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ABSTRACT

Following the 2018-2020 Fani Maoré submarine eruption near Mayotte Island, Indian Ocean, multiple oceanographic expeditions

provide unprecedented access to fresh alkaline volcanic glasses spanning basanite to phonolite compositions from the East-

Mayotte Volcanic Chain (EMVC). We applied Fe and S K-edge X-ray Absorption Near-Edge Spectroscopy (XANES) to determine

iron and sulfur oxidation states in 13 glass samples, providing the first comprehensive redox characterization of this submarine 15

volcanic system. Fe3+/FeTOT ratios range from 0.19 to 0.51, while S6+/STOT ratios span 0.02-0.17, with more evolved compo-

sitions that tend to show higher oxidation states. Beam damage monitoring revealed significant photo-oxidation effects on

sulfur measurements, requiring analysis of initial spectra only. Comparison of redox estimates from multiple independent oxy-

barometers based on the Fe3+/FeTOT and S6+/STOT as well as the olivine-spinel-𝑎𝑚𝑒𝑙𝑡
𝑆𝑖𝑂2

reveals systematic discrepancies between

Fe-based and S-based estimates, likely due to Fe-Ti nanolite contamination along X-ray beam paths. Integration of S6+/STOT mea- 20

surements with the olivine-spinel-𝑎𝑚𝑒𝑙𝑡
𝑆𝑖𝑂2

oxybarometer indicates ΔFMQ = +0.3 ± 0.2 for basanite to tephriphonolite magmas,

suggesting slightly more oxidized conditions than previously estimated for EMVC. These results provide essential constraints

for thermodynamic modeling of alkaline submarine volcanism and highlight the importance of multi-proxy approaches in de-

termining magmatic redox conditions. The oxidation state is consistent with other regional volcanic systems in the SW Indian

Ocean, supporting a moderately oxidized mantle source beneath the Comoros archipelago. 25

KEYWORDS: Mayotte; Xanes; Iron; Sulfur; Redox; Spectroscopy.

1 INTRODUCTION

In 2018, a new active submarine volcano, Fani Maoré, was detected via seismic monitoring [Cesca et al. 2020; Lemoine et al.

2020] and observed a year later during the first MAYOBS campaign [Feuillet 2019]. This edifice marks the easternmost part

of a 60-km-long WNW-ESE oriented chain (Figure 1), referred to as the EMVC for "East-Mayotte Volcanic Chain" [Bachèlery 30

et al. 2021; Puzenat et al. 2022; Verdurme et al. 2023]. Subsequent campaigns [Rinnert et al. 2019; Thinon and Lebas 2023]

allowed for the retrieval of volcanic material from Fani Maoré, as well as from older cones and lava flows, hence providing a

comprehensive sampling of extruded magmas along the chain. The EMVC is characterized by the emission of magmas falling
∗Q lelosq@ipgp.fr
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along an alkaline basanite-to-phonolite magmatic differentiation trend [Berthod et al. 2021b]. Large effusive flow fields and

more explosive dynamism such as the Horseshoe complex are observed [Puzenat et al. 2022]. For Fani Maoré, petrological35

studies showed that the 2018-2020 eruption was fed by a >35 km deep reservoir, which interacted with an intermediate one

before the magma reached the surface [Berthod et al. 2021b]. The basanitic magma was formed by melting of a carbonated

mantle source highly enriched in Ba and volatiles [Chauvel et al. 2024]. Pre-eruptive temperature is estimated at 1150 °C at

depth, for a basanite magma containing at least 1.2-2.3 wt% water [Berthod et al. 2021a].

Figure 1: (A) Regional setting of the Comoros archipelago between Africa and Madagascar, showing Mayotte (May), Anjouan
(A), Mohéli (M), and Grande Comore (GC), near the boundary between the Somalian and Lwandle plates. (B) Bathymetric map
of the East Mayotte submarine volcanic chain (EMVC), east of Mayotte, showing the dredge locations analyzed in this study.

Such estimates of source conditions directly depend on petrological models in which knowledge of the magma oxidation40

state is key [Carmichael 1991]. Indeed, not only does it influence temperature estimates, it also affects the composition of

crystallizing phases. It is thus crucial to determine the magma oxidation state to constrain the thermodynamic conditions

at the source of the magmatic systems and their subsequent eruptive history [Carmichael 1991; Moussallam et al. 2014;

Lierenfeld et al. 2018; Asimow 2021]. Conventionally, the proxy used to infer the magma oxidation state is the Fe3+/FeTOT

ratio measured on volcanic glasses, where FeTOT = Fe2++Fe3+ [Christie et al. 1986; Berry et al. 2008; Cottrell and Kelley 2011;45

O’Neill et al. 2018]. Coupling Fe3+/FeTOT with S6+/STOT, where STOT = S6++S2-, may further lead to improved constraints

on the oxidation state of magmatic systems [Moretti and Ottonello 2003; Métrich and Mandeville 2010; Moussallam et al. 2014;

Brounce et al. 2017; Moretti and Stefánsson 2020; Moretti 2021; Boulliung and Wood 2023]. Such measurements were not yet

performed for the Mayotte submarine lavas, a essential piece of knowledge for modeling the petrological evolution of EMVC

magmas.50

We therefore performed X-ray Absorption Near-Edge Spectroscopy (XANES) analysis at the Fe and S K-edges on the

LUCIA beamline, SOLEIL synchrotron, on 13 different glass samples representative of the Mayotte magmatic series, including
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samples from the last-erupted Fani Maoré. XANES spectroscopy is particularly well-suited for this work, as it allows the

analysis of the Fe and S redox state on a micrometer scale [Cottrell et al. 2009]. This ability is important as we aim at

getting data from glass, either located at the edge of pillow lava rims for mafic samples (basanites) or between microlites for 55

differentiated ones (phonolites). Beam damage may be a problem during XANES analysis [Lerner et al. 2021]. It was mitigated

by using an attenuated beam, and monitored and documented through time series on given spots. The obtained Fe K-edge

and S K-edge XANES spectra allow retrieving the Fe3+/FeTOT and S6+/STOT ratios of the glass samples. Combined with a

model linking sulfur and iron redox [Moretti and Ottonello 2003; Moretti 2005; Moretti and Ottonello 2005], the data bring

further constraints on the oxygen and sulfur fugacity at the source of the Mayotte magmas. 60

2 EXPERIMENTAL METHODS

2.1 Samples

The analyzed samples were dredged during four oceanographic campaigns dedicated to volcano monitoring (Figure 1, Ta-

ble 1) [MAYOBS 1, 2, 4 and 15; Feuillet 2019; Fouquet and Feuillet 2019; Jorry 2019; Rinnert et al. 2020], and one research

campaign [GeoFLAMME; Rinnert et al. 2021]. They cover the full basanite-to-phonolite differentiation trend characteristic of 65

the EMVC [Berthod et al. 2021b].

The selected glasses were mounted in epoxy, in a cross-section position allowing rim-to-core observation, and polished

using diamond pads. Glasses were analyzed using a Cameca SX Five-tactis electron microprobe at Laboratoire Magmas et

Volcans (LMV, Clermont-Ferrand, France). For major elements, we used a 15 kV acceleration and an 8 nA current with a

defocused beam (20 µm) to avoid Na-loss during the analysis. Calibration was performed on natural and synthetic oxides: 70

wollastonite (Si, Ca), forsterite (Mg), fayalite (Fe), albite (Na), orthoclase (K, Al), MnTiO3 (Ti, Mn), Cr2O3 (Cr) and fluorapatite

(P). Minor volatile elements (S, F and Cl) were analyzed during a second session using a 100 nA beam current and 5x20 s

counting times. Standards include VG2 glass [S, Dixon et al. 1991], natural scapolite (Cl) and CaF2 (F). Water concentrations

in glasses were analyzed using a Renishaw InVia confocal Raman micro-spectrometer. The analytical procedure follows the

external calibration procedure described in [Schiavi et al. 2018], using a set of in-house basanitic standards previously analyzed 75

by FTIR spectrometry [Schiavi et al. 2018].

The chemical compositions of the samples are described in Table 2. Water contents range from 0.7 to 1.3 wt% for the

basanites, 1.5 wt% for the tephriphonolite, and from 1.3 to 1.8 wt% for the phonolites (Table 2). S contents range from 50 to

1318 ppm. We note high concentrations of F and Cl, typical of alkaline magmatic series.

Prior to the XANES experiments, we selected crystal-free areas by visual inspection under a binocular microscope and by 80

Raman spectroscopy observations. Raman spectra were recorded using a Horiba HR Evolution spectrometer at IPGP (Paris,

France) equipped with an ultra-low frequency Notch filter. The latter allows retrieving Raman signal without any deformation

from the laser line at frequencies as low as 10 cm−1. In the Raman spectra, we searched for the absence of sharp peaks in the

600-700 cm−1, indicative of the presence of nanocrystals in glasses [Di Genova et al. 2017]. We further confirmed the absence

of crystals and the glassy nature of the selected areas by monitoring the presence of the Boson peak in the Raman spectra 85

[Verdurme et al. 2023]. The selected areas were marked on each sample for XANES analysis. For the basanite compositions,
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they typically correspond to the outer rims of the pillow lava samples that were quenched rapidly upon contact with seawater

[Thivet et al. 2023]. Using Raman spectroscopy, the appearance of nanolites is rapidly visible (within a few 100 µm) when

moving from the rim to the core of the samples. For more evolved phonolitic samples, the crystals are mostly of micrometer

size or more, such that they are visible and can be avoided when performing the XANES analysis.90

2.2 XANES spectroscopy

After sample selection and pre-characterization, XANES measurements at the S and Fe K-edges were performed in fluorescence

mode on the LUCIA beamline at the SOLEIL synchrotron facility, France. The incident beam was focused at 3×3 µm2 and

the photon flux reduced to a value of 109 photon/s to limit beam damage. Full Fe K-edge XANES spectra were collected using

Si(311) crystals, which allow a resolution of 0.2 eV. We recorded those spectra from 7070.0 to 7250.0 eV, with steps of (i) 2.095

eV between 7070.0 and 7104.0 eV, (ii) 0.05 eV between 7104.0 and 7121.0 eV, (iii) 0.3 eV between 7121.3 and 7160.0 eV, and (iv)

1.0 eV between 7160.0 and 7250.0 eV. To monitor possible effects of beam damage on Fe K-edge XANES, we also acquired

several quick scans between 7110.0 and 7117.0 eV (1.0 eV step) consecutively after beam exposure on given spots, and tested

attenuating the beam down to 50 % of its nominal flux (see Section 3.1).

Features extracted from Fe K-edge XANES spectra can be related to a glass Fe3+/FeTOT via various methods [e.g. Berry100

et al. 2003; Wilke et al. 2004; Magnien et al. 2006; Cottrell et al. 2009]. In particular, the centroid of the pre-edge peak visible

between 7110.0 and 7117.0 eV varies depending on the glass Fe3+/FeTOT, and, given a calibration, it can be used to determine

Fe3+/FeTOT in glass series [Wilke et al. 2004; 2005; Cottrell et al. 2009; Fiege et al. 2017; Zhang et al. 2018]. To calculate

the Fe K pre-edge centroid with precision, we first normalize the Fe K-edge XANES spectra using linear functions to fit the

pre- and post-edge backgrounds using LARCH [Newville 2013], and then decompose the pre-edge signals using a sum of105

two pseudo-Voigt peaks and an exponential function, following Le Losq et al. [2020a]. The Fe K pre-edge centroid position

is finally calculated from the weighted sum of the areas of the pseudo-Voigt peaks. To calibrate the dependence of the Fe

K-pre-edge centroid on glass Fe3+/FeTOT, we use the PyNa glasses from Magnien et al. [2006] as standards. Those glasses

contain ∼52.7 wt% SiO2, ∼12.0 wt% MgO, ∼5.5 wt% Na2O, and ∼12.8 wt% FeO, and a range of Fe3+/FeTOT (from 0.09 to

0.95) measured using multiple techniques, including Mössbauer spectroscopy, wet chemistry, microprobe, XANES and Raman110

spectroscopy [Magnien et al. 2006]. Fe3+/FeTOT values from the different techniques agree well within the error bar. In the

following, we will use as reference values the Mössbauer Fe3+/FeTOT.

Full S K-edge XANES spectra were collected on the glass samples using a Si(111) crystal. We recorded those spectra

between 2455.0 and 2525.0 eV, using (i) a 1.0 eV step between 2455.0 and 2465.0 eV, (ii) a 0.2 eV step between 2465.2 and

2500.0 eV, and (iii) a 1 eV step after the edge between 2500.0 and 2525.0 eV. Using LARCH, we fitted linear backgrounds115

before and after the edge, which position was taken as half the edge step. To check for possible beam damage, frequent

during S K-edge XANES analysis [e.g. Lerner et al. 2021], quick scans of the edge region between 2465.0 and 2485.0 eV were

also performed with a step size of 1.0 eV. Those scans took approximately 1 minute to acquire, while the full S K-edge XANES

spectra took approximately 5 minutes 30 seconds. Using the SciPy Python library [Virtanen et al. 2020], we implemented the

peak fitting method from Lerner et al. [2021] as well as the intensity ratio method of Jugo et al. [2010] to retrieve the redox 120
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state of sulfur from the full S K-edge XANES spectra. To be able to also exploit the quick scans that only consist of data

every eV, we slightly modified the method of Jugo et al. [2010]: the intensity I6 of the S6+ contribution is calculated from the

maximum value retrieved between 2480 and 2485 eV, and the I2 intensity from the S2− contribution is calculated from the

median of the signal intensity between 2475 and 2477 eV. Then, using the data from Jugo et al. [2010], we recalibrated the

relationship between I6/(I2 + I6) and S6+/(S6+ + S2− ) using a fourth-order polynomial function; a third-order polynomial was 125

not sufficient to capture the curvature of the data, while a fourth-order polynomial provided a good fit. This ensures that we

can use quick scans to retrieve the sulfur redox state (see Results section for details and reasons), and also that any difference

in data treatment will not affect S6+/(S6+ + S2− ) estimation.

3 RESULTS

3.1 Fe K-edge spectra 130
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Figure 2: Fe K-edge XANES spectra of the PyNa reference glassmaterials [Magnien et al. 2006]. The PyNa17R, PyNa5R, PyNa1600
and PyNa1200 have Fe3+/FeTOT = 0.09 ± 0.02, 0.60 ± 0.02, 0.75 ± 0.02 and 0.95 ± 0.02, respectively. Spectra are shifted
vertically for visualization.

The Fe K-edge XANES spectra of the glass standards present an evolution of the pre-edge and edge typical of variations in

the Fe oxidation state (Figure 2). Upon oxidation, the Fe K-edge shifts towards a higher energy [Berry et al. 2003]. The shape

of the pre-edge, which contains contributions related to the 1s→3d bound state electronic transitions in Fe2+ and Fe3+ cations

[Galoisy et al. 2001; Wilke et al. 2001], also changes (inset in Figure 2). Upon oxidation, we observe decreasing and increasing
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intensities at ≈7112.3 eV (Fe2+ contribution) and ≈7114.1 eV (Fe3+ contribution), respectively, in agreement with observations135

from previous studies [Galoisy et al. 2001; Wilke et al. 2001; Berry et al. 2003; Wilke et al. 2004; Magnien et al. 2006; Cottrell

et al. 2009; Zhang et al. 2018; Le Losq et al. 2020b].

The Fe K-pre-edge centroid varies non-linearly with the PyNa glass Fe3+/FeTOT (Figure 3). Previous authors typically used

polynomial equations as calibration lines [e.g. Fiege et al. 2017], but those have the caveat not to be bound between centroid

endmember positions for Fe2+ and Fe3+. To solve this issue, we used the following equation:140

𝐶 = (1 − 𝑥) × 𝐶𝐹𝑒2+ + 𝑥 × 𝐶𝐹𝑒3+ + [𝑥 × (1 − 𝑥)] (𝑤+𝑥 ) (1)

with C the Fe K pre-edge centroid energy, 𝑥 = Fe3+/FeTOT, 𝐶𝐹𝑒2+ the energy of the maximum of the Fe2+ contribution,

𝐶𝐹𝑒3+ that of the Fe3+ contribution, and 𝑤 an adjustable parameter. The term [𝑥 × (1 − 𝑥)] (𝑤+𝑥 ) enables deviation from a

linear trend bound by 𝐶𝐹𝑒2+ and 𝐶𝐹𝑒3+ . A least-square adjustment yielded 𝑤 = 0.52. Using this equation allows obtaining

a good fit of the present data (dashed purple line in Figure 3). The root-mean-squared-error (RMSE) between calculated and

observed values on PyNa glasses is ±0.009.145

0.0 0.5 1.0 1.5
Pre-edge centroid, eV

0.0

0.2

0.4

0.6

0.8

1.0

Fe
3+

/F
eTO

T

eq. 1, this study
PyNa standards
Phonolites C2015
Phonolites G2011
Basalts W2005

Figure 3: Evolution of the Fe K pre-edge centroid as a function of Fe3+/FeTOT. Data from previous studies are also reported for
comparison [Wilke et al. 2005; Giuli et al. 2011; Berry et al. 2018]. If not visible, error bars are smaller than symbol size.

The Fe K pre-edge centroid versus Fe3+/FeTOT calibration may depend on the composition [Cottrell et al. 2009]. To test

if we can use the calibration shown in Figure 3 for alkali-rich Mayotte glass samples, we compared the PyNa Fe K pre-edge

centroid versus Fe3+/FeTOT trend to those reported for other glasses from previous studies. For this comparison, we focus

on alkali-rich glasses. Whilst the literature is heavily focused on calc-alkaline compositions [Cottrell et al. 2009; Cottrell and

Kelley 2011; Zhang et al. 2017; Berry et al. 2018; Zhang et al. 2018], three studies present Fe K pre-edge XANES centroid150

positions versus Fe3+/FeTOT data from Mössbauer spectroscopy and wet chemistry that can allow testing the validity of the

present calibration: Wilke et al. [2005] on alkali-rich sodium silicate compositions, and Giuli et al. [2011] and Cicconi et al.
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[2015] on phonolitic glasses. To plot the data from those studies in the figure Figure 3), we first need to normalize the Fe K

pre-edge centroid data, as different data treatments and beamline specifics were applied and may induce shifts between the

trends [Fiege et al. 2017]. To normalize the Fe K pre-edge centroids from the literature 𝐶𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 , we used the equation: 155

𝐶𝑛𝑜𝑟𝑚 =
𝐶𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 − 𝐶𝐹𝑒2+

𝐶𝐹𝑒3+ − 𝐶𝐹𝑒2+
× 1.8 (2)

with 𝐶𝐹𝑒2+ and 𝐶𝐹𝑒3+ the positions of the Fe2+ and Fe3+ contributions reported by the various studies, and 1.8 the distance

between 𝐶𝐹𝑒2+ and 𝐶𝐹𝑒3+ observed in our study (this acts as a scaling factor). After Fe K pre-edge centroid normalization,

we observe that existing data fall well within the general trend of the calibration (purple dashed line, Figure 3). Using the

Fe K pre-edge centroids from Wilke et al. [2005], Giuli et al. [2011], and Cicconi et al. [2015] and the present calibration, we

reproduce the Fe3+/FeTOT reported in those studies within ±0.05, in average; the coefficient of determination 𝑅2 between the 160

calibration and data is 0.974. The average error is higher than that affecting the Fe redox state determination in the PyNa

glasses, but this is not surprising given the differences in acquisition setups, conditions, and glass compositions between the

different studies. Actually, compared to other efforts in implementing general calibrations relating Fe K pre-edge centroid and

glass Fe3+/FeTOT, the present calibration line compares well. For instance, Fiege et al. [2017] report an average error of 6 %

and a 𝑅2 of 0.987 for a calibration for glasses with 0.3 ≤ Fe3+/FeTOT ≤ 0.85, implemented on data from only one beamline165

(13-ID-E at APS, Argonne, U.S.A.).
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Figure 4: (a) Example of Fe K-edge XANES spectra acquired on the Mayotte dredged samples. In the pre-edge region (see zoom),
Fe2+ and Fe3+ contributions are visible near 7112.3 and 7114.1 eV, respectively. Spectra are shifted vertically for visualization.

As we measured Fe3+/FeTOT on the PyNa and the alkaline magmatic glasses using the same conditions and on the

same beamline, this 0.05 value is an upper bound on the uncertainties associated with the measurements presented in this

communication. Hence, using Equation 1 with 𝑤 = 0.52 for the present study enables calculation of Fe3+/FeTOT with a

maximum error of 0.05. Small adjustments of 𝑤may be necessary for processing data for calc-alkaline magmas, but the general170

protocol (Equations 1, 2) will remain valid and has the advantages of collapsing several datasets on a unique representation

and of circumventing the use of unbound polynomial equations.

With this protocol, Fe K-edge XANES spectra from Mayotte natural glass samples can be processed to obtain Fe3+/FeTOT

given Fe K pre-edge centroids. Figure 4 shows examples of acquired Fe K-edge XANES spectra on the Mayotte samples

listed in Table 2. The overall shape of the Fe K-edge XANES spectra indicates that the samples have low to intermediate175

Fe3+/FeTOT (Figure 4). This is confirmed by the inspection of the pre-edge region on the Fe K-edge XANES spectra, which

reveals significant contributions from both Fe2+ and Fe3+. Using the peak fitting procedure to model the pre-edge, we calculated

the Fe K pre-edge centroids and then the Fe3+/FeTOT ratios using the calibration previously presented (Figure 3). The reported

results (Table 2) are average values calculated from different spectra. Fe3+/FeTOT ranges between ≈ 0.19 (DR21) and ≈ 0.51

(DR09). DR21, PL-777, PL-780, DR04 glasses present Fe3+/FeTOT between 0.20 and 0.24, DR13, DR07, DR06, DR05, DR03, 180
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Figure 5: Raw absorption at 7112.0 (a) and 7114.0 (b) eV and three different beam attenuation conditions. Four time series are
displayed for the tephri-basanite sample PL-780. Error bars are smaller than symbol size.

DR08 between 0.26 and 0.31, and finally DR17 glass Fe3+/FeTOT = 0.37. The value of ≈ 0.51 for sample DR09 probably is

an anomaly: only one Fe K-edge XANES spectrum allowed the calculation of Fe3+/FeTOT. Without further information, we

consider it as an outlier produced, for instance, by a signal affected by that of a neighbor crystal. While it seems that the most

evolved samples (phonolites) have the highest Fe3+/FeTOT, there actually is no obvious correlation between the major element

chemical compositions and the Fe3+/FeTOT of the samples: correlation coefficients between oxide component concentrations 185

and Fe3+/FeTOT are all below 0.3.

One question surrounds the acquired data: is beam damage a concern? In particular, photo-oxidation can be a problem

for H2O-bearing glasses [Cottrell et al. 2018; Lerner et al. 2021]. To address this question, we turn to the quick scans acquired

on four different spots with three different beam attenuation values (50 %, 70 % and 100 % of the incident flux on the

sample) on sample PL-780. Those quick scans allow following the time evolution of the absorption at 7112 eV and 7114 eV 190

Figure 5, which roughly correspond to the positions of the Fe2+/Fe3+ contributions (Figure 4); any significant change at those

energies would reflect changes in Fe2+/Fe3+ resulting from beam damage. Between the different time series, differences in

raw absorption are observed. They can be explained by slight variations in acquisition conditions, in particular beam flux

variations. Indeed, acquisitions performed with an attenuated beam present lower raw absorption than those acquired with
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Figure 6: Examples of S K-edge XANES spectra acquired onMayotte submarine samples. The positions of the contributions from
sulfides as well as S2− , S4+ and S6+ are represented by vertical dashed lines. Spectra are shifted vertically for visualization. See
figure 4 for color code.

no attenuation. Additional instrumental effects probably affect the raw absorbance and explain other differences between the195

time series. Aside from those, we do not observe systematic variations with time in a given time series. In particular, no

systematic absorption decrease at 7112.0 eV and concomitant increase at 7114.0 eV is observed with time. The variations

seem to be within acquisition errors. Therefore, if there were beam damage, its effect would be undetectable. This absence of

beam damage may be explained by the relatively low water concentration of the present glasses Table 2 and their relatively

high fraction of Fe3+ [Cottrell et al. 2018].200

3.2 S K-edge spectra

Examples of S K-edge XANES spectra acquired on the samples are shown in Figure 6. Unfortunately, within the timeframe

of the beamtime allocation, we did not achieve to get spectra for all samples listed in Table 2. Available spectra show variable

signal-to-noise ratios due to variations in the total S content the glass samples carry (Table 2). S K-edge XANES spectra

of S-poor phonolitic glasses (DR13, DR07 and DR17) present signal-to-noise ratios lower than those of the spectra of S-rich205

basanites and tephri-basanites. In addition to the overall broad edge, signals near 2476.0 and 2481.7 eV are visible and can be

assigned to S2− and S6+ contributions, respectively [Jugo et al. 2010; Métrich and Mandeville 2010; Lerner et al. 2021]. The
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Figure 7: S6+/STOT as a function of time, for a basanite (DR04) and a phonolite (DR17). Spectra were recorded consecutively
at the same position. The increasing S6+/STOT with time indicate that photo-oxidation under the beam occurred. Dashed and
dashed-dotted lines are fits of a logarithmic model of the time-series data (see text).

S2− contribution is dominant in samples DR22, DR08, GLF778, PL-780 and DR04. On the contrary, the S6+ contribution is

intense in the phonolitic glasses DR13, DR07 and DR17. Peaks below 2470 eV are visible in all samples. Another signal near

2466.5 eV is also intense and solely observed in phonolitic samples (DR13, DR07, DR17). Those signals can be assigned to 210

sulfide phases [Métrich et al. 2009]. Finally, we also placed the expected position of the S4+ contribution in Figure 6 even

though it is not clear if this contribution is visible in the present spectra. It usually occurs because of photo-reduction effects

under the beam. In the present case, we do not observe photo-reduction, but photo-oxidation (see below), explaining why it

may not contribute intensity to the spectra.

To extract S6+/STOT from the S K-edge XANES spectra, we tested the intensity ratio method of Jugo et al. [2010] and 215

the peak fitting method of Lerner et al. [2021]. The intensity ratio method allows calculating the S6+/STOT via a simple

measurement of the ratio of the signal intensities assigned to S2− and S6+. The peak fitting method relies on peak fitting the

S K-edge spectra to obtain the areas of two peaks assigned to S2− and S6+, and then relate those to S6+/STOT via a quadratic

equation. Using both methods, we calculated the S6+/STOT samples for which S K-edge XANES spectra were available. The

peak fitting method returned systematically higher S6+/STOT values compared to the intensity ratio method. Ultimately, we 220

used S6+/STOT values obtained via the intensity ratio method because this method has shown a good agreement with S6+/STOT

values retrieved from wet chemistry analysis of Mayotte alkaline glasses [Isabelle Genot, IPGP, personal communication].

The detailed review of the S6+/STOT values revealed an important photo-oxidation effect affecting the data (Figure 7).

Depending on the exposure time, S6+/STOT can increase by 0.01 and up to 0.10. The time series we perform on the DR17

phonolite and DR04 basanite samples reveal a logarithmic trend with time (Figure 7). This makes it difficult to extrapolate 225

back to the original values since the largest changes occur within the first seconds of exposure. We can attempt to retrieve

original values by fitting the time series data for DR04 and DR17 with a logarithmic model of the form 𝑦 = 𝑎+ log(𝑏× 𝑡+1) +𝑐,
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where 𝑎, 𝑏 and 𝑐 are adjustable parameters and 𝑡 is the time. This yields estimates of S6+/STOT at 𝑡 = 0 approximately equal

to 0.00 and 0.06 for DR04 and DR17, respectively. Those values have to be taken with caution because we do not have enough

points within the first seconds of exposure to efficiently constrain the fit. However, this analysis suggests that S6+/STOT may230

change very significantly during the first seconds of exposition to the photon flux.

To limit the influence of photo-oxidation on the results, we only report S6+/STOT calculated using the first one or two

quick scans at each analysis spot, acquired within the first two minutes of exposure (Table 2). Those values are the least

affected by photo-oxidation under the beam. They still are upper bounds as S6+/STOT may increase rapidly within the first

minute (Figure 7). S6+/STOT values increase with magmatic differentiation. Indeed, basanitic glasses such as PL-780 present235

S6+/STOT equal to 0.03 ± 0.01, whereas phonolite glasses such as DR17 present more oxidized S6+/STOT equal to 0.17 ± 0.01.

This trend is confirmed by the statistical analysis : Pearson correlation coefficients 𝑅 between the molar fractions of major

elements and S6+/STOT range between 0.76 and 0.86, and S6+/STOT anti-correlates strongly with the magnesium number

Mg# (𝑅 = −0.92).

4 DISCUSSION240

4.1 Redox modeling

We can model the Fe and S redox state using a ionic-polymeric model (abbreviated hereafter IPA model) that links melt

composition (Table 2), temperature T and pressure P, and oxygen [log 𝑓 (O2)] and sulfur [log 𝑓 (S2)] fugacities to the melt’s

S6+/STOT, Fe3+/FeTOT and sulfur concentration at sulfide and sulfate saturation [Moretti 2005; Moretti and Ottonello 2005;

Moretti and Ottonello 2022; Moretti 2022]. 245

45 50 55 60
SiO2, wt%

900

950

1000

1050

1100

1150

Ca
lcu

la
te

d 
T,

 °C

Figure 8: Temperature calculated from the olivine-melt equilibrium represented as a function of the glass silica concentration in
wt%. See figure 4 for color code.
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First, we estimate temperatures using olivine/melt thermometry [Beattie 1993], correcting for the effect of water [Médard

and Grove 2008] (Figure 8). For basanite to phonotephrite compositions, calculated temperatures range between 1050 and

1150 °C. For the tephriphonolite sample DR21, temperature is ≈ 1000 °C. Calculated temperatures for the phonolite samples

DR07, DR09 and DR17 are of approximately 950 °C. Such values agree with previous temperature estimates [Berthod et al.

2021a; Lacombe 2023]. Overall, we observe a general decrease of temperature with increasing magmatic differentiation. 250

With this set of temperatures and the sample chemical compositions (Table 2), we then adjust log 𝑓 (O2) values via least-

square regression to reproduce the measured Fe3+/FeTOT or S6+/STOT values using the IPA model. For those calculations, the

pressure was set to 35 MPa, i.e. the average seafloor pressure near the Fani Maoré underwater volcano [Feuillet et al. 2021].

Plausible deviations from this value lead to little change in the results and can be neglected.

When adjusting log 𝑓 (O2) values to reproduce the measured Fe3+/FeTOT, estimated ΔFMQ values range between 0.6 and 255

3.1, with a median at 1.4 (Figure 9). Values for most samples actually range between 0.6 and 1.6, except for samples DR09 and

DR17 that present significantly higher values. At such redox conditions, the IPA model predicts S6+/STOT equal to or higher

than 0.8, well above the measured values.

When adjusting log 𝑓 (O2) values to reproduce the measured S6+/STOT, estimated ΔFMQ values range between -0.6 and

-0.1, with a median at -0.4 (Figure 10). The IPA model then returns Fe3+/FeTOT values of ≈ 0.12 for all samples. We thus 260

observe a discrepancy between log 𝑓 (O2) values estimated using either Fe3+/FeTOT or S6+/STOT, which result in a significant

difference in ΔFMQ.

0.2 0.3 0.4 0.5
Measured Fe3 + /FeTOT

0.5

1.0

1.5

2.0

2.5

3.0

3.5

FM
Q

IPA
B2018
KC1991

Figure 9: Deviation from the Fayalite-Magnetite-Quartz oxygen buffer (ΔFMQ) calculated using the measured Fe3+/FeTOT and
the IPA model. ΔFMQ values calculated using the KC1991 [Kress and Carmichael 1991] and B2018 [Borisov et al. 2018] models
are also represented for comparison. See figure 4 for color code.

To check that the observed discrepancy is not model-related, we check log 𝑓 (O2) values returned by independent iron and

sulfur redox models. Using the measured Fe3+/FeTOT values and the Borisov et al. [2018] model (abbrev. B2018), we calculate

ΔFMQ values ranging between 0.7 and 3.6, with a median of 1.5 ( Figure 9). Using the model of Kress and Carmichael [1991]265
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(abbrev. KC1991), ΔFMQ values range between 0.2 and 3.6, with a median of 1.0. The IPA, KC1991 and B2018 models thus

return consistent ΔFMQ values, ranging between 0.2 and 3.6 approximately, with medians approximately 1.0-1.5 log units

above the FMQ buffer (Figure 9). We finally note that the 3.1-3.5 ΔFMQ value ( Figure 9) corresponds to the sample DR09,

which has been previously identified as an outlier.

The same comparison can be made using the measured S6+/STOT values and the models of Boulliung and Wood [2023]270

(abbrev. BW2023) or Jugo et al. [2010] (abbrev. J2010). Both return similar ΔFMQ values, ranging between 0.0 and 0.8

(Figure 10). Those values are higher than those calculated using the IPA model by ≈ 0.75 log unit, but they still are significantly

below the ΔFMQ values calculated from the measured Fe3+/FeTOT.

0.00 0.05 0.10 0.15 0.20
Measured S6 + /STOT

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

FM
Q

IPA
J2010
BW2023

Figure 10: Deviation from the Fayalite-Magnetite-Quartz oxygen buffer (ΔFMQ) calculated using the measured S6+/STOT and the
IPA model. ΔFMQ values calculated using the J2010 [Jugo et al. 2010] or BW2023 [Boulliung and Wood 2023] models are also
represented for comparison. See figure 4 for color code.

Using measured S6+/STOT values to estimate redox conditions thus yields ΔFMQ values that are systematically lower than

those calculated using measured Fe3+/FeTOT values. The median difference is of ≈ 1.5 log unit when using ΔFMQ values275

calculated with the IPA model. It decreases to ≈ 0.5 log unit when using ΔFMQ calculated from Kress and Carmichael [1991]

and Boulliung and Wood [2023].

4.2 olivine-spinel-𝑎𝑆𝑖𝑂2
𝑚𝑒𝑙𝑡

(OSaS) oxybarometer

We observe a discrepancy between the redox conditions calculated from the sulfur and iron oxidation states measured in

glasses. To try deciphering its origin, we further estimated the redox conditions using the olivine-spinel-𝑎𝑆𝑖𝑂2
𝑚𝑒𝑙𝑡
oxybarometer280

from Bell et al. [2025]. Using electron microprobe, we measured the composition of olivine and spinel phases observed in all

glasses but DR17, which does not contain olivine [see for full dataset the Zenodo repository Le Losq et al. 2025]. The oxygen

fugacity of the host liquid can then be accessed via a thermodynamic analysis of the olivine-spinel-liquid reaction:

3𝐹𝑒2𝑆𝑖𝑂𝑜𝑙𝑖𝑣𝑖𝑛𝑒
4 +𝑂

𝑠𝑦𝑠𝑡𝑒𝑚

2 = 2𝐹𝑒3𝑂𝑠𝑝𝑖𝑛𝑒𝑙

4 + 3𝑆𝑖𝑂𝑚𝑒𝑙𝑡
2 . (3)
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Figure 11: ΔFMQ versus silica concentration (wt%) in the glass samples, using values estimated from S6+/STOT (BW2023: Boulli-
ung and Wood [2023] method), from Fe3+/FeTOT (IPA model, shifted by -0.5), and the MELTS-OSaS oxybarometer from Bell et al.
[2025]. Error bars are not represented. See figure 4 for color code.

To perform the calculations, we directly used the MELTS-OSaS software provided by Bell et al. [2025], which uses MELTS to

obtain values of the silica activity in the melt, 𝑎𝑆𝑖𝑂2
𝑚𝑒𝑙𝑡
. 285

MELTS-OSaS values are reported in Figure 11. We observe that for basanite to phonotephrite compositions, ΔFMQ values

are ≈ 0.3. Values for the tephri-phonolite (DR21) and phonolite samples (DR07, DR13, DR17) deviate from this value and

become significantly negative.

In Figure 11, we observe that ΔFMQ values estimated from S6+/STOT using the Boulliung and Wood [2023] model agree

well with ΔFMQ values from MELTS-OSaS for basanite to phonotephrite compositions. We propose that this encourages the 290

use of the Boulliung and Wood [2023] model for the present dataset.

Again, ΔFMQ values from Fe3+/FeTOT measurements systematically diverge from values determined by MELTS-OSaS or

S6+/STOT. In Figure 11, we report ΔFMQ values calculated using measured Fe3+/FeTOT and the IPA model, corrected for an

empirical 0.5 log unit shift. Using this correction allows the alignment of ΔFMQ values from iron and sulfur redox states and

MELTS-OSaS calculations for some, but not all, basanite and phonotephrite samples. We further observe that this correction 295

reconciles ΔFMQ values from iron and sulfur oxidation states for two of the phonolite samples, DR07 and DR13.

Overall, given the comparison of ΔFMQ from the different oxybarometers, we conclude that ΔFMQ values calculated from

the iron oxidation state are probably unreliable. Several effects may contribute to the observed discrepancy between the Fe-

and S-based redox estimates, including the presence of Fe-bearing nanolites in the glasses [Thivet et al. 2023; Verdurme et al.

2023], and electron transfer between Fe and S during quench [Burnham et al. 2015; Cooper 2021]. 300

Regarding nanolites, although we systematically checked prior to analysis that the investigated areas were free of nanolites

using Raman spectroscopy, the penetration depth of the Raman laser is considerably shallower than that of the incident X-rays.

At 7112 eV, the X-ray penetration depth is on the order of ∼50 µm for basanite glasses and may reach ∼80 µm for phonolite
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glasses. In addition, the samples analyzed here were not double-polished wafers but fragments of pillow rims mounted in

epoxy. Consequently, we cannot exclude that the XANES signal integrated contributions from Fe-Ti nanolites located deeper305

along the beam path, which would bias the measured Fe3+/FeTOT ratio toward higher values. The magnitude of this bias is

variable from sample to sample, but averages approximately 0.5 log units in ΔFMQ (Figure 11).

Secondary redox exchanges between the Fe2+/Fe3+ and S2−/S6+ couples during cooling and quenching may also contribute

to the mismatch between the two oxybarometers. Indeed, upon quenching silicate melts, electron transfer reactions between

Fe and S species can remain kinetically efficient over timescales comparable to quench rates [e.g. Cooper 2021]. In such a310

scenario, partial reduction of sulfur species accompanied by oxidation of iron could modify the relative proportions of S2−/S6+

and Fe2+/Fe3+ recorded in the quenched glass without requiring any net change in bulk oxygen fugacity. Because sulfur redox

changes involve multi-electron transfers whereas iron redox changes involve only single-electron exchanges, even limited

charge transfer between the two systems may produce measurable differences between the corresponding oxybarometers

despite the much higher concentration of iron relative to sulfur. The recent studies of Muth and Cottrell [2023] and Saper315

et al. [2024]indicate that the magnitude of such re-equilibration effects between Fe and S is limited and likely comparable to

the analytical uncertainty of XANES-based determinations. Therefore, we consider that post-quench Fe-S redox exchange

alone is unlikely to fully account for the observed discrepancies, but it may contribute in combination with the nanolite effects

discussed above.

Given the above discussion, we preferentially rely on redox estimates derived from the S6+/STOT and MELTS-OSaS320

oxybarometers in the following. Considering both, we propose that, for basanite to phonotephrite samples, ΔFMQ = 0.3±0.2.

For phonolite (DR07, DR13, DR17) and tephriphonolite (DR21) samples, it is more difficult to estimate a reliable redox value.

Indeed, S K-edge XANES spectra suggest FMQ + 0.7 while the Bell approach suggests much more reducing conditions,

between FMQ - 0.5 and -1.0. The latter values are due to the presence of olivine crystals with low Fo numbers (between

Fo54 and Fo22), which are impossible to form under oxidizing conditions. We must consider that those samples may have325

experienced outgassing. Two arguments support this hypothesis. First, they present very low sulfur contents (Table 2) and

are sulfide-rich (Figure 6). Secondly, using rhyolite-MELTS 1.2.0 [Ghiorso and Gualda 2015] and simulating the evolution of

a basanite (composition DR22) with initially 1 wt% water at ΔFMQ + 0.3, one will find that the phonolites should have more

than 2 wt% water, not the 1.6-1.8 wt% actually found in the samples (Table 2). Therefore, it seems plausible that phonolite

(DR07, DR13, DR17) and probably the tephriphonolite DR21 samples experienced S and H outgassing in various extents,330

affecting their sulfur and iron redox states.

4.3 EMVC redox conditions

The EMVC magmas follow a moderately silica-undersaturated alkaline series [Berthod et al. 2021b]. The parental magma

originates from the partial melting of a carbonated mantle source highly enriched in Ba [Chauvel et al. 2024]. Fractional

crystallization of olivine and pyroxene from this parental magma in a deep mantle-seated magma chamber results in the335

formation of the basanites [Berthod et al. 2021a]. Modeling using Rhyolite-MELTS suggested that the phonolites are obtained
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by further 80% of fractional crystallization of the water-bearing basanite magma at mantle depth under an oxygen fugacity

estimated at ΔFMQ - 1 [Berthod et al. 2021b].

The present results suggest redox conditions at ΔFMQ = +0.3 (basanite to tephriphonolite samples), indicating a slightly

more oxidized source than initially proposed by [Berthod et al. 2021b]. However, such redox conditions agree with those 340

typical of other regional volcanic systems, such as the Grande Comores or La Réunion which show values near or slightly

above FMQ. On La Réunion island, vanadium abundances in olivines indicate redox conditions above FMQ, ranging from 0.2

to 1.5 [Nicklas et al. 2022]. For the Grande Comores, the petrological analysis of peridotite xenoliths from La Grille volcano

suggests redox conditions ranging from ≈ FMQ - 0.9 to ≈ FMQ + 0.7 for the underlying mantle [Bordenca et al. 2023]. Redox

conditions orbiting slightly above FMQ for the EMVC magmas would thus agree with those previous estimates for the Grande 345

Comores.

5 CONCLUSION

Using Fe and S K-edge XANES spectroscopy, we measured the iron and sulfur oxidation states in glass samples from the EMVC,

including samples from the recent eruption of Fani Maoré. Fe3+/FeTOT ranges from 0.2 in basanites to 0.37 in phonolites. In

parallel, S6+/STOT ranges from 0.02 to 0.17. The latter values are upper bounds due to S oxidation under the X-ray beam. 350

Using measured Fe3+/FeTOT values as well as temperatures calculated from the olivine-melt equilibrium, we estimated

redox conditions ranging from ΔFMQ ≈ 0.6 to ≈ 1.6 (leaving aside values from DR17 [crystallized] and DR09 [outlier]). If

considering measured S6+/STOT values, estimated ΔFMQ values are on average 0.5 to 1.5 log units lower, depending on the

model. Given this inconsistency, we also assessed the redox conditions using the MELTS-OSaS approach [Bell et al. 2025]. It

suggests a ΔFMQ value of 0.3 ± 0.2 for basanite to phonotephrite samples, a value that agrees with estimates from S6+/STOT 355

values and the Boulliung and Wood [2023] model. Given this, we propose that the source of basanite to phonotephrite

magmas at EMVC is at ΔFMQ ≈ 0.3. Further analysis using melt inclusions would be necessary to refine this estimate and,

in particular, to better assess the redox conditions of the phonolitic magmas, as the current phonolite samples appear to be

affected by outgassing and nanolite formation.
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