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ARTICLE INFO ABSTRACT
Edited by Editor: Dr L Coogan Oxygen fugacity (fO2) varies systematically across tectonic environments. The typically high fO, recorded in arc
settings relative to oceanic ridges is attributed to recycling of oxidized materials derived from subducting slabs
Keywords: into regions of the mantle that undergo partial melting. To evaluate further the relationship between fO, and
gxggen f“gamy mantle metasomatism, Fe and S X-ray Absorption Near-Edge Structure measurements were conducted on vol-
ubduction

canic glass wafers sampled across the extrusive section of the Troodos Ophiolite, Cyprus, which is a type locality

o:;;f;ﬁl;t:::acity for studying the influence of subduction on mantle melting processes and the generation of oceanic crust. The
XANES glasses record fOo values relative to the quartz-fayalite-magnetite (FMQ) buffer of FMQ+0.13+0.16(10) to
Troodos FMQ+0.74+0.23(10) upon quenching at the seafloor. At a given MgO content, the fO, values recorded by the

Troodos glasses do not vary systematically based on type (i.e., boninitic versus tholeiitic) nor by sampling
location, indicating that the lavas were derived from primary melts and mantle sources that were indistin-
guishable in their initial fO5 levels. The glass fO, values do not vary with dissolved H,O contents, nor with trace
element ratios (e.g., Ba/La, Ce/Pb) and Pb and Sr isotopic compositions, all used to monitor interaction of slab-
derived materials with the Troodos mantle source. The decoupling of fO, and HoO and fluid-mobile elements
renders the Troodos an important endmember for interpreting global variations in the redox state of mantle melts
formed in subduction-influenced settings. For example, the Troodos glasses are reduced relative to Izu-Bonin
boninites and melt inclusions from Mariana and Cascades arc volcanoes, despite overlapping and elevated
H,0 contents, Ba/La, and S/Dy relative to mid-ocean ridge basalts. The lack of correlation between fO, and
volatile contents and with proxies for subduction influence in the Troodos glasses is similar to basalts formed in
back-arc environments and in near-trench settings in Izu-Bonin-Mariana. Such comparisons suggest that the slab-
derived fluids that infiltrated the Troodos melting region were derived from a shallow slab and had low oxidizing
capacity relative to fluids or melts which interacted with the mantle in the Izu-Bonin-Mariana arc and in the
Cascades, which represent arc environments with comparable glass Fe XANES measurements. A simple frame-
work accounts for local and global variability in fO in fractionation-corrected glasses, where fluids of variable
oxidizing capacity interact with depleted mantle to produce hydrous melts. The inheritance of volatile and fluid-
mobile elements in regions of the mantle that undergo partial melting does not necessarily lead to higher fO5 if
the oxidizing capacity of the infiltrating hydrous fluids are melts is low. In back-arcs and near-trench environ-
ments, partial melts formed by interaction with fluids of low oxidizing capacity are similar to arc melts in their
volatile contents, trace element, and isotopic signatures, but modestly oxidized relative to mid-ocean ridge
basalts.
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1. Introduction

The oxygen fugacity (fO2) recorded by magmas varies systematically
across tectonic settings (Carmichael et al., 1991; Cottrell et al., 2022),
with an increase in fO, from basalts formed in mid-ocean-ridge envi-
ronments (MORB), to those formed in back-arc basins (BABB), to rela-
tively oxidized melts formed in arc environments. The increase in fO,
across these tectonic settings is attributed to recycling of oxidized ma-
terials derived from subducting slabs into regions of the mantle that
undergo partial melting (Wood et al., 1990; Ballhaus et al., 1991; Par-
kinson and Arculus, 1999; Kelley and Cottrell, 2009; Brounce et al.,
2014; 2021; Birner et al., 2018; Muth and Wallace, 2021). However, the
identity of the materials and processes that are responsible for the
oxidation remains elusive (Evans and Tompkins, 2022). Oxidation in
subduction zone environments has been attributed to addition of
slab-derived sulfate (Muth and Wallace, 2021; Taracsak et al., 2023),
dissociation of slab-derived H,O (Tollan and Hermann, 2019), and
aqueous slab-derived fluids or hydrous melts with high concentrations
of dissolved oxidants (i.e., high oxidizing capacity; Kelley and Cottrell,
2009; Brounce et al., 2021). In this paper, we define “high” oxidizing
capacity as a fluid with sufficient concentrations of oxidants such that
interactions with mantle and melts increases the bulk Fe>/Fe?" ratio
and thus fOs.

In subduction environments such as the Izu-Bonin-Mariana (IBM)
system, increases in Fe>/Fe2* ratios measured in glasses, which reflect
higher fOg2 levels, correlate with elevated concentrations of dissolved
volatiles and trace elements that track slab involvement, such as en-
richments in large ion lithophile elements relative to rare earth elements
(REE) (e.g., Ba/La and Rb/Sm, Brounce et al., 2014; 2021). However, in
some locations including at the southern Mariana margin, fO appears
to be decoupled from volatile contents and proxies for slab influence (e.
g., at the Fina Nagu volcanic chain, Brounce et al., 2016); such decou-
pling has also been documented by oxybarometry of variably meta-
somatized peridotites in the Canadian Cordillera (Kilgore et al., 2018).
Therefore, the link between slab involvement and oxidation of the
mantle source regions for subduction-related melts is complex, and
assessing the relationship between fO5 and melt chemistry in quenched
glasses is critical for understanding the degree to which interactions
with slab-derived fluids modify the fO, in melting environments influ-
enced by subduction. The effect of slab fluids on fO5 is important
because volatile contents and fO5 control phase equilibria and processes
related to mantle melting (Carmichael and Ghiorso, 1990; Parkinson
and Arculus, 1999; Bénard et al., 2018; Davis and Cottrell, 2021), melt
transport and differentiation (Cottrell and Kelley, 2011; Brounce et al.,
2014; Le Voyer et al., 2015; Birner et al., 2018; O’Neill et al., 2018;
Brounce et al., 2021; Hu et al., 2023), and volatile cycling (Shorttle
et al., 2015; Moussallam et al., 2016; Hartley et al., 2017; Brounce et al.,
2017; 2021).

The Troodos Ophiolite is a well-preserved example of Late Creta-
ceous oceanic crust (Mukasa and Ludden, 1987). Compared to modern
MORB, the Troodos mantle and its melts contain elevated HoO and
fluid-mobile trace element concentrations (e.g., Ba, Rb, Sr, U, and Pb),
interpreted to be related to subduction processes (Rautenschlein et al.,
1985; Pearce and Robinson, 2010). Due to its preservation and exposure,
the Troodos Ophiolite has been crucial to our understanding of how
oceanic crust is generated in the vicinity of convergent margins and
represents an important target to evaluate the relationship between slab
influence and fO, in subduction-influenced melting environments.
However, the precise tectonic setting and the influence of subduction on
melting and differentiation processes in the Troodos is debated (Flower
and Levine, 1987; Pearce and Robinson, 2010; Regelous et al., 2014;
Woelki et al., 2018; Hu et al., 2021; 2023; Ribeiro et al., 2023). All the
interpretations of tectonic setting require interaction of
subduction-derived materials with a highly depleted mantle to explain
the high HyO and fluid-mobile element concentrations measured in
volcanic glasses, and the depletion in incompatible elements relative to

Earth and Planetary Science Letters 627 (2024) 118560

MORSB (e.g., Ti, Na, K, high-field-strength elements; Danyushevsky et al.,
1993; Portnyagin et al., 1997; Coogan et al., 2003; Regelous et al., 2014;
Woelki et al., 2019; Hu et al., 2021; Ribeiro et al., 2023). Radiogenic Pb
and Sr isotopes (Rautenschlein et al., 1985; Woelki et al., 2018; Taylor
et al., 2022) and stable B isotopes (Fonseca et al., 2017) measured in
volcanic glasses suggest a role for sediment-derived fluids or melts in the
petrogenesis of Troodos lavas, and such signatures are correlated
spatially across the ophiolite (Woelki et al., 2018; Taylor et al., 2022).
However, fO2 has been quantified accurately in only one location at
Troodos (at Marki using olivine-spinel oxybarometry; Hu et al., 2023)
and given the geochemical complexity observed across the ophiolite it
remains unclear whether variability in subduction-derived components
correlates systematically with fO,. Additionally, the timing and style of
metasomatism of the Troodos melting region is less certain, for example
whether the geochemistry and fO are consistent with a subduction
initiation setting (Pearce and Robinson, 2010; Hu et al., 2023) or a
complex configuration such as a back-arc propagating into fore-arc crust
(Regelous et al., 2014; Woelki et al., 2018; 2019; 2020).

In this study, we measured Fe and S speciation in quenched glasses
collected from across the Troodos Ophiolite to quantify the variability in
fO3 recorded by the lavas, and to assess the degree to which slab-derived
materials modified the fO5 of the melting region and its derivative melts.
We then compare the fO, and compositions of glasses from the Troodos
Ophiolite with fO, estimates from glasses collected at mid-ocean ridge
and subduction zone settings which have comparable measurements of
Fe speciation and glass chemistry. Such comparisons reveal that the
Troodos lavas share a close affinity with basalts formed in back-arc and
near-trench settings and represent an endmember in which the inheri-
tance of slab-derived volatiles and fluid-mobile elements by previously
depleted mantle did not lead to significant oxidation.

2. Methods
2.1. Sample description

Volcanic glasses collected from across the extrusive section of the
Troodos Ophiolite were characterized previously for their major and
minor element, trace element, volatile and isotopic compositions (see
Woelki et al., 2018; 2019; 2020 for a complete description of these
samples). The glasses in this study represent 43 wafers analyzed for HoO
and CO concentrations using Fourier-transform infrared spectroscopy
(Woelki et al., 2020). The glasses are basaltic andesites and are classified
either as boninitic (MgO >8 wt.%, TiO2 <0.5 wt.%, SiO5 >52 wt.%); Le
Bas, 2000) or tholeiitic (following Woelki et al., 2018).

2.2. Fe and s micro X-ray absorption near-edge spectroscopy (XANES)

Fe and S XANES analyses were performed at beamline 13-IDE at the
Advanced Photon Source (APS), Argonne National Laboratory. Fe
XANES data acquisition and reduction were based on Cottrell et al.
(2018) using the cryogenic Mossbauer calibration from Zhang et al.
(2018); S XANES acquisition and reduction followed the techniques
described by Brounce et al. (2021). Uncertainties reported for both Fe
and S XANES correspond to the distribution of replicate measurements
made on the same glass wafer and are reported as 1c. Fe speciation was
quantified in optically clear glass wafers; five altered samples (Woelki
et al., 2020) were not optically clear. The altered glasses were measured
using S XANES. Details on XANES analysis and data reduction, micro-
photographs of glass wafers, and corresponding XANES spectra can be
found in the Supplement.

3. Results
3.1. Fe and S speciation in quenched glasses from the Troodos Ophiolite

The Fe3*/3 Fe (> Fe = Fe?' + Fe") measured in the glass wafers
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ranges from 0.125 to 0.156 (Table 1). The Fe3+/ZFe ratios increase
with decreasing MgO contents (Fig. 1a), and thus vary with elements
which are themselves correlated with MgO. There is no systematic
relationship between Fe speciation and sampling location across the
ophiolite (Fig. S1), however we note that the three glasses with the
highest MgO contents and lowest Fe3+/ZFe ratios were collected from
Kapilio at the southern margin. Fe>*/3 Fe ratios do not correlate with
trace element proxies for contribution of subduction-derived compo-
nents such as Ba/La, Ce/Pb and S/Dy (Fig. 2a-c), nor are Fe3+/ZFe
ratios correlated with dissolved volatile contents (H20, S and COs; Fig.
S2) or with radiogenic Pb and Sr isotopes (Fig. S3). These relationships
will be revisited in the following section where Fe>*/S Fe measure-
ments are converted into calculations of fOs.

In the unaltered glasses, so+/ >SS = S+ SG+) ranges from 0.16
to 0.53 (Table 1) and are positively correlated with MgO (Fig. 1b) and
with Fe®*/3 Fe (Fig. 1¢). Fe**/3 Fe and S®*/3_S co-determined in glass
wafers overlap within error of calculations of Fe-S redox equilibria in
anhydrous silicate melts (black curve in Fig. 1c; O’Neill and
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Mavrogenes, 2022). Taken collectively, the speciation of Fe and S in
unaltered volcanic glasses display an increase in the oxidized species
with decreasing MgO contents. Importantly, they are not correlated with
trace element proxies for slab involvement, nor with dissolved volatiles
(Fig. S2) and radiogenic Pb and Sr isotopes (Fig. S3). The altered glasses
(ellipse in Fig. 1b) all have systematically low S6+/ZS (<£0.06); in 3 of
the 5 altered glasses no so+ peak was identified (SG+/ZS ~ 0). The
altered glasses deviate from the trends defined by the relatively pristine
glasses (Fig. 1b) and are not representative of magmatic values.

4. Discussion

4.1. Calculation of fO3 from Fe and S XANES data of volcanic glasses
from Troodos

The correspondence of Fe and S speciation measured in Troodos
glasses with models of Fe-S redox equilibria (Fig. 1c) suggests the that
glasses represent melts that were in redox equilibrium upon quenching
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Fig. 1. Speciation of Fe and S measured using XANES in quenched volcanic glasses from the Troodos Ophiolite. Red circles are boninitic glasses and orange circles
are tholeiitic glasses, as defined in Section 2.1. Fe3*/> Fe ratios were calculated following Cottrell et al. (2018) using the cryogenic Méssbauer calibration of Zhang
et al. (2018); S®* />_S ratios were calculated using unscaled peak ratios following Brounce et al. (2021). Error bars are 1c. (a) MgO wt.% vs. Fe3t/ >"Fe, (b) MgO wt.
% vs. S¢*/ >"S; the five glasses in the ellipse are altered (Woelki et al., 2020) and do not have corresponding Fe XANES measurements, (c) Fe3+/ZFe vs. §°F/ >S. The
black curve was calculated using equation (13) in O'Neill and Mavrogenes (2022) evaluated at 1200 °C using the glass composition of CY16-glass-135 (Woelki et al.,
2020); the dashed lines represent 1 uncertainties. (d) MgO wt.% vs. fO, expressed as log unit deviations from the FMpQ buffer of Frost, 1991 (AFMQ), calculated as
described in Section 4.1 using the Fe oxybarometer of Borisov et al. (2018). The solid line is a linear fit weighted by uncertainties in the Fe XANES measurements plus
an additional 0.38 log;¢ unit standard error in the calculation of fO5 from Fe3*/Fe* (Borisov et al., 201 8), resulting in Eq. (1): 1.129 + 0.459 — 0.079 + 0.058[MgO
wt.%]; r? = 0.49, MgO = 4.6 — 10.5 wt.%. The dashed lines are 95% prediction intervals. The yellow star represents the calculated fO, projected to the olivine
liquidus at MgO = 17.5 wt.%: FMQ-0.2140.35(20). The inset shows calculated AFMQ vs. $®*/3S in the Troodos glasses. The curves in the inset show two pa-
rameterizations of AFMQ vs. $°/3S; the red curve is the model of Jugo et al. (2010) for hydrous tholeiite recalculated to 1200 °C using the T-dependence of O'Neill
and Mavrogenes (2022); the black curve was calculated following O’Neill and Mavrogenes (2022).
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Table 1
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Fe and S XANES measurements of unaltered glasses from the Troodos ophiolite (Woelki et al., 2018; 2019; 2020). Fe speciation was calculated following Cottrell et al.
(2018); S speciation was calculated following Brounce et al. (2021) with no scaling factors. Quench T was calculated using Putirka (2008) eq. 15; fO, was calculated
using Borisov et al. (2018) and is expressed in log units relative to the FMBQ buffer of Frost (1991).

Glass ID Location Fe**/3 Fe 1o seT/3s 1o Quench T (°C) AFMQ 1o
CY1621 Limni 0.141 0.005 0.296 0.036 1112 0.605 0.115
CY1660 Pareklisia 0.145 0.001 0.411 0.038 1181 0.480 0.029
CY1661 Pareklisia 0.147 0.003 0.399 0.011 1187 0.519 0.066
CY1664 Pareklisia 0.144 0.002 0.357 0.010 1161 0.499 0.047
CY16-GLASS-12 Limni 0.137 0.000 0.306 0.023 1126 0.503 0.002
CY16-GLASS-129 Kapilio 0.132 0.001 0.245 0.003 1169 0.338 0.027
CY16-GLASS-135 Kapilio 0.125 0.002 0.192 0.008 1211 0.128 0.160
CY16-GLASS-144 Kapilio 0.128 0.001 0.208 0.018 1205 0.164 0.057
CY16-GLASS-150 Kapilio 0.128 0.002 0.159 0.011 1199 0.168 0.150
CY16-GLASS-184 Pareklisia 0.153 0.005 0.356 0.012 1139 0.720 0.085
CY16-GLASS-24 Limni 0.151 0.006 0.283 0.008 1148 0.676 0.103
CY16-GLASS-30 Limni 0.140 0.011 0.215 0.004 1165 0.461 0.322
CY16-GLASS-35 Limni 0.147 0.006 0.534 0.028 1110 0.670 0.106
CY16-GLASS-37 Limni 0.145 0.002 0.338 0.015 1119 0.665 0.045
CY16-GLASS-89 Pareklisia 0.146 0.008 0.276 0.016 1189 0.501 0.210
CY16-GLASS-95 Pareklisia 0.140 0.002 0.373 0.020 1163 0.420 0.058
CY16-PK-21 Pareklisia 0.135 0.004 0.222 0.001 1188 0.345 0.149
CY16-PK-7 Pareklisia 0.138 0.002 0.223 0.004 1189 0.379 0.078
CY17-AK7 Arakapas 0.142 0.003 0.306 0.029 1155 0.582 0.073
CY17-KV-104 Kalavassos 0.147 0.002 0.360 0.011 1154 0.567 0.051
CY17-KV-11 Kalavassos 0.146 0.005 0.359 0.000 1163 0.539 0.113
CY17-KV-113 Kalavassos 0.145 0.001 0.359 0.001 1153 0.538 0.012
CY17-KV-14 Kalavassos 0.149 0.003 0.367 0.019 1154 0.590 0.064
CY17-KV-39 Kalavassos 0.152 0.006 0.364 0.013 1153 0.663 0.106
CY17-KV-44 Kalavassos 0.152 0.003 0.375 0.002 1144 0.677 0.059
CY17-KV-48 Kalavassos 0.144 0.002 0.374 1148 0.518 0.053
CY17-KV-51 Kalavassos 0.153 0.002 0.399 0.000 1154 0.673 0.038
CY17-KV-53 Kalavassos 0.319 1155

CY17-KV-56 Kalavassos 0.149 0.006 0.247 0.006 1155 0.590 0.127
CY17-KV-79 Kalavassos 0.156 0.014 0.387 0.003 1154 0.744 0.230
CY18-AR-13 Akaki 0.138 0.005 0.331 0.032 1082 0.482 0.127
CY18-AR-15 Akaki 0.153 0.001 0.370 0.021 1086 0.736 0.022
CY18-EA-16 Arakapas 0.136 0.004 0.290 0.010 1166 0.319 0.156
CY18-EA-31 Arakapas 0.149 0.004 0.302 0.000 1155 0.561 0.096
CY18-EA-36 Arakapas 0.143 0.002 0.300 0.005 1153 0.464 0.071
CY18-MA-7 Margi 0.147 0.000 0.353 0.010 1160 0.516 0.000
ET-6-2 Akaki 0.151 0.000 0.275 0.005 1162 0.532 0.000
CY17-KV-50 Kalavassos 0.143 0.004 0.237 0.007 1142 0.526 0.111

and permits calculating fO, of each glass at its quench temperature (T),
AFMQ = 1.129 £+ 0.459 — 0.079 £ 0.058 x [MgO wt.%] (@D)]

which ranges from 1092 to 1218 °C (Table 1; eq. 15 in Putirka, 2008).
Dissolved S®* was detected in all the unaltered glasses (Fig. 1b); because
the transitional fO, range over which S?~ converts to S®* in natural
silicate melts is narrow (e.g., Jugo et al., 2010; O’Neill and Mavrogenes,
2022; Boulliung and Wood, 2023), S speciation acts as a sensitive oxy-
barometer for these glasses and provides a test for whether fO5 calcu-
lations, which are quantified using Fe speciation, produce internally
consistent results. We calculated fO5 using three Fe oxybarometers (Fig.
S4) and concluded that the fO, values calculated using Borisov et al.
(2018) were most successful in reconciling both the Fe and S speciation
data from Troodos at a common T and fOs, and so this model was
adopted. The corresponding fO, of the Troodos glasses calculated at
their quench T and expressed as log units relative to the fayalite--
magnetite-p-quartz (FMQ) oxygen buffer (Frost, 1991) ranges from
FMQ+0.13+0.16 to FMQ+0.74+0.23 (the + value is propagated from
1o XANES errors; Fig. 1d).

The fO, values account for the effects of T and melt composition on
Fe®"/Fe®" ratios, and when fO, is used as the independent variable to
compare to compositional variables, it produces trends that are more
coherent than when using Fe3+/ZFe as the independent variable. For
example, the increases in fO, with decreasing MgO (Fig. 1d) and S/Dy
(Fig. 2f) are more clearly defined than the corresponding increases in
Fe3'/S Fe (Fig. 1a; Fig. 2¢). A linear least squares fit of MgO wt.% vs.
AFMQ for the Troodos glasses, weighted by uncertainties in the Fe
XANES measurements and in the fO5 calculation (Borisov et al., 2018),
produces the following equation (shown in Fig. 1d):

Although the uncertainties are large, the slope in Eq. (1) overlaps
with the MgO-fOs slope calculated for MORB with MgO = 5.5-10 wt.%
(slope = -0.08+0.01; Cottrell and Kelley, 2011; O’Neill et al., 2018) and
with the slope calculated for fore-arc basalts (FAB) from IBM (slope =
—-0.08, Brounce et al., 2014). Such correspondence in the amount of
oxidation per decrement in MgO contents is important because the
aforementioned MORB and FAB glasses have substantially lower HoO
contents (typically <1 wt.%,) compared to the Troodos glasses (2.2 +
0.6 wt.% H50), suggesting that the MgO-fO, relationship is independent
of HyO contents at the level of precision with which we can currently
quantify fO, based on Fe speciation (see Section 4.3.3) even though
liquid lines of descent will depend on H50.

The relationship between MgO and fO2 in the Troodos lavas is
consistent with oxidation during closed-system crystallization of olivine
with minor chromite (Hu et al., 2023) and indicates that the fO5 of the
Troodos volcanic suite was not externally buffered during differentia-
tion, similar to conclusions drawn for MORB (Cottrell and Kelley, 2011;
Le Voyer et al., 2015; O’Neill et al., 2018), BABB from the Mariana
Trough (Brounce et al., 2014), and FAB and boninites from IBM
(Brounce et al., 2021). Chromite inclusions are observed in olivines from
Troodos with molar Mg/(Mg+Fe) (Mg#) from ~0.93 (Hu et al., 2021;
2023) to ~0.86 (Portnyagin et al., 1997; with one outlier Mg# = 0.83
olivine) indicating that crystallization of the two phases occurred over a
wide T interval. Therefore, Eq. (1) can be used to estimate the fO5 of
liquids more primitive than those represented by quenched glasses,
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Fig. 2. Comparison of Fe XANES measurements of Fe>*/3"Fe (top row) and fO, expressed as AFMQ (bottom row) in quenched glasses from the Troodos Ophiolite to
trace element ratios that track subduction influence: Ba/La, (a) and (d); Ce/Pb (b) and (e), and S/Dy (c) and (f). The fO, calculations are described in Section 4.1.
Error bars are 16; AFMQ errors are propagated from the corresponding uncertainties in Fe®>'/3" Fe measurements. Trace element data are from Woelki et al. (2018;

2019; 2020) and are reproduced in the Supplementary Data.

which have a maximum MgO = 10.5 wt.%. At an fO5 of AFMQ=0, melts
in equilibrium with Mg# = 0.93 olivine have MgO contents of roughly
17.5 wt.% (Saper et al., 2022); projecting Eq. (1) to this MgO content,
the fOy of the corresponding primitive olivine-saturated liquid at
Troodos is FMQ-0.214+0.17 (yellow star in Fig. 1d).

Calculated fO5 values are uncorrelated with Ba/La (Fig. 2d) and Ce/
Pb (Fig. 2e), two trace element ratios which track the influence of slab
fluids in the petrogenesis of Troodos lavas (Rautenschlein et al., 1985;
Regelous et al., 2014; Woelki et al., 2019). Other commonly used trace
element proxies for slab influence such as Ba/Ta, Th/Ta, Th/Nb (e.g.,
Pearce et al., 2005) are correlated with MgO in our glasses (Fig. S5).
Trace element ratios in Troodos glasses involving severely depleted
high-field-strength elements (e.g., Nb and Zr contents as low as 0.25 and
3.4 ppm) are dominated by variability in these elements rather than by
enrichments in fluid-mobile elements, and so they are not reliable
proxies for slab influence (Woelki et al., 2018; 2020). Complexities

arising from previous episodes of melt depletion are addressed in Sec-
tion 4.3.3. The glasses display a weak negative correlation between fO5
and S/Dy (Fig. 2f) and total S contents (Fig. 3a), and fO, is uncorrelated
with dissolved Ho0 (Fig. 3b) and CO; (Fig. 3c). Radiogenic Pb and Sr
isotopes demonstrate involvement of sediments and subduction fluids in
the Troodos mantle source (Rautenschlein et al., 1985; Fonseca et al.,
2017; Woelki et al., 2018; Taylor et al., 2022), however there is no
correlation between fO; and these isotopic systems (Fig. 4).

The lack of correlation between fO, and H,O (Fig. 3b), and between
H50 and S (Fig. S6), suggests that degassing was not a primary control
on the variability in fO; of the lavas. The weak negative correlation of S
and fO, (Fig. 3a) is opposite of the effect expected for degassing of melts
with 56+/ZS <0.5 (Hughes et al., 2023; Ding et al., 2023). Forward
degassing models (Fig. S6; Ding et al., 2023) demonstrate that the range
in glass S contents cannot be explained by a single degassing trend;
plausible (though non-unique) degassing paths that can explain the HyO
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Fig. 3. Volatile contents versus calculated fO, expressed as AFMQ in Troodos Ophiolite glasses. (a) S (ppm), (b) H,O (wt.%), (c¢) CO- (ppm). Volatile data are from

Woelki et al. (2020).
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vs. S relationships have fO, paths that are orthogonal to those shown in
Fig. 3a. Degassing of CO5 has a minor effect on fO5 (Brounce et al., 2017;
Ding et al., 2023). Thus, the fO, variability at Troodos is decoupled from
its volatile contents, and degassing cannot explain the range in S con-
tents dissolved in the glasses, nor the relationship between fO5, H,O and
S. Calculated fO, values increase with increasing Cl, which is negatively
correlated with MgO; Cl/K ratios rule out assimilation of Cl-rich crustal
materials in Troodos lavas (Woelki et al., 2020), therefore the observed
increase in fO2 with decreasing MgO contents is not due to assimilation
and is interpreted to result from crystal fractionation.

4.2. Comparison to previous estimates of the fOz of Troodos magmatic
rocks

Wet chemistry determined Fe>'/3 Fe ratios of glasses from Akaki
Canyon vary from 0.08 to 0.20 (Rautenschlein et al., 1985), spanning a
wider range than our Fe XANES measurements (Fe3+/ZFe =
0.125-0.156), which include three glasses from Akaki canyon
(Fe>*/S Fe = 0.138-0.151). If the reported loss on ignition values
(1.97-3.88 wt.%; Rautenschlein et al., 1985) are attributed to dissolved
H20 (in our unaltered glasses, HoO ranges from 1.67 to 2.52 wt.%), the
fO2 corresponding to these wet chemical data can be calculated as
described in Section 4.1. The range in calculated fO9 is FMQ-0.88 to

Earth and Planetary Science Letters 627 (2024) 118560

15 i L] L] L] L] I L] L] L] L] I L] L} L} L} Iil L] L] L] I L] L] L] L] i

. a J

i Fe3+/Fe2+ in glasses ]

- 10 [~ [ Fe XANES 7

% - (this study) E

8 5 :_I:I Fe wet chem. ’_{7 ] _:

O [ l_l 1 l_i 1 1_1 1 l_ﬂ . —l ﬂ Ll l_l_-
-1.0 -05 0.0 0.5 1.0 1.5

15 I T L} L} T I T T T T I T L} L} T I T I—I T I T L} L} T i

L b i

: Olivine-spinel pairs: ] :

. 10| Huetal,2021;2023 -

% : 0 2023 Fe™ corr. B :_} :

8 [ 2023 uncorr. HR i ]

) [ 12021 uncorr. L i 7]

[ ! i

- = | -

0 [ raaa g 4. | ] h I’—_ﬁ :-
-1.0 -0.5 0.0 0.5 1.0 1.5

LI T T T I T T T T I T T T T I T T T T I T T T .

30F°¢ ] E

| Olivine-spinel pairs: | ]

[ Other literature data ] ]

-.g 20 - — Fe3+ uncorrected -]

Q [ ]

@) [ ]

10 -

O [ s o a1l 340 l_-

-10 -05 0.0 0.5 1.0

AFMQ

Fig. 5. Histograms comparing estimates of fO, of volcanic rocks from the
Troodos Ophiolite calculated using different techniques and materials. (a) Fe
oxybarometry of quenched glasses. The blue histogram shows fO, calculated
from Fe XANES measurements of glasses from across the ophiolite (this study),
the orange histogram represents fO, calculations from Fe3*/Fe?t ratios
measured by wet chemistry in glasses from Akaki Canyon (Rautenschlein et al.,
1985). (b) Olivine-spinel oxybarometry of chromian spinel inclusions in olivine
in picritic pillow lavas from Marki (Hu et al., 2021; 2023). T is calculated using
Li et al. (1995) with no correction for silica activity. The dashed black-outlined
and unfilled blue-outlined histograms show calculations where Fe*>* in spinel
was calculated based on charge balance (uncorrected, “uncorr.”) using
olivine-spinel data from Hu et al. (2021) and Hu et al. (2023), respectively. The
filled blue histogram shows calculations where the Fe>* value in spinel was
corrected (“corr.”) using Mossbauer-calibrated secondary standards (Davis
et al., 2017; Hu et al., 2023). (¢) Olivine-spinel oxybarometry from other lo-
cations in the Troodos Ophiolite, with Fe®* calculated using charge balance
(uncorrected). The data are from lower pillow lavas (Portnyagin et al., 1997)
and upper pillow lavas (Sobolev et al., 1996; Golowin et al., 2017; Woelki et al.,
2019). All olivine-spinel fO, calculations were done at 1000 bars, following Hu
et al. (2023), and expressed as log units relative to the FMBQ buffer of
Frost (1991).

N
(@}



L.M. Saper et al.

FMQ+1.42 (Fig. 5a); the mean and standard deviation of the nine
glasses is FMQ+0.25+0.76, which overlaps with the fO, values calcu-
lated from Fe XANES measurements in three Akaki Canyon glasses:
FMQ+0.48, FMQ+0.53, FMQ+0.74 (Table 1).

The fO, calculated for cumulate gabbros from Troodos using Fe3*
partitioning between plagioclase and olivine ranges from FMQ+0.25 to
FMQ-+3.5 (median is FMQ+-1.5), at an estimated T of 1045-1145 °C and
pressure (P) = 1.5 kb (Coogan et al.,, 2003). Based on Fe*-Ti and
Fe*-MgO systematics, Pearce & Robinson (2010) estimated that the
Troodos complex formed approximately at FMQ+1. These estimates are
high relative to the fOy values calculated from our glass Fe XANES
measurements.

The remaining fO, estimates of volcanic rocks at Troodos are based
on the Fe>* contents of chromian spinels included in olivine phenocrysts
in lavas. Considering only spinel data with Fe3* contents adjusted using
Mossbauer-calibrated secondary standards, olivine-spinel pairs in pillow
lavas from Marki (Hu et al., 2023) have a distribution of fO, values at
the olivine-spinel T (1123-1234 °C; Li et al., 1995) of FMQ+0.43+0.17
(Fig, 5b), which is in excellent agreement with the tholeiitic glass from
Marki measured by XANES (FMQ-+0.52 at a quench T = 1160 °C) and
with the distribution of both boninitic and tholeiitic glasses from across
the ophiolite (FMQ+0.52+0.15; T = 1155+45 °C; Fig. 5a). When pro-
jected to the olivine liquidus T, the olivine-spinel pairs provide an in-
dependent estimate of the primary melt fO; of FMQ-0.52+0.20 (Hu
et al., 2023), which is lower than but overlaps within 1c of the estimate
based on projecting Eq. (1) to MgO = 17.5 wt.%, FMQ-0.214+0.17.
These estimates both overlap within uncertainty of the fO, of olivine,
spinel, and orthopyroxene bearing harzburgitic residues at Troodos,
which when projected to 6 kb and 1355 °C have a calculated fOy of
FMQ-0.58+0.46 (Hu et al., 2023).

Adjustment of Fe>* values in spinels measured by microprobe using
Mossbauer-calibrated secondary standards is critical for both the accu-
racy and precision of fO, values calculated from olivine+spinel
+orthopyroxene oxybarometry (Davis et al., 2017); the correction
applied in Hu et al. (2023) results in ~20-25% lower Fe3+/ZFe ratios
relative to uncorrected values calculated using charge balance (Fig. 5b).
Hu et al. (2023) compared their fO, estimates using corrected spinel
measurements to earlier studies with uncorrected spinel measurements
and concluded that the olivines from Marki, some of which contain
partially crystallized boninitic melt inclusions (Hu et al., 2021), were
more reduced at their source conditions than olivines from tholeiitic
lavas collected elsewhere in the ophiolite. To compare the olivine-spinel
datasets in an internally consistent manner, we have calculated fO, at
the olivine-spinel T (Li et al., 1995), using spinel Fe®' values based on
charge balance (i.e., uncorrected). The uncorrected olivine-spinel esti-
mates of fOy at Marki (Hu et al., 2023) are indistinguishable at the 16
level from olivine-spinel pairs in pillow lavas collected elsewhere in
Troodos (compare the unfilled blue-outlined histogram in Fig. 5b to
Fig. 5¢). Thus, the interpretation that olivines at Marki crystallized from
boninitic melts with distinctly lower fO5 than olivines from elsewhere in
the ophiolite (Hu et al., 2023) is biased by comparison of fO, estimates
from corrected and uncorrected spinel Fe>* contents. In contrast to this
interpretation, the corrected olivine-spinel data from Marki overlap with
our XANES data of glasses from Marki and from glasses collected across
the ophiolite, which collectively show no difference in fO, based on
glass type (e.g., boninitic vs. tholeiitic; Fig. 1d) nor by sampling location
(Fig. S1).

The fO, values calculated from Fe-XANES measurements of volcanic
glasses from the Troodos Ophiolite are consistent with derivation from
primitive melts with indistinguishable initial fO, levels, and do not
require variable fO5 in time nor in space in the melting region. This may
reflect a roughly uniform redox state in the Troodos mantle sources
during melting, and/or from aggregation of fractional melts which ho-
mogenized larger-scale redox heterogeneities (Birner et al., 2018).
Although there is compelling evidence for spatial variability in both the
types and degrees of slab influence in Troodos lavas (Woelki et al., 2019;
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2020; Taylor et al., 2022), our XANES results suggest that higher fluid
inputs did not lead to commensurate increases in the fO5 as a function of
sampling location (Fig. S1). The average fO, of Troodos lavas was
FMQ+0.524+0.15 upon quenching at the Cretaceous seafloor, repre-
senting a maximum increase in fO; of roughly one log unit between melt
extraction and eruption.

4.3. Comparison to literature Fe XANES measurements in volcanic glasses
from different tectonic settings

4.3.1. Fe®t/ >"Fe and calculated fO2 values

Fe XANES data of glasses from MORB, fore-arc and back-arc
spreading centers, and of glass inclusions from arc volcanoes are
compared to Troodos in Fig. 6. Ocean island basalts were excluded due
to low-P S degassing, which for melts with low HoO/S leads to significant
reduction of melt Fe3+/ZFe ratios (Shorttle et al., 2015; Hartley et al.,
2017; Moussallam et al., 2016; Brounce et al., 2017). The effects of
degassing on fO, are minimized in this compilation due to (1) high
pressures of eruption of seafloor glasses, and (2) high H,O/S ratios in arc
melt inclusions compared to ocean island basalts (Brounce et al., 2017;
2021). The Fe*'/3 Fe ratios measured in Troodos glasses overlap with
MORB and IBM FAB at a given MgO content (Fig. 6a) and have lower
Fe®'/Y Fe than IBM boninites, arc volcanoes in Mariana, and Lassen
Volcano in the Cascades (Fig. 6a).

For each glass, fO, was calculated as described in Section 4.1 (Bor-
isov et al., 2018) using the reported glass composition and Fe3*/Fe?*
ratio (Zhang et al., 2018). When accounting for the effects of T and melt
composition (including the effect of HyO on the liquidus T; Putirka,
2008), at a given Fe>"/>"Fe ratio the Troodos glasses are more oxidized
than MORB (Fig. 6b) and have an fO, distribution that overlaps with
IBM FAB, Mariana trough BABB, and the near-trench volcanic chain of
Fina Nagu at the southern Mariana margin (Brounce et al., 2014, 2016).
As observed in Troodos (Fig. 1d), Fe3+/ZFe and fO; generally increase
with decreasing MgO contents (Cottrell and Kelley, 2011; Brounce et al.,
2014; O’Neill et al., 2018), which reflects crystallization of phases with
lower Fe3* /S Fe than the coexisting liquids (Carmichael, 1991; Kelley
and Cottrell, 2012; Brounce et al., 2014; O’Neill et al., 2018; Cottrell
et al., 2022).

4.3.2. Volatile contents and trace element proxies for slab involvement

Dissolved volatile contents are linked to the redox state of silicate
melts due to the efficacy with which degassing (particularly of S-bearing
gasses) can modify fOy (Shorttle et al., 2015; Hartley et al., 2017;
Moussallam et al., 2016; Brounce et al., 2017; 2021; Ding et al., 2023),
and evidence that volatiles derived from subducted oceanic lithosphere
drive changes in the oxidation state of the overlying mantle and its de-
rivative melts (Kelley and Cottrell, 2009; Brounce et al., 2014; 2021;
Muth and Wallace, 2021; 2022; Taracsak et al., 2023). For the depths at
which the Troodos glasses were erupted (corresponding to vapor satu-
ration P of ~400-500 bars; Woelki et al., 2020; Belgrano et al., 2021),
and for the relatively undegassed arc melt inclusions in our compilation
(Brounce et al., 2014; 2016; 2021; Muth and Wallace, 2021), the effects
of degassing on fO5 are expected to be minor (Fig. S6; Le Voyer et al.,
2015; Moussallam et al., 2016; Brounce et al., 2017; Ding et al., 2023;
Hughes et al., 2023). This is because effect of degassing on fO5 is driven
primarily by degassing of S at low P (<200-300 bars; Ding et al., 2023;
Hughes et al., 2023), and forward degassing calculations suggest that
such fO2 changes in Troodos magmas were <0.2 logio units (Fig. S6;
Ding et al., 2023). The Troodos glasses and IBM boninites overlap in
their HoO contents, however the Troodos glasses are more reduced
(Fig. 7a); conversely, although IBM FAB and Troodos overlap in their
calculated fO, values, the Troodos glasses contain substantially more
dissolved H3O. Therefore, for the degree to which primitive melts in
Troodos were enriched in H»O, the lavas are systematically more
reduced than comparably hydrous boninites from IBM and glass in-
clusions from the Mariana and Cascades arc (Fig. 7a).
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In addition to high dissolved volatile contents in the Troodos glasses,
elevated values of fluid-mobile elements track interaction of slab-
derived fluids with the Troodos mantle source (Rautenschlein et al.,
1985; Pearce and Robinson, 2010; Regelous et al., 2014; Woelki et al.,
2018; 2020). Positive correlations between fO5 and trace element ratios
that record slab-derived materials in arc glasses (Fig. 7b,c; Fig. S7)
reflect oxidative metasomatism of the mantle by slab-derived fluids
and/or melts (Brounce et al., 2014, 2021; Muth and Wallace, 2021;
Tarascak et al., 2023). However, while the range in Ba/La in Troodos
glasses (Ba/La = 8-56, Woelki et al., 2018; 2019) extends to substan-
tially higher ratios compared to MORB (Ba/La <15) and overlaps with
the elevated ratios measured in arc volcano glasses in our compilation
(Ba/La = 13-62), the Troodos fO, values are uncorrelated with Ba/La
(Fig. 2d), and for a given Ba/La they are more reduced than arc melt
inclusion glasses (Fig. 7b). The same observation holds for other markers
for slab influence (e.g., Cs/Th, Rb/Th, Sr/Nd; see Fig. S7).

The volatile contents and fO, of glasses from the Troodos share a
close affinity with the fO, and composition of glasses from the Mariana
trough (Brounce et al., 2014) and in particular with Fina Nagu at the
southern Mariana margin (Brounce et al., 2016), overlapping not only in
their major element compositions, fOy (Fig. 6b) and H2O contents
(Fig. 7a), but also with proxies for slab involvement (Fig. 7b,c; Fig. S7).
In these locations, quenched melts have elevated quantities of
fluid-mobile and volatile elements relative to MORB but with only
modest increases in fO5. The fluids or melts which infiltrated the melting
regions in these locations were similarly low in their oxidizing capacities
relative to the bulk Fe'/Fe?" of the preexisting mantle.

In the central Mariana trough, samples which overlap with the fO5 of
MORB at similar MgO contents are dominated by decompression
melting of upper mantle. There, the relatively large distance between
the back-arc and trench, and a steeply dipping slab, leads to minor
contributions of melt influenced by subduction (Stolper and Newman,
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1994; Brounce et al., 2014). In the southern Mariana trough the sub-
ducting slab is 50-200 km depth directly below the back-arc spreading
center and melting is dominated by fluxing of oxidized slab fluids into
the melting column, manifested as quenched glasses with higher
Fe3*/Fe?* ratios relative to the central trough (Brounce et al., 2014). At
Fina Nagu in the far south, the slab is very shallow and directly below
the volcanoes, corresponding to a change in the composition of
slab-derived fluids delivered to the melting region (Brounce et al.,
2016). Fina Nagu melts are dominated by flux melting, but by shallow
slab fluids which had relatively low oxidizing capacity. At Fina Nagu,
the resulting fO; levels of erupted melts are as reduced as those in the
distal central Mariana trough, despite Fina Nagu capturing higher de-
grees of slab influence. Based on its similarities to Fina Nagu, the
extensional melting environment which produced the Troodos extrusive
series was likely dominated by dehydration of a shallow slab (Pearce and
Robinson, 2010; Woelki et al., 2020; Belgrano et al., 2021; Ribeiro et al.,
2023), producing relatively reduced fluids and minimal modification of
the fO; of the overlying mantle and its derivative melts.

The S/Dy ratio tracks contributions of slab-derived S to the mantle
source in arc settings; positive correlations with fO, and 534S have been
interpreted as evidence that addition of slab-derived S®* species drives
oxidation in the subarc mantle (Muth and Wallace, 2021; 2022). In
contrast to the positive relationship between fO5 and S/Dy in the Cas-
cades and the Marianas (Muth and Wallace, 2021; 2022; Fig. 7c), the
Troodos glasses display a negative relationship between the two pa-
rameters — samples with the highest S/Dy are the most reduced. As with
the compositional parameters described above, the fO5 vs S/Dy trend
defined by the Troodos glasses overlap with those from the Mariana
trough and Fina Nagu, and also with IBM FAB and MORB (Fig. 7c). If the
elevated S/Dy in the array of glasses that extends to lower fO5 values is
due to addition of slab-derived S to their respective mantle sources, then
it suggests that the metasomatic fluids in these locations had low con-
centrations of S®*. This is consistent with the fluids being low in their
oxidizing potential compared to those in Mariana and Cascade arcs. The
dissolved $®* measured in the Troodos glasses results from oxidation
due to closed-system crystallization (Fig. 1b,d); at the projected T-fO,
conditions for melt extraction (yellow star in Fig. 1d; Hu et al., 2023) all
S is calculated to have initially been dissolved as S*~ (O’Neill and
Mavrogenes, 2022; Boulliung and Wood, 2023). The lack of correlation
between fO5 and fluid-mobile element proxies for slab involvement in a
subset of subduction-influenced environments demonstrates that
slab-derived fluids have variable oxidizing capacities, and that the fO5
of the mantle proximal to subducting slabs can be decoupled from
interaction with slab-derived fluids or melts.

4.3.3. A framework to explain metasomatism, melting, and fOg in
subduction-influenced environments

Melting processes influence trace element properties of mantle melts
and can potentially affect fOo; for example, it is debated whether
melting leads to progressive reduction (Bénard et al., 2018), to slight
oxidation (Bézos et al., 2005), or to little or no change in fOy (O’ Neill
et al., 2018; Birner et al., 2021; Davis and Cottrell, 2021). Here, we
outline a framework that can simultaneously account for the effects of
melting, volatile contents and fOo, in the context of our compilation of
glasses from ocean ridges and subduction-influenced environments.
Glasses with MgO >5.5 wt.% were corrected for low-P fractionation to a
common MgO content of 8 wt.%, accounting for the effects of H,0O on
liquid lines of descent (e.g., Tig is wt.% TiO5 projected to MgO = 8 wt.%);
Langmuir et al., 2006; Bézos et al., 2009). Following the observation
that the slope of MgO vs. AFMQ is roughly constant for each tectonic
setting in our compilation (Fig. 6b; Fig. S8), fO, values were corrected
for fractionation using a uniform slope (3[AFMQ]/8[MgO wt.%] =
-0.08) to produce the parameter [AFMQ]g; this is used instead of
[FeoOslg (Bézos and Humler, 2005; Davis and Cottrell, 2021) because
there is sufficient compositional range in our compilation such that the
activities of FeO and FeyO3 in the melt are influenced by composition
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(Borisov et al., 2018) and cannot be compared directly to infer differ-
ences in fO; (e.g., compare Fig. 6a to Fig. 6b). The systematics do not
change if instead we used the calculated fO, values shown in Fig. 6b, or
by using MgO vs. AFMQ relationships fit individually to each suite of
glasses (e.g., Fig. S8), or by empirically reconstructing the major and
minor element chemistry of the glasses to MgO = 8 wt.% (including Sig,
Alg, [Fey0sls, [FeOls, etc.) and recalculating fO, at the wet liquidus T
(Fig. S9).

The Tig of MORB decreases with increasing average melt fraction (F)
(Langmuir et al., 2006). At constant T, addition of H,O increases F, and
the effect diminishes with increasing HoO such that in plots of Tig vs. Hg
hydrous melting curves are concave up and become increasingly steep
with increasing F and decreasing Tig (Fig. 8a; Langmuir et al., 2006). In
contrast, straight negatively sloped lines in this space represent mixing
of a dry MORB-like component with hydrous subduction-influenced
melts; this construction explains the variation in Tig vs. Hg observed in
back-arcs such as the Mariana trough (Langmuir et al., 2006). In addi-
tion to increasing F, increasing H»O is linked to higher fO5 in arc envi-
ronments (Kelley and Cottrell, 2009; Cottrell et al., 2022). Therefore, in
plots of Tig vs. [AFMQ]g (Fig. 8b) oxidative flux melting, or mixing of
reduced dry melts and oxidized hydrous melts, leads to negatively
sloped curves that intersect the low-Hg MORB array (dashed lines in
Fig. 8b). The magnitude of the slope of the intersecting line reflects the
oxidizing capacity of the hydrous fluid, and the intersection with the
MORB array reflects the degree of depletion in the unmetasomatized
mantle source. Note that the slope of Tig vs. [AFMQ]g for MORB is
indistinguishable from zero.

The geochemically similar hydrous glasses from the Troodos
Ophiolite, Mariana trough, and Fina Nagu lie above the MORB array in
Fig. 8b. The Troodos glasses represent a depleted endmember with low
Tig due to high degrees of melt extraction (Arculus and Parkinson, 1999;
Regelous et al., 2014) and with elevated Hg contents overlapping with
IBM boninites (Fig. 8a). The hydrous fluids that infiltrated the mantle
source of the Troodos lavas must have been less oxidizing compared to
the fluids involved in generating IBM boninites, which have higher fO,
despite overlapping Hg and Tig values. Note that a few glasses from
Troodos with Tig > 0.5 suggest limited mixing of hydrous melt with
relatively dry and reduced melts similar to MORB, consistent with in-
ferences based on trace element and radiogenic isotope systematics
(Woelki et al., 2019; Taylor et al., 2022).

Clockwise rotation from the MORB array reflects higher oxidizing
capacity of slab-derived fluids. Flux melting with fluids of variable
oxidizing capacity can account for redox variability within individual
arcs (i.e., rotation around a particular intersection with the MORB array)
and variable fO, at a given Tig in different subduction zones. The geo-
metric construction can explain why arcs have higher variance in fO,
compared to extensional environments (Cottrell et al., 2022), which are
dominated by mixing of melts derived from dry and wet, but both
relatively reduced, mantle sources (Fig. 8a; Langmuir et al., 2006). For
example, at Mariana both the increase in fO, from Agrigan volcano
(sediment melt signature) to Guguan volcano (hydrous fluid signature)
and the variability observed within Sarigan volcano (heterogeneous
fluid-melt signature) (Kelley and Cottrell, 2012; Brounce et al., 2014)
can be explained by sweeping upwards towards higher negative slopes
in Tig vs. [AFMQ]s space, as the oxidizing capacity and influence of the
slab-derived fluid increases. At Lassen Volcano, individual cinder cones
(BORG, BPPC, BRM, and BBL) variably sample involvement of
slab-derived fluids (Muth and Wallace, 2021). Cones derived from the
cool portion of the slab beneath Lassen (BORG and BPPC; green stars in
Fig. 8) represent hydrous flux melting by fluids of similar oxidizing ca-
pacity as in Mariana, whereas cones derived from a hotter slab (BRM and
BBL; red and blue stars, respectively in Fig. 8), rise from the MORB array
at a steeper angle and intersect the MORB array at higher Tig values. The
fO3 variability within individual volcanoes at both Mariana and Lassen
suggest that melt inclusions recovered from a single arc volcano may
sample melts of heterogeneously oxidized mantle.
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Fig. 8. (a) Tig (wt.% TiO; corrected for low-P fractionation to MgO = 8 wt.%; Klein and Langmuir, 1987; Langmuir et al., 2006; Bézos et al., 2009) vs. Hg (Wt.% H>0,
fractionation corrected to MgO = 8 wt.%). Negatively sloped lines represent mixing trends between dry MORB-like melts and wet arc-like melts; concave up curves
represent hydrous flux melting paths. (b) Tig vs [AFMQlg, where [AFMQ]s; is calculated by projecting fO, values calculated from glass Fe®>*/Fe?" ratios and quench

Ts (e.g., Fig. 6b) to MgO = 8 wt.% using a constant slope of S[AFMQ1/8[MgO wt.%]

= -0.08 (see Section 4.3.3 and Figs. S8 and S9); this corrects for the modest

oxidation that accompanies closed-system crystallization and allows for comparison of fO, between glasses representing a range of compositions and quench Ts
(which vary at MgO = 8 wt.% due to variable H,O contents and melt compositions). Lower values of Tig correspond to higher average degrees of melting (F) or of
source depletion. The labeled dashed lines qualitatively connect glasses from similar geographic locations and subduction zones. Increases in the magnitudes of the
dashed-line slopes are interpreted to reflect increasing oxidizing capacities of metasomatic fluids; the intersection with the MORB field reflects the degree of melting
or depletion of the mantle sources. The different colored symbols from the Mariana arc (triangles) and from Lassen (stars) represent melt inclusion data from in-
dividual volcanoes. The remaining symbols and data sources are the same as in Fig. 6.

For the Troodos Ophiolite, the fO, inferred from measurements of
Fe3*/Fe?" ratios in quenched lavas do not require a multi-stage evolu-
tion in which the mantle was first reduced due to melting and then
oxidized due to interaction with slab-derived fluids (e.g., during sub-
duction initiation, Hu et al., 2023). Instead, they fit coherently within
global systematics of subduction-influenced extensional melting envi-
ronments (Fig. 8), where mantle melts sample a mixture of dry and damp
sides of a melting prism (Langmuir et al., 2006; Bézos et al., 2009), and
in which the infiltrating slab-derived fluids were dilute in oxidants
compared to fluids involved in typical arc petrogenesis. If slab-derived S
was delivered to the Troodos melting region (accounting for some of the
range in S/Dy), then it is unlikely that metasomatism was dominated by
oxidizing S6+—bearing fluids (Hu et al., 2023). This is consistent with the
source of fluids in Troodos being derived from a relatively shallow slab
(Brounce et al., 2016; Woelki et al., 2020; Ribeiro et al., 2023), and
possibly buffered by interaction with reduced sediment melts
(Padron-Navarta et al., 2023), which have been inferred to play a role in
Troodos petrogenesis from measurements of glass B isotopes (Fonseca
et al., 2017) and Pb isotopes (Rautenschlein et al., 1985; Woelki et al.,
2018; Taylor et al., 2022). Such a scenario suggests that the inheritance
of volatile and fluid-mobile elements in the mantle adjacent to sub-
ducting slabs can be largely decoupled from changes in fOg if the slab
fluid does not contain the sufficient oxidative capacity, producing hy-
drous melts that are only slightly more oxidized than MORB. The con-
jugate arc front volcanoes represent hydrous flux melting by
slab-derived fluids with variable oxidative capacities, but which are
typically higher than those sampled in extensional environments.

5. Conclusion

1. Fe and S XANES measurements in glasses sampled from across the
Troodos Ophiolite (Feg+/2Fe =0.125-0.156; SG+/ZS =0.16-0.53)
indicate that the glasses preserve the redox state of melts at their
quench Ts (1092-1218 °C), and represent a range in fOs of
FMQ+0.134+0.16 to FMQ+0.74+0.23. Calculated fO, values in-
crease with decreasing MgO contents and are uncorrelated with H,0,
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trace element proxies for slab involvement, and radiogenic Pb and Sr
isotopes. The lavas were derived from primary melts of indistin-
guishable initial fO, levels of approximately FMQ-0.21+0.17.

. Fe3* /3 Fe ratios in Troodos glasses overlap with MORB, however
when accounting for the effects of T, melt composition, and crystal
fractionation the Troodos lavas ([AFMQ]g = 0.50+0.11) are slightly
more oxidized than MORB ([AFMQ]g = 0.15+0.18). Despite over-
lapping volatile contents, trace element proxies for slab involvement,
and degrees of depletion from prior melting events, Troodos lavas
and are more reduced than melt inclusions from IBM boninites and
from arc volcanoes (average [AFMQ]g > 1.0). The compositions, fO2
range, and volatile contents of Troodos lavas share close affinities
with Mariana trough back-arc basalts, the near-trench volcanoes of
Fina Nagu at the southern Mariana margin, and with forearc basalts
from IBM, which together display elevated volatile and fluid-mobile
element contents with only modest increases in fO, relative to
MORB.

. The Tig vs. [AFMQ]g framework accounts for global fO, systematics
of quenched melts as a function of the degree of depletion in their
mantle sources and the oxidizing capacity of metasomatic fluids. As
observed in the Troodos Ophiolite, the production of hydrous and
fluid-mobile element enriched partial melts in extensional and near-
trench environments can occur without significant oxidation due to
interactions with fluids of low oxidizing capacity. Arc volcanoes
represent hydrous flux melting influenced by slab-derived fluids or
melts with variable but typically high oxidizing capacities.

Appendix A. Supplementary Materials
Supplementary materials describing XANES analysis and reduction
techniques, optical images of glass wafers, and Fe and S XANES spectra

can be accessed in the online version of this article.
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