and pyroxenes in
their mantle xenoliths study to isotope fractionation due to noble gas diffusion from mantle
minerals towards magma channels crossing the mantle.

In the case of diffusive loss of helium, a kinetic 3He/*He isotope fractionation should be
expected due to the different diffusion coefficients of 3He and *He among mantle minerals
(D3ne/ Dgne = 1.15; Burnard, 2004; Trull and Kurz, 1993; Yamamoto et al., 2009)
leading to a decreasing of Rc/Ra isotope ratio. However, Rc/Ra vs. *He/*°Ar ratios (Fig. 8)
shows no appreciable variations of the *He/*He values with the isotope ratio varying over a
relatively narrow range.

As evidenced in Section 4.3, *He/*°Ar* values of FI in La Grille xenoliths are up two orders



688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720

of magnitude lower than the *He/*°Ar* ratio of a typical fertile mantle (ranging from 1 to
5; Graham, 2002; Marty, 2012), which is based on the (U+Th)/K production ratio (e.g.,
Jochum et al., 1983; Yamamoto et al., 2009). Moreover, *He/*°Ar* values below the
mantle production range paralleled by small variations of 3He/*He ratios could be an
indication of elemental fractionation of noble gas atomic species due to magma generation
in the mantle instead of low (U+Th)/K ratios (Yamamoto et al., 2009).

Both partial melting and melt infiltration events can be invoked to explain the observed
variability in the *He/*°Ar* geochemistry in our samples. The variability of the *He/*CAr*
ratio (0.005-0.42), significantly below typical production values of a fertile mantle, can be
explained by the variable degrees of partial melting, as also indicated by the mineral
compositions. The occurrence of metasomatic enrichment, overimposed to melt extraction
processes, may account for the *He/*°Ar* ratios which tend to reach again fertile mantle
values (Fig. 8). Hence, in order to unravel the processes able to modify the primordial
composition of the mantle portion beneath La Grille volcano, we plotted Mg# in Ol, Opx
and Cpx versus “He/*°’Ar* and Rc/Ra ratios in FI (Fig. 9a, b).

Taking into account the “He/*°Ar* ratios of mantle minerals, the three groups of xenoliths
show quite variable compositions and partially overlapping values (Fig. 8). Group 1
harzburgites exhibit a relatively narrow “He/*°Ar* values (Fig. 8 and 9a) and characterized
by the highest Mg# relative to the other samples (Fig. 9a, b). These values are compatible
with high degrees of partial melting as estimated by mineral chemistry. Group 1 lherzolites
display the highest “He/*°Ar* variation from fertile (0.39 in Cpx) to depleted values (0.02
in Ol) (Fig. 8 and 9a) and Mg# lower than harzburgite (Fig. 9a, b), consistent with variable
(and lower) degrees of melt extraction or with a metasomatic episode that progressively
added Cpx to a harzburgitic matrix, thus matching the information arising from mineral
chemistry. In this context, Group 1 wehrlite (NDR 5) showing *He/*°Ar* values decreasing
from 0.23 (Cpx) to 0.06 (Ol) together with Mg# threshold values (Fig. 8 and 9a, b), would
be the end result of the metasomatic process.

Group 2 xenoliths show *He/*°Ar* values which partially overlap those from Group 1 (Fig.
8 and 9a, b). In particular, Group 2 dunites show *He/*°Ar* values from 0.05 in ol to 0.005
in cpx that are among the lowest ratios in the studied xenoliths (Fig. 8 and 9a) paralleled
by Mg# values intermediate between harzburgites and lherzolites of Group 1(Fig. 9a, b).
Group 2 wehrlites have variable *He/*°Ar* ratio from 0.18 to 0.02 in ol (Fig. 8 and 9a) and
are characterized by low Mg# values, falling in the cumulate quadrant (Fig. 9a, b).
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However, the compositional features arising from major element (Fig. 3a, b, ¢, d, e ESM),
combined with observed variability of both dunites and wehrlites in terms of “He/*°Ar*
ratios with respect to the Mg# of the host minerals (Fig. 9a), are not consistent with a trend
of partial melting processes but instead indicate the occurrence of metasomatic processes
which most likely led to the recrystallisation of Cpx from an initial dunite cumulate
lithology. The positive correlation between fO. and temperature observed in Fig. 5 ESM
IS in agreement with this hypothesis.

Finally, Group 3 wehrlite (NDR 12) is distinct both for the highest “He/*°Ar* values (from
0.36 in cpx to 0.42 in ol) (Fig. 8 and 9a), which are close to the fertile mantle ratio
(*He/*Ar= 1-5; e.g., Graham, 2002; Marty, 2012), and the lowest Mg# (<88) indicating
a cumulitic origin for this rock (Fig. 9 a, b).

A comprehensive comparison of all mantle minerals from the three different groups was
however prevented by the low amount of opx in harzburgite NDR 11 and wehrlite NDR 5
of Group 1, cpx in harzburgite NDR 13 of Group 1, dunite NDR 14, wehrlites NDR 1 and
8 of Group 2, and opx in wehrlite NDR 12 of Group 3, which did not permit us to hand-
pick enough mineral material for noble gas measurements. Furthermore, optical observation
often revealed the presence of microscopic crystals of Cpx adhering to the surface of Opx
minerals, thus making the separation procedure impossible.

When plotting He, Ar and CO; abundance vs. “He/*°Ar* ratio (Fig. 10) reveals that La
Grille xenoliths show a rather scattered distribution of the data points. According to the
approach used in Rizzo et al., 2018, we have modelled the partial melting trends for both
batch and fractional melting of a pristine mantle considering both the crystal-melt partition
coefficients of noble gases for Ol and Cpx (Heber et al., 2007) and the He, Ar and CO>
concentrations inferred for the mantle (Fig. 10). Interestingly, La Grille xenoliths fall by
and large between batch and fractional melting trends and, in accordance with bulk rock
chemistry (Fig. 3 ESM), fail to unequivocally fit with a unique partial melting model. This
behaviour suggests that the observed chemical variability of the mantle minerals is not
caused by a single process but instead that the studied xenoliths could record a combination
of competing processes including both depletion and metasomatism that affect the pristine
composition of upper mantle below La Grille volcano as previously inferred by the Rc/Ra
vs “He/*°Ar* ratios (Fig. 8). Previous investigations have shown the occurrence of
metasomatic processes beneath this region. In fact, in their study of worldwide mantle
peridotites, Schiano and Clocchiatti, 1994 reported direct evidence of metasomatism from

La Grille and other intraplate oceanic and continental settings by investigating the
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composition of fluid and melt inclusions trapped in minerals of ultramafic xenoliths.
Furthermore, Class and Goldstein, 1997 and Class et al., 1998 argued that the presence of
amphibole in the source of La Grille lavas indicates derivation from a metasomatized
oceanic lithospheric mantle below Grande Comore. On the basis on petrological and
geochemical constrains, Coltorti et al., 1999 showed evidence of the occurrence of a
pervasive metasomatic episode in the oceanic mantle beneath La Grille volcano. These
authors argue that the variable compositions in terms of trace elements of Cpx phenocrysts
and glasses extracted from La Grille spinel Iherzolite and wehrlite xenoliths were due
to an “ephemeral” alkali-rich carbonatite metasomatizing agent with compositions very
close to those of natural carbonatites such as those found at Oldoinyo Lengai volcano. This
metasomatic episode could have been responsible for the recrystallization of Cpx at the
expenses of Opx in Group 1 Iherzolites and wehrlite and Group 2 xenoliths. Furthermore,
considering that CO> concentrations are generally higher in Cpx and Opx than in Ol, this
would be consistent with the influence of a carbonatite metasomatizing agent enriched in
COa.

5.3 Mantle features beneath Grande Comore: plume or plate boundary?

As shown in Fig. 11 the relatively uniform Rc/Ra values in FI of Ol, Opx and Cpx suggest
that the sampled lithospheric portion below La Grille is rather homogeneous in terms of
helium isotope signature, and plots in a range between the lower limit of MORB mantle
signature (8+1Ra, Graham, 2002) and the higher values of SCLM (6.1+0.9Ra; Gautheron
and Moreira, 2002). The *He/*He isotope ratios of La Grille xenoliths show similarities
with those measured at the Kenya Rift Graben, WARS and European SCLM, and are also
in good agreement with olivines from La Grille lavas (Class et al., 2005), but systematically
higher than those from Karthala lavas (Class et al., 2005) and gases (Liuzzo et al., 2021).
Moreover, the *He/*He isotope ratios are significantly lower than those measured in plume-
influenced mantle xenoliths such as Ethiopia (Afar; Halldorsson et al., 2014) and La
Reunion (Boudoire et al., 2020; Hopp and Trieloff, 2005)

The mantle source below Grande Comore Island remains controversial and still strongly
debated. Previous petrological investigations have inferred the influence of a deep mantle
plume beneath this region to explain the isotope and trace element systematics of Karthala
and La Grille lavas (Class et al., 1998; Class et al., 2005). However, recent seismic
tomography fails to detect low-velocity features unequivocally attributable to the presence
of a deep-rooted plume below the Comoros Archipelago (French and Romanowicz 2015).
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The combination between He and Ne isotopes can be used to unravel any possible plume
contribution on the isotope systematics of La Grille ultramafic xenoliths. We have therefore
evaluated the relationship between 3He/*He ratios and the extrapolated Ne isotope ratio
expressed as 2!Ne/??Neex, i.e., the air-free mantle 2!Ne/??Ne ratio (Hallddorsson et al., 2014;
Hopp et al., 2007). In order to extrapolate the air trend for each xenolith to the 2°Ne/?’Ne
ratio of 12.5 (solar Ne or Ne-B; Ballentine et al., 2005; Black, 1972) we used the
calculation proposed by Graham, 2002 and Halldorsson et al., 2014 and compared the
2INe/??Neex to those computed for the European SCLM, West Antarctic Rift Systems
(WARS), Kenya Rift Graben, Ethiopia (Afar) and La Reunion. From Fig. 12, it is evident
that our samples exhibit “He/*He values between a MORB-like upper mantle and SCLM
end-members. This evidence is similar to that observed in other portions of SCLM on Earth
such us European SCLM, WARS and Kenya Rift Graben and significantly higher than the
Ethiopia (Afar) and La Reunion that clearly show both !Ne/?’Neex and *He/*He values
close to the plume end-member composition. On the basis of these results, along with those
from the Ne isotopes systematic (Fig. 6) and the “°Ar/*®Ar vs *He/*®Ar ratios (Fig. 7), the
presence of a dominating MORB component in the upper mantle below La Grille can be
envisaged, supporting the hypothesis for the lithospheric origin of the Comoros magmatism

rather than plume-related hot-spot track

5.2.3 Information from radiogenic isotope signature (Sr-Nd-Pb)

Overall, both Opx and Cpx of La Grille mantle xenoliths show relatively homogenous
compositions in terms of Sr-Nd-Pb isotope signatures (Fig. 13 a, b). As a whole, Sr-Nd
isotopic ratios of Opx and Cpx from La Grille xenoliths fall along a trend between DMM
and a relatively enriched component with a composition that straddles between the most
and the least Sr radiogenic values of La Grille and Karthala lavas (Fig. 13a). Sr and Nd
isotope ratios of Opx and Cpx are in good agreement with those of La Grille bulk lavas as
well as with those of the other Comorean volcanic islands (Mayotte, Moheli, and Anjouan)
(Fig. 13a). As opposed to the general similarity of Sr and Nd between La Grille mantle
xenoliths and La Grille bulk lavas, the Pb isotope compositions of Opx and Cpx show
significantly unradiogenic 2°Pb/2%Pb and 2%Pb/?%*Pb ratios with respect to all Comoros
bulk lavas (Fig 13b) pointing towards depleted MORB mantle (DMM) end-member

composition.
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Plotting helium vs. radiogenic isotopes (Fig. 14 a, b, and c) reveals that the La Grille mantle
xenoliths fit well the binary mixing array defined by La Grille and Karthala end-members.
The He-Sr, He-Nd and He-Pb isotopic relationships (Fig. 14 a, b, and c) show that the
highest He isotopic ratios (R/Ra) are associated with the most radiogenic Nd and relatively
unradiogenic Pb and Sr isotopic ratios, thus suggesting that the lithospheric mantle beneath
La Grille volcano has geochemical features similar to the source of MORB. Moreover, our
samples extend to the lowest 2%Ph/2%*Ph and 2°°Pb/2**Pb reported in Comorean magmatism
(Fig. 13b and 14c), thus redefining the isotope signature of the depleted end-member of the
La Grille mantle source. The measured Sr-Nd-Pb isotopic signature of the La Grille xenoliths
could reflect depleted isotopic composition at the source. The unradiogenic Pb, relatively
unradiogenic Sr and radiogenic Nd isotope ratios suggest a mantle source with relatively low
time-integrated U/Pb, Th/Pb, Rb/Sr, and high Sm/Nd parent/daughter ratios. Previous
investigations of the Sr-Nd-Pb isotopic relationships have shown mantle heterogeneity
below Grand Comore Island (Class et al., 1998). The different isotopic signatures of
Karthala and La Grille lava suites have been attributed to different mantle sources in their
formation (Class et al., 1998).

CONCLUSIONS

We have carried out an integrated investigation using petrography, mineral phase analysis

and noble gas isotopes together with the CO. abundance in mineral-hosted FI from

ultramafic xenoliths to define the main geochemical features of the lithospheric mantle

below La Grille volcano in Grande Comore Island (western Indian Ocean). The main results
of this study can be synthetized below:

- The studied xenoliths are classified as harzburgites, lherzolites, wehrlites, and

dunites. Based on their textural features, they are divided in three different groups:

Group 1 (Opx-bearing) showing protogranular to porphyroclastic texture overprinted

by type A, B and C metasomatic reactions (Coltorti et al., 1999), Group 2 (Opx-

free) with ad-cumulitic, infiltrated characteristics, and Group 3 (Cumulitic) showing

ortho-cumulitic texture. Group 1 shows refractory (harzburgite) to relatively more

fertile (lherzolite) to modally metasomatized lithologies (wherlite). In particular,

Group 1 harzburgites represent the most restitic portion of La Grille mantle with

highly forsteritic olivine, high Mg#, low-Al pyroxene, variable Cr# and low

*He/*°Ar* ratios compatible with high extents of partial melting (up to 35%). The
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identification of such a high degree of melting in the mantle might contribute to
explain the process of accumulation and also evolution of magma at mantle level as
recently shown by the Mayotte volcanic event (Berthod et al., 2021b). Group 1
Iherzolites show a more fertile composition with lower Mg#, high-Al pyroxene, low
Cr# and variable *He/*°Ar* ratios consistent with either lower degrees of melt
extraction (up to 20%) or metasomatic event that led to the recrystallization of Cpx
starting from a harzburgitic composition of which the Group 1 wehrlite would
represent the final stage. Group 2 xenoliths show highly variable compositions in
terms of Fo content, Mg#, MgO and Al>O3 abundance in Cpx, and have among the
lowest *He/*°Ar* ratios in the La Grille xenoliths. These characteristics are not
consistent with typical partial melting trends but suggest the presence of percolating
metasomatizing melts that added Cpx to an initial dunite cumulate matrix. Lastly,
Group 3 xenolith displays typical cumulate composition (low Fo, low MgO, high
Al,O3, low Cr# contents and the highest *He/*°Ar* values) indicating crystallization
from a slightly oversaturated basic melt en route to the surface.

Consistent with the bulk rock composition, the relation between He, Ar and CO>
concentrations show that the geochemical features of La Grille Group 1 xenoliths
cannot be explained by a single partial melting model only (batch or fractional
melting), but needed metasomatic episode(s) post-dating melt extraction presumably
related with the circulation of carbonatite metasomatizing agents as previously
documented in the mantle beneath La Grille volcano (Coltorti et al., 1999).

The *He/*He isotopic signature (from 6.30 to 7.36Ra) overlaps the mantle MORB
(8+1Ra) and SCLM (6.1+0.9Ra) end-members.

The °Ne/??Ne, 2!Ne/??Ne and *°Ar/*®Ar isotope systematics plot along a mixing
between an atmosphere-derived component and compositions with MORB-like
affinities. This result, together with the indications provided when combining He
isotopes with the calculated air-free mantle Ne (Neex), show a MORB-type mantle
below the La Grille volcano.

Sr-Nd-Pb systematics in Opx and Cpx from La Grille xenoliths fall along the binary
mixing array defined by La Grille and Karthala end-members and supports that the
lithospheric mantle beneath La Grille volcano has geochemical affinities to MORB
source.

Overall, the optical observations combined with mineral phase composition indicate

that La Grille xenoliths experienced both variable degrees of mantle melting (from
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as low as 5% to as high as 35% melt extraction) recorded by Group 1 harzburgites
and lherzolites, which can be considered representative of the refractory nature of
the sampled lithospheric portion beneath La Grille volcano, as well as modal
metasomatic processes as evidenced by the recrystallization of Cpx at the expenses
of Opx in Group 1 wehrlite and Group 2 xenoliths. Finally, crystallization of
oversaturated basic silicate melts seems also to have occurred within the sampled
lithosphere as shown by Group 3 cumulitic xenolith (Fig. 15).

- In summary, our investigation reveals that the La Grille ultramafic xenoliths record
variable degrees of partial melting and metasomatic processes of a MORB-type
upper mantle, without necessarily claiming for the involvement of a deep mantle
plume beneath the sampled portions of the Grande Comore Island in the Comoros
Archipelago as previously inferred.

- These results contribute to highlight the geochemical features of Grande Comore
volcanic system (La Grille-Karthala) and its relationship with the underlying
mantle, providing useful tools for future geochemical monitoring of an active,

dangerous and very poorly explored natural system.
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FIGURE CAPTIONS

Fig. 1 — a) Location of the Comoros Archipelago in the western Indian Ocean; b)
location of Grande Comore Island in the Comoros Archipelago c¢) Simplified
volcanological map of Grande Comore Island modified from Bachelery et al., 2016.
Yellow star indicates the sampling location. The proposed plate boundaries in dashed
white lines are from Saria et al., 2014, Stamps et al., 2018, Famin et al., 2020 and
Lemoine et al., 2020.

Fig. 2. Olivine (Ol) — orthopyroxene (Opx) — clinopyroxene (Cpx) classification diagram
(Streckeisen, 1976) for La Grille ultramafic xenoliths. Colour code is different for each of
the three textural groups as described in chapter 4 of the main text: soft blue symbols, Group
1; pale yellow symbols, Group 2; magenta, Group 3. Grey asterisks are Grande Comore
xenoliths from Coltorti et al. (1999). Black square indicates Primordial Mantle (PM) modal
composition from Johnson et al. (1990). Dotted red and purple lines are anhydrous melting
paths at 2 and 1 GPa, respectively (Niu et al., 1997) while fuchsia, violet and light blue
lines are hydrous melting paths at 1 GPa and 0.1, 0.5 and 1 % of H20, respectively (Benard
et al., 2018).

Fig. 3. MgO vs Al>O3 of orthopyroxenes (a) and clinopyroxenes (b) in La Grille ultramafic
xenoliths, divided by textural groups. Thick black lines show the melting paths for
orthopyroxenes (in a) and clinopyroxenes (in b) according to the model of Upton et al.
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(2011), with starting compositions fitting the Palme and O’Neill (2003) (PMa) and
McDonough and Sun (1995) (PMb) bulk silicate Earth estimates. Olivine-Spinel Mantle
Array (OSMA) diagram (c) shows the evolution of Fo content in olivine and cr# [molar
Al/(Al+Cr)] of spinel with increasing partial melting (F%). PM, olivine and spinel
compositions calculated through mass balance from the bulk silicate Earth of McDonough
and Sun (1995) and Johnson et al. (1990) modes. Abyssal peridotite field and partial
melting line from Amhed et al. (2016).

Fig. 4 - Elemental concentrations in mol/g of 3He, “He, “°Ar*, ®Ar, ?!Ne* and CO-
measured in FI from La Grille ultramafic xenoliths.

Fig. 5 - R/Ra vs. *He/?°Ne ratios of FI in olivine and pyroxene phenocrysts extracted from
La Grille xenoliths. The blue and green solid lines represent MORB (8 £ 1; Graham, 2002)
and SCLM (6.1 £ 0.9; Gautheron and Moreira 2002) end-member, respectively. The
dashed lines show mixing trends with addition of 20 and 50% of mantle component.
European SCLM data (Eifel region, Buikin et al. ,2005, Gautheron et al., 2005, Rizzo et
al., 2021; Pannonian Basin, Buikin et al., 2005; Lower Silesia, Rizzo et al., 2018), West
Antarctic Rift System (WARS) data (Correale et al., 2019), Kenya Rift Graben data
(Halldorsson et al., 2014; Hopp et al., 2007), Ethiopia (Afar) data (Halldorsson et al.,
2014), La Reunion data (Boudoire et al., 2020; Hopp and Trieloff, 2005), and La Grille
and Karthala olivine data (orange and purple crosses, respectively; Class et al., 2005) are
shown for comparison. Data from summit fumaroles collected both in the pit crater and the
Soufriere area at Karthala volcano (light green and white triangles, respectively) are also
reported (Liuzzo et al., 2021). Symbols as in Fig. 4.

Fig. 6 - The Ne three-isotope diagram (*:Ne/?’Ne versus °Ne/?Ne). The black, red and
blue solid lines represent binary mixing between air (*Ne/??Ne = 0.0290 and *°Ne/?’Ne =
9.8) and MORB-like mantle (>!Ne/?>Ne = 0.06 and 2°Ne/*Ne = 12.5; Moreira et al., 1998;
Sarda et al., 1988), SOLAR WIND (**Ne/??Ne = 0.0328 and ?°Ne/?’Ne = 13.8; Heber et
al., 2009) and CRUST [#*Ne/??Ne = 0.6145 (average value of 0.469-0.76) and 2°Ne/*’Ne =
0.3; Ballentine, 1997 and references therein)], and, respectively. Symbols as in Fig. 4.
Compositional ranges of European SCLM, West Antarctic Rift System (WARS), Kenya
Rift Graben, Ethiopia (Afar) and La Reunion as in Fig. 5.

Fig. 7 - “*Ar/*°Ar versus *He/*®Ar diagram. The black solid, dashed and dash-dot lines
represent binary mixing between air [*°Ar/*®Ar = 295,5, *He/*Ar = 2.3 x 107, and “He =
1,13 x 10°%® (arbitrarily chosen to fit data) (Lee et al., 2006; Ozima and Podosek, 2002)]
and MORB-like mantle [(*°Ar/*Ar = 44,000 and 3He/**Ar = 2.45 and 0,002, and “He = 1.0
x 10 and 8.0 x 1013, (arbitrarily chosen to fit data) assuming *He/*He = 8, “He/*°Ar*=5
and “He/**Ar*= 0,004 (Moreiraet al., 1998)] The range of typical fertile mantle (Graham,
2002; Marty, 2012) is also reported. Symbols as in Fig. 4. Compositional ranges of
European SCLM, WARS, Kenya Rift Graben, Ethiopia (Afar) and La Reunion as in Fig.
5.

Fig. 8 - “He/**Ar* versus Rc/Ra (*He/*He corrected for air contamination) measured in Fl
from La Grille mantle xenoliths. The light violet field represents the MORB-like
compositions of *He/*He ratios (8 + 1, Graham, 2002) and *He/*°Ar* mantle production
ratio (1-5, Graham, 2002; Marty, 2012). Symbols as in Fig. 4.

Fig. 9 — Mg# versus (a) “He/*°’Ar* and (b) Rc/Ra (*He/*He corrected for air contamination)
showing the composition of ol, opx, and cpx from La Grille ultramafic xenoliths. The
vertical dotted line indicates the Mg# threshold that separates mantle lithotypes from
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cumulate rocks. The light violet field represents the MORB-like compositions of “He/*Ar*
mantle production ratio (1-5, Graham, 2002; Marty, 2012) and *He/*He ratios (8 * 1,
Graham, 2002). Symbols as in Fig. 4.

Fig. 10 —*He/*°Ar* versus (a) He, (b) *°Ar*, and (c) CO. concentrations. Batch and
fractional melting curves were computed using the following formula (from White, 2005):

[

Batch melting: CI* = , Fractional melting: CI* =

cryst
melt
F+D,' -(1-F)

< 1 >]
cryst
Ces : < c:yst) : (1 - F) Dgne“ |

| " |

where e is the element of interest, ¢ and ¢s are the concentrations in the melt and solid
phase, respectively; F is the melting fraction ranging from 0 to 1; Dﬁ is the crystal-melt
partitioning coefficient of the element of interest. The crystal-melt partitioning coefficients
of He, Ar and CO- for Ol and Cpx are the following: pjY™"= 1.7 x 104, p2"/™*"*= 1.1 x 10"
3 paimett=7 x 10" (assumed to fit data), DF2*/™**= 2 x 104, psP*/™e*=1.1 x 1073, pry/met=
7 x 10 (assumed to fit data). The model starting compositions are as follows: He = 6.4 x
101 mol/g (Ozima and Podosek, 2002), “°Ar* = 2.5 x 10"° mol/g, CO2 = 1.4 x 10”° mol/g,
and He/Ar* = 2.5. Symbols as in Fig. 4.

Fig. 11 — “He concentrations versus 3He/*He (Rc/Ra) of crushed OI, Opx and Cpx
phenocrysts in FI from La Grille xenoliths. The light blue and red fields indicate the range
of R/Ra ratios for a MORB-like (8 £ 1, Graham, 2002) and SCLM-like (6.1 £ 0.9,
Gautheron and Moreira, 2002) mantle, respectively. La Grille and Karthala olivines from
Class et al., 2005 are shown for comparison. Symbols as in Fig. 4. Compositional ranges
of European SCLM, WARS, Kenya Rift Graben, Ethiopia (Afar) and La Reunion as in Fig.
5.

Fig. 12 — Extrapolated Ne isotopes (>*Ne/?Ne)ex versus He isotopes (*He/*He) for La Grille
ultramafic xenoliths (Hallddrsson et al 2014; Hopp et al. 2004). Dotted lines represent
binary mixing between three endmembers: 1) a mantle plume component (PLUME) with
(**Ne/??Ne)ex = 0.034 + 0.001 (Graham, 2002) and *He/*He value of ~36000 (20Ra),
which corresponds to the highest He isotope ratio observed in the EARS (Marty et al.,
1996), 2) MORB-like upper mantle at (*:Ne/?Ne)ex = 0.06 + 0.001 and 8 + 1 Ra (Graham,
2002; Hopp et al., 2004, 2007), 3) SCLM with (>*Ne/?Ne)ex = 0.07 + 0.001 and 6.1 + 0.9
Ra (Gautheron and Moreira, 2002; Hopp et al., 2004, 2007). Symbols as in Fig. 4.
Compositional ranges of European SCLM, WARS, Kenya Rift Graben, Ethiopia (Afar) and
La Reunion as in Fig. 5.

Fig. 13 a, b — a) &Sr/%%Sr vs. **3Nd/***Nd and b) 2%Pb/?%Pb vs. 2%Pb/?%*Pb binary
diagrams of Opx and Cpx of La Grille mantle xenoliths. Karthala whole-rock lavas
(brown squares) from Class et al., 1998; La Grille whole-rock lavas (red squares) from
Class and Goldstein, 1997 and Class et al., 1998; Mayotte, Moheli and Anjouan
whole-rock lavas (white, orange, and black triangles, respectively) from GEOROC
Database (http://georoc.mpch-mainz.gwdg.de/georoc/); End-member values for DMM
(Depleted Morb Mantle), HIMU (high-p = 238U/?%Pb ratio), EMI and EMII (Enriched
Mantle) are from Hoffman, 2014, Stracke, 2012 and Zindler and Hart,1986.

Fig. 1 a,b,c — R/Ra vs (a) 8Sr/®sr, (b) “*Nd/***Nd, and (c) 2°Pb/?*Pb isotope ratios
measured in Opx and Cpx from La Grille mantle xenoliths. Sr-Nd-Pb data of Karthala and
La Grille bulk lavas are from Class et al., 1998, and Class and Goldstein, 1997 and Class
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et al., 1998, respectively. He isotope composition (R/Ra) of Karthala and La Grille
volcanoes are from olivine phenocrysts extracted from crushed whole-rock lavas (Class et
al., 2005).

Fig. 15 - A, Sketches illustrating the processes experienced by La Grille Upper Mantle.
Group 1 and Group 2 record metasomatism by a carbonated undersaturated silicate melt,
similar to the La Grille lavas, that reacted with different lithospheric domains. In the
harzburgitic domain, it caused the recrystallization of Cpx at the expenses of Opx to form
Group 1 xenoliths. In the dunitic domain, it percolated and crystallized Cpx into a dunite
matrix. From left to right, increasing degrees of metasomatic reactions. The opx-bearing
cumulate wehrlites of Group 3 crystallized from a slightly oversaturated silicate melt at
some point of the history of the lithosphere and have been then sampled by the uprising
magmas. Color codes: olivine, white; cpx, green; opX, yellowish taupe; spinel, black; melt,
yellow. B, Sketch (not to scale) of the sampled lithospheric section, with co-existing
harzburgitic and dunitic domains crossed by layers of opx-bearing cumulate wehrlites.
Black and grey channels represent Karthala and La Grille magmas, respectively. Blue,
yellow and pink circles indicate the possible areas of provenance of the ultramafic xenoliths
of the three Groups.
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Table 1. Sample name, rock classification, group type, texture, modal estimates of La Grille ultramafic xenoliths. The equilibrium temperature and oxygen fugacity together with the standard
deviation (StD) are reported for each sample. Temperature was calculated from !Ballhaus et al., 1991 and ?Brey and Kohler, 1990 thermometers. Oxygen fugacity relative to the Fayalite-
Magnetite-Quartz (FMQ) buffer was computed from *Ballhaus et al., 1991 and 3Miller et al., 2016 oxybarometers. Hz, harzburgite; Lh, lherzolite; Whe, wehrlite; Dn, dunite; Ol, olivine; Opx,
orthopyroxene; Cpx, clinopyroxene; Sp, spinel; Gl, glass.

Sample Rock type Group Texture Phase modal abudance Thermal and redox state

Ol Opx Cpx Sp Gl T°C! Std T°C? Std fO,! Std fO2  Std
NDR1 Weh 2 Ad-cumulitic, infiltrated 86 0 11 2 1 1117 51 0.09
NDR2 Lh 1 Coarse-grained protogranular 69 15 12 3 1 1061/1242 8/11 1129 26 -0.67/-0.37 0.02/0.02 -0.68 0.19
NDR5 Weh 1 Coarse-grained protogranular 70 5 20 4 1 1075 21 1033 14 -029 0.05 -0.25 0.03
NDR6 Lh 1 Coarse-grained protogranular 58 29 10 3 1 no spinel analyzed 1139 49
NDR7 Lh 1 Coarse-grained protogranular-porphyroclastic 67 16 13 2 2 933 9 930 80 -0.93 0.03 -0.81 0.06
NDR8 Weh 2 Ad-cumulitic, infiltrated 87 0 10 2 1 no spinel analyzed
NDR9 Hz 1 Coarse-grained protogranular 81 13 4 2 1 974 58 1110 10 -0.40 0.05 -0.17 0.04
NDR11 Hz 1 Coarse-grained protogranular 81 14 3 2 0 1142 13 1013 62 0.05 0.09 0.31 0.08
NDR12 Weh 3 Orthocumulitic 40 5 53 1 1 1091 27 1136 11 -0.65 0.11 -1.07 0.07
NDR13 Hz 1 Coarse-grained protogranular 85 10 2 1 1 1113 23 1093 44 -0.64 0.12 -0.35 0.11
NDR14 Dn 2 Ad-cumulitic, infiltrated 87 0 4 0 6 1180 76 0.71 0.13
NDR16 Dn 2 Mosaic equigranular, infiltrated 91 0 4 0 5 no spinel analyzed
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