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Arc magmas have long been considered significantly more oxidised than their ocean
island and mid-ocean ridge counterparts, a characteristic widely attributed to infu-
sion of the mantle wedge by fluids from subducted lithologies. However, here we
show that at comparable degree of differentiation and sulfur content, arc magmas
have comparable oxidation state to ocean island magmas. Our study is based on mea-
surements of Fe®*/YFe along with major and volatile elements in olivine and plagio-
clase hosted melt inclusions and matrix glasses from eleven volcanic systems located
in arc settings worldwide. Accounting for fractional crystallisation (to MgO = 6 wt. %)
we find that all systems lie on a reducing trend accompanying sulfur degassing, from
QFM +0.9 (0.2, 10) when S > 2000 ppm to QFM —0.2 (0.6, 16) when S < 100 ppm
(where QFM stands for the Quartz-Fayalite-Magnetite buffer). These findings
reconcile the observed discrepancy between the oxidation states of xenoliths in

arc magmas and gas emissions from arc volcanoes. We further show that fractional crystallisation influences the redox evolution
of arc magmas to a comparable extent as, and sometimes counteracting, sulfur degassing.
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¥ Introduction

Constraining the oxidation state of arc magmas has long been of
interest to petrologists and geochemists because the initial oxi-
dation state of a melt plays a critical role in the sequence of
phases that crystallise from it (e.g, Osborn, 1959). Deter-
mining the oxidation state of the mantle source of these melts
is in turn of interest for understanding the cycling of multiple
valence state elements between the Earth’s interior and exterior
via subduction zones. Three main sample types have been used
to constrain the oxidation state of arc magmas: (i) erupted lavas
and tephra (e.g, Carmichael, 1991), (ii) xenoliths carried in arc
magmas (e.g., Parkinson and Arculus, 1999), and (iii) crystal
hosted melt inclusions (e.g., Kelley and Cottrell, 2012).

However, while measurements of erupted products and
xenoliths have been made for arc magmas around the world

(e.g., Huet al., 2024), measurements of crystal hosted melt inclu-
sions (MIs) for arc lavas almost exclusively derive from a single
site, the Mariana Arc (Brounce et al., 2014; Kelley and Cottrell,
2009, 2012). One reason for the paucity of data of the latter type,
in addition to challenging sample preparation, is that X-ray
absorption near-edge structure (XANES) measurements of the
valence state of Fe and S in water-rich silicate glasses are often
compromised by beam damage (e.g., Cottrell et al., 2009, 2018;
Shorttle et al.,, 2015; Moussallam et al., 2014, 2016, 2019,
2023). Yet these are the only measurements that directly mea-
sure the oxidation state of Fe and S (the most important multiple
valence state elements) in the melt as opposed to reliance on
proxies. Here we report Fe>*/~Fe measurements in melt inclu-
sions from eleven arc volcanoes obtained by XANES spectros-
copy at the iron K-edge, together with their volatile and major
element concentrations.
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! samples and Methods

Sample sites were chosen because of the relatively mafic compo-
sition of their magmas (Fig. 1). They include Yasur, Aoba/Ambae,
and Ambrym in Vanuatu, Shinmoedake and Aso in Japan,
Okmok in Alaska, Fuego in Guatemala, San Cristobal in
Nicaragua, Cotopaxi in Ecuador, Villarrica in Chile, and
Stromboli in Italy. Detailed sample description and processing
is provided in the Supplementary Information, together with
details of the Fourier Transform Infrared Spectroscopy and elec-
tron probe microanalyses.

XANES analyses. We performed Fe K-edge XANES spec-
troscopy at beamline 118 at the Diamond Light Source (DLS),
UK. X-rays were focused with Kirkpatrick-Baez mirrors to a
beam size of 5 um (horizontal) x5 pm (vertical). The beamline
uses a liquid nitrogen cooled double crystal monochromator
with silicon crystals and the Si (333) reflection was used to max-
imise the energy resolution. The measurements were performed
in fluorescence mode. We used an energy dispersive Vortex ME-
4 silicon drift detector positioned at 90° to the incident beam. The
sample was positioned so that the normal to the sample surface
was at 45° to the incident X-ray beam. Standard analytical con-
ditions for XANES at 118 yield a photon flux of 10 photon/s by
attenuating (using a combination of aluminium foils and a slit) a
10'? photon/s primary beam upstream of the ion chamber. The
beam can then be further attenuated (using Al foil).

We performed a series of tests to tune analytical condi-
tions so as to avoid beam damage in our samples. We used:

1. A natural melt inclusion from Stromboli volcano
(SHE750_cr1) containing 1.9 wt. % H,O.

2. A natural melt inclusion from Okmok volcano (54D-
Mlol3) containing 2.0 wt. % H,O.

3. A natural melt inclusion from Shinmoedake volcano
(Shinm_cr23_mi) containing 2.2 wt. % H,O.

4. A synthetic hydrated experimental glass of Villarrica 2015
composition (VillaS5_new_b) containing 4.5 wt. % H,O.

5. A natural melt inclusion from Fuego volcano

(F2018_cr12_mi) containing 6.2 wt. % H>O.

We positioned the monochromator at a fixed energy of
7114 eV, corresponding to the oxidised peak of the pre-edge
region. We then opened the shutter and counted the fluoresced
X-rays every second for 660 to 1000 s (approx. 10 to 17 min)
(Fig. 2). Tests were performed attenuating the beam with either
100 pm or 250 pym Al plates, resulting in attenuation to about
16 % and 1 % of the original flux respectively (equivalent to ~10°
and ~10® photon/s respectively or ~10% and 107 photon/s/um?
respectively) (Moussallam ef al., 2019). We found that with
250 pum Al plates, henceforth referred to as the “high attenua-
tion” setup, even a glass containing 6.2 wt. % H,O could be ana-
lysed without beam damage under our analytical conditions.
These conditions are similar to those of Moussallam et al.
(2019) who showed that at the same beamline under the same
analytical conditions no beam damage was occurring when ana-
lysing a glass with 5.2 wt. % H,O. We found that with a 100 pm
Al plate, conditions similar to those used by Moussallam et al.
(2016, 2023), henceforth referred to as the “moderate attenua-
tion” setup, glasses with up to 2.2 wt. % H,O could be analysed
without beam damage under our analytical conditions. All MIs
containing more than 2.2 wt. % H,O were therefore analysed
using the high attenuation setup while the other melt inclusions,
and all matrix glasses were analysed using the moderate attenu-
ation setup. Because the high attenuation setup leads to fewer
fluorescent photon counts and hence lower quality spectra, dwell
time at each energy step was increased (energy step sizes and
dwell times given in Table S-1) and three to four scans were
acquired per melt inclusion and co-added. Spectra showing
any structure in the edge and post-edge region were rejected
(see Fig. S-6 in Moussallam ef al., 2014, for an example of con-
taminated spectra).
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Figure 1
Aso, Fuego, San Cristobal, Cotopaxi, Villarrica, Okmok and Stromboli.

World map showing the locations of arc volcanoes investigated in this study, namely Yasur, Aoba/Ambae, Ambrym, Shinmoedake,
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Figure 2 (a) Calibration line of the peak height ratio determined
by XANES compared with Fe3/3Fe ratios determined by
Mossbauer spectroscopy in basaltic standard glasses from the
Smithsonian NMNH (Méssbauer Fe3*/3Fe values from Zhang et al.,
2018 and Berry et al., 2018 are shown). (b) Time series of normal-
ised fluoresced intensity (FF) over 10 at 7114 eV integrated over 1s
intervals the five natural melt inclusions and synthetic glasses used
for beam damage assessment. The Villarrica, Shinmoedake,
Okmok and Stromboli glasses FF/I0 are offset by 0.05, 0.1, 0.15
and 0.2, respectively, for visibility. The variation in scatter between
measurements is a function of the detector position which was
adjusted between each sample.

The pre-edge region (7110-7118 eV) was fitted using a
combination of a linear function and a damped harmonic oscil-
lator function to fit the baseline and fitted by a combination of
two gaussian functions. The relative intensity at the
~7112.2 eV and ~7114.0 eV peaks was then used to calibrate
the spectra to the published Fe®*/YFe ratios of the NMNH
117393 basalt reference glasses (Cottrell et al., 2009) provided
by the Smithsonian Institution National Museum of Natural
History and using both the Fe?*/yFe values reported in Zhang
etal. (2018) and Berry et al. (2018) (Fig. 2). Repeat measurements
(n=239) on the twelve standards (all analysed using moderate
attenuation) yielded a standard deviation of +£0.003 on the mea-
sured Fe3*/yFe ratios (relative error) which translate to a stan-
dard deviation of +0.04 on the calculated fO,. Standard
deviation using the high attenuation setup with two co-added
spectra was determined as +0.012 by Moussallam et al. (2019)
(which translates to a standard deviation of +0.14 on the
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calculated fO,). We report this error here but note that in the
present study we co-added three to four spectra each time so
the error should be smaller. The absolute error is linked to the
interpretation of the NMNH 117393 basalt reference glasses
Mossbauer spectra and we show the calibrations resulting from
both interpretations (Zhang et al., 2018; Berry et al., 2018) here.

Reverse fractional crystallisation calculation. To assess the
effect of pre-entrapment crystallisation on Fe3*/SFe (e.g., Sun
and Lee, 2022), we modelled reverse crystallisation paths for
our melt inclusions using Petrolog3 (Danyushevsky and
Plechov, 2011). We used the model of Ford et al. (1983) for oli-
vine, the model of Ariskin et al. (1993) for plagioclase and the
model of Ariskin et al. (1988) for clinopyroxene. This combina-
tion was used as it yielded reverse fractional crystallisation paths
that most closely reproduced the trend in CaO vs. MgO observed
in the natural melt inclusions and matrix glasses data (Fig. S-4).
Note that these models assume a fully incompatible behaviour
for Fe** in the olivine, clinopyroxene and plagioclase phases.
Reverse fractional crystallisation calculations, which yield
restored values of Fe3+/3Fe, volatile contents, and major element
compositions, were performed until the melt reached a value
of 6 wt. % MgO, the highest value recorded in the data set
(Fig. S-4). An alternative, empirical, modelling approach is pre-
sented in the SI. Post-entrapment crystallisation (PEC) for oli-
vine hosted inclusions was calculated using Petrolog3
assuming a closed system for oxygen. The resulting PEC esti-
mates range from —21 to +3 %, with an average of —2 % and
standard deviation of +3 %. Given these results we did not
modify the MI compositions from their measured values.

¥ Results and Discussion

We determined the Fe3*/3Fe ratio of 81 melt inclusions and 70
matrix glasses using XANES. The raw data for melt inclusions
and matrix glasses are presented in Tables S-2 to S-6. We found
that matrix glasses, clear of any visible alteration, exhibited a
wide range of Fe®*/SFe ratios, even within single samples. For
instance, for Okmok glasses, Fe3+/yFe ratios ranged from 0.19
to 0.54 (Tables S-5 and S-6). Most matrix glasses were signifi-
cantly more oxidised than melt inclusions, with extreme values
reaching up to QFM +5, uncorrelated with major or volatile
element composition and with large variations in oxidation state
recorded between areas of glass fragments located only a few
millimetres apart. Based on these observations we consider that
a significant proportion of our matrix glass Fe>*/YFe measure-
ments are unlikely to be representative of the original melt,
and we consider that they reflect variable degrees of oxidation
due to partial re-equilibration with erupted gas and/or the
atmosphere during eruption. Consequently, we did not consider
matrix glasses further in this study.

Raw melt inclusion Fe>*/IFe ratios show no correlation
with major or volatile (Fig. 3a) element compositions, with all
72 values below 0.4. However, the analysed melt inclusions
span a wide compositional range (46.8 < SiO, <62.8 wt. %;
Table S-3), partly reflecting variable degrees of differentiation.
To account for this effect and compare melt inclusions at a
common differentiation stage, we modelled reverse crystallisa-
tion paths using Petrolog3 (Danyushevsky and Plechov, 2011),
back to MgO = 6 wt. % (results reported in Table S-7). After this
restoration, a trend emerges between the oxidation state of
melt inclusions and their S content (Fig. 3b,c). Melt inclusions
with higher S contents are consistently more oxidised than
those with lower S contents. On average, melt inclusions with
S>2000 ppm have an oxidation state of QFM +1.0 (0.2, 1c;
n=6), while those with S <100 ppm have an oxidation state
of QFM -0.2 (0.6, 1o; n=7). Melt fO, is calculated from

Geochem. Persp. Let. (2026) 39, 42-47 | https://doi.org/10.7185/geochemlet.26l1 44


https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2611/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2611

Geochemical Perspectives Letters

[ Letter

4000 3000
[ (a) " (b)
3500 | I
[ - 2500 | e *
I [ Q
3000 | ©
S *
® °\° 2000 ?
2500 | - s
(] ©
— —— n
€ o 3
g 2000} 2 1500 | Ay 0 ®
7 = [ .
© o ¢ o
1500 | Salons 71 o &
Q o 9%
p=t 1000 | P
x4
o g0t NI
1000 | A P . <>“ %
>—t—< ’.‘ F © a ‘.
A 500 | o
L
500 L <
e w» | (€] o o
i A tl L ° % "0
[ s 00 o e A A o
phee O Baga e oo
0.10 0.15 0.20 0.25 0.30 0.35 0.40 1.0 .05 0.0 0.5 1.0 15 2.0 25
Fe3*/3Fe! AQFM (at MgO = 6 wt. % and 1 bar)
3000 4000
-(c) [ (d)
r " : A Arc Melt inclusions at MgO
| +Marlana 3500 | =6 wt. % (this study) Hotspot
2500 [ +Agrigan ® < X [ Meltinclusions
[+ Sarigan @ [ A Arc Meltinclusions at 5 < and glasses
X r MgO < 7 wt. % (literature
Alamagan % 3000 | data)
oy H *
\e + Guguan o
:_; 2000 | nw Rota 1 x @ L
3 [ pagan 2500 | A A
© . X x A a
1] [+ Fina Nagu + X
> [ X Lassen cinder cones A % Ea E A A ¢
< 1500 | A xv® S 2000 | N -
e I o + &
] X e o+ ){5 wv MORB A a
3 3 Melt inclusions A g
= I C Pl 1500 F AL oanrt
22 ‘o T o0 3 A A A
< 1000 } - s & anlh s
[7,) | _‘I_ + PP AR Aﬁ A %
A é?-+ 5 [ Ly Aégl
® 0“ 0.’ 1000 r A - i
[ °© 5o ¢ NIV
A ‘AA A
500 | o A A
L ' % F A
o) + & 500 A
+ pL + I A Aoas
| ° @ py 'S 44 A
A A [®) L A A A
J[Baska " oo O, gy s fa Ao,
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
AQFM (at MgO = 6 wt. % and 1 bar) AQFM
< Yasur @ Aoba/Ambae © Ambrym @ Shinmoedake © Aso e Okmok
@ Fuego @ San Cristobal @ Cotopaxi @ Villarrica A Stromboli

Figure3 (a)Sulfur content versus oxidation state of melt inclusions plotted as Fe3*/3Fe calculated using the Méssbauer Fe3*/3Fe values from
Zhang etal. (2018). Error bars show 10. (b) Sulfur content versus oxidation state (plotted as deviation from the QFM buffer using the equation
of Kress and Carmichael, 1991) of melt inclusions after reversing fractional crystallisation to a common value of MgO = 6 wt. %. (c) Same as (b)
with the addition of melt inclusions (and pillow glasses) data from the Marianna arc (Kelley and Cottrell, 2012; Brounce et al., 2014, 2016) and
Lassen cinder cones (Muth and Wallace, 2021), all with MgO contents between 5 and 7 wt. %. (d) Comparison between the sulfur content
versus oxidation state fields recorded by melt inclusions, embayments and matrix glasses from arc volcanoes (same data set as in (c)), hotspot
volcanoes (from Fig. 7 in Moussallam et al., 2019) and mid-ocean ridge volcanoes (data set of Moussallam et al., 2023) from the Southwest
Indian Ridge). Note that Hotspot melt inclusions and glasses in the database used to draw the field are on average at MgO=6.1+ 1.0 wt. %
while MORB Melt inclusions are on average at MgO =6.4+ 1.3 wt. % (10).
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Fe3*/yFe using Equation (7) from Kress and Carmichael (1991) at
1 bar and using the Petrolog3 calculated equilibrium tempera-
ture; QFM refers to the Quartz-Magnetite-Fayalite mineral
redox buffer as reported in Frost (1991).

We can compare these results with other studies that have
determined the oxidation state of melt inclusions (and pillow
glasses) in arc magmas by XANES spectroscopy at the Fe
K-edge. These include studies in the Mariana arc (Kelley and
Cottrell, 2012; Brounce et al., 2014, 2016) and a study of cinder
cones in the Lassen region (California, USA) (Muth and Wallace,
2021). For the comparison with our data, corrected to
MgO =6 wt. %, to be meaningful, we only report in Figure 3c
literature data from Mariannas and Lassen with MgO contents
between 5 and 7 wt. % (i.e. directly comparable to our MgO =
6 wt. % data). The distributions of our new data points and
existing ones coincide and overlap, mostly falling within the
same range in oxidation state at a given S content. The observed
trend between the sulfur content of melt inclusions and their oxi-
dation state is strengthened by the addition of literature data
extending the trend to slightly higher oxidation states. It there-
fore appears that, as previously demonstrated for hotspot volca-
noes (Moussallam et al., 2014, 2016, 2019; Brounce et al., 2017),
sulfur degassing in arc volcanoes is accompanied by a reduction
of the melt oxidation state. In the SI we explore how available
gas-melt equilibrium degassing models compare to the observed
trend.

We note that our observations reconcile an apparent dis-
crepancy in the literature regarding the oxidation states of arc
magmas. Most estimates of the oxygen fugacities of the sub-
arc mantle, from mineral oxybarometry in xenoliths and lavas
(e.g., Cottrell et al., 2021 and references therein) or trace element
systematics in arc lavas (e.g., Zhao et al., 2022) cluster around
QFM +1, while those from the 'restoration” of volcanic gases
of arc volcanoes to magmatic temperatures cluster around
QFM (Moussallam et al., 2024). The one log unit difference in
oxidation state can be readily explained by degassing (Fig. 3).

Another interesting result is that, at similar degrees of dif-
ferentiation (MgO = 6 wt. %) and sulfur contents (~2500 ppm),
arc magmas are not more oxidised than their hotspot counter-
parts. Hotspot magmas record oxidation states around QFM
+1.2 under these conditions and even more oxidised conditions
at higher sulfur contents, taken as evidence of recycled oxidised
crustal material brought out of the deep earth by mantle plumes
(Moussallam et al., 2019) (Fig. 3d). In fact, there is a significant
overlap between the arc and hotspot data sets (Fig. 3d).
However, the reducing trend with sulfur degassing differs
between hotspot and arc magmas, showing a constant slope
for hotspot magmas and a hockey stick trend for arc magmas.
This difference is likely due to the significant variation in water
content between the two magma types. In contrast, the oxidation
state of melt inclusions in mid-ocean ridge magmas shows no
change in oxidation state with sulfur content (e.g., Moussallam
et al., 2023) (Fig. 3d). The sulfur content of MORB is thought
to be primarily controlled by equilibrium with sulfide (e.g.,
Mathez, 1976), such that sulfur degassing in MORBs is an
uncommon, yet documented, process (e.g., Shorttle et al., 2015).

! Conclusions

We have analysed the oxidation states of arc magmas from
eleven volcanic systems by measuring Fe®*/YFe ratios along with
major and volatile elements in olivine and plagioclase hosted
melt inclusions. Once corrected for the effect of fractional crys-
tallisation, we found that arc magmas define a trend of decreas-
ing oxidation state with decreasing sulfur content. Thus, both

L]

degassing and differentiation can influence redox conditions
of arc magmas to a comparable magnitude yet potentially in
opposing directions (reducing and oxidising, respectively).
When compared at similar degrees of differentiation and sulfur
contents, the oxidation states of arc magmas can be similar to
those of hotspot volcanoes.
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