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ARTICLE INFO ABSTRACT

Editor: Dr R. Hickey-Vargas Intra-oceanic subduction initiation marks the transition between the mature divergent and convergent stages of

the Wilson cycle, each with its relatively well understood metallogeny. The metallogenic systematics of this

Keywords: transition are less clear, however, with uncertainties regarding precious metal enrichment in volcanogenic
G‘)ld' . massive sulfide (VMS) deposits and the potential for magmatic-hydrothermal mineralization in nascent arcs. The
811\3/[};101“6 Samail ophiolite is increasingly accepted to represent a ‘proto-arc’ formed during subduction initiation. Due to its
Subduction initation volcanic glass record of magmatism and resource estimates for its VMS deposits, this ophiolite is well suited for
Oman elucidating this metallogeny. New analyses of these volcanic glasses reveal a systematic enrichment in melt

chalcophile elements over the course of ophiolite magmatism, with enrichment of Au > Cu ~ Ag > Zn correlated
with sulfide-melt affinity. This enrichment can be explained by sequential remelting of the proto-arc mantle, with
initial melting concentrating Au into residual sulfide and later remelting extracting this Au into sulfide-
undersaturated melts. Subsequent melt fractionation further increased Au/Cu ratios relative to sulfide-
saturated early melts. Despite clear slab contamination, transfer of subducted S into the mantle was minimal.
These observations demonstrate that tectono-magmatic evolution drives the coupled Au-enrichment of proto-arc
lavas and the VMS deposits they host, with footwall lava composition controlling the metal endowment of these
deposits. Despite HoO-saturation of late boninitic melts, their low S contents and weak Cl fluid/melt partitioning
inhibited magmatic-hydrothermal metal extraction, limiting potential for high-sulfidation mineralization. Sub-
duction maturation is necessary to trigger such mineralization, as seen in Pacific intra-oceanic arc systems.

1. Introduction

In comparison to the mature divergent and convergent stages of the
plate tectonic cycle, the metallogenic evolution of the subduction initi-
ation stage that links them is relatively little explored (e.g., Patten et al.,
2019; Valetich et al., 2018; Wang et al., 2021). Intra-oceanic subduction
initiation commonly generates ‘proto-arc’ oceanic crust, formed by
extension and magmatism above nascent subduction zones and
commonly preserved as ophiolites and oceanic forearc sequences (e.g.,
Belgrano and Diamond, 2019; Shervais et al., 2019; Whattam and Stern,
2011). The characteristic shift from decompression-driven to slab-fluxed
magmatism that occurs during formation of proto-arc crust suggests that
chalcophile element behaviour should evolve over this process,
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providing an important record of the transition and controlling the
distribution of metals within the crust. This is turn could impact the
fertility and mineralization style of volcanogenic massive sulfide (VMS)
ore systems (e.g., Furnes et al., 2022; Martin et al., 2019; Patten et al.,
2017). However, understanding this evolution has proved challenging,
because the requisite combination of a pristine magmatic record of
subduction initiation with a corresponding metal inventory for sulfide
deposits at different magmatic stages is rarely available.

The emerging accord that many supra-subduction zone ophiolites,
including the Samail example (Oman-UAE), formed in proto-arc settings
(Belgrano and Diamond, 2019; Whattam and Stern, 2011) necessitates
revision of earlier views that their VMS districts are products of back-arc
or mature fore-arc tectonics (Galley and Koski, 1997). While the details
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of the Samail ophiolite’s tectonic origin will no doubt continue to be
refined, its formation above a nascent subduction zone is supported by
several independent strands of geochemical and geochronological evi-
dence (e.g., Belgrano and Diamond, 2019; MacLeod et al., 2013; Rioux
et al., 2021).

The recent discovery of volcanic glasses from all Samail volcanos-
tratigraphic units (Belgrano et al., 2021; Kusano et al., 2017) together
with volcanostratigraphic classification of their VMS ore resources
(Cravinho et al., 2023; Gilgen et al., 2014) presents an opportunity to
investigate the metallogenic evolution of subduction initiation and test
metal sourcing models for mafic VMS systems. Motivation for under-
standing the polymetallic endowment of VMS deposits stems from their
high Cu grades and Zn-Au-Ag(-Co-Se-Sb) co-production potential,
which makes this deposit class attractive for minimizing the footprint
and maximizing the return of extraction. A process-based metallogenic
model for exploration of deposits with high co-production potential in
ophiolites is currently lacking, however, and the potential for high sul-
fidation magmatic-hydrothermal mineralization in these settings re-
mains unclear (e.g. Martin et al., 2021; Patten et al., 2017, 2019).

Gilgen et al. (2014) empirically showed that the first generation of
VMS deposits in the Samail ophiolite tend to have the highest Cu grades
in the sequence, whereas deposits hosted by later boninites have
elevated Au grades. This systematic increase in deposit Au/Cu grade
over the course of subduction initiation is a regional-scale pattern,
suggesting that a fundamental yet unexplained process controls
proto-arc VMS endowment. The possibility that Au was enriched by
hydrothermal vent-site boiling at a shallower post-axial seafloor (Gilgen
et al., 2014) is precluded by reconstructed pressure and temperature
conditions outside the liquid-vapour stability field of seawater. These
reconstructions combine paleobathymetric evidence for post-axial sea-
floor pressures >32 MPa (Belgrano et al., 2021) and fluid inclusion
evidence for contemporary single-phase mineralizing fluids (Richter and
Diamond, 2022). Key untested hypotheses remaining are additions of
Au-rich magmatic-hydrothermal fluids (e.g., Patten et al., 2019) or hy-
drothermal leaching of Au-enriched footwall lavas (Cravinho et al.,
2023; Gilgen et al., 2014; Patten et al., 2017).

This study tests these hypotheses via reconstruction of chalcophile
element behaviour in the Samail VMS mineral system, integrating the
results into a general model for the metallogenic evolution of subduction
initiation. Building on studies focusing on the VMS deposit grade
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distribution and lava petrogenesis (Gilgen et al., 2014; Kusano et al.,
2017; Belgrano et al., 2021) we present new analyses of the trace
chalcophile element compositions of volcanic glasses for which major,
volatile, and lithophile trace elements have already been partly reported
(Belgrano et al., 2021; 2019; Kusano et al., 2017). Modelling of mantle
melting and melt fractionation based on these glass compositions is then
used to assess the relative importance of different chalcophile enrich-
ment processes. Finally, the results are combined with existing VMS
deposit data and the proto-arc model for ophiolite formation to build a
process-based understanding of subduction initiation metallogeny.

1.1. Volcanostratigraphy, glass samples, and data

The magmatic evolution of the Samail ophiolite is recorded by its
well-stratified volcanic sequence (Fig. 1a), with volcanostratigraphy and
nomenclature recently reviewed by Belgrano et al. (2019). Initial
tholeiitic magmatism proceeded at a proto-arc spreading axis, with the
emplacement of ‘moist’ but otherwise mid-ocean ridge basalt
(MORB)-like sheeted dike complex and comagmatic basaltic to andesitic
‘Geotimes/V1’ lavas (Kusano et al., 2012; MacLeod et al., 2013). Basalts
of the ‘Lasail/UV1’ unit mostly overlie the axial crust discontinuously
but constitute <10 area% of the lavas and hence are not considered in
detail here (Belgrano et al, 2019). Post-axial, tholeiitic
basalt-high-Mg-andesite-dacite-rhyolite series lavas of the ‘Tholeiitic
Alley/LV2’ unit erupted almost ubiquitously over the axial crust, and
their intrusive equivalents are present throughout the ophiolite
(Belgrano et al., 2019; Haase et al., 2016; Kusano et al., 2014). Finally,
post-axial, low silica boninite series lavas of the ‘Boninitic Alley/UV2’
unit erupted regionally but discontinuously with thicknesses up to ~2
km (Belgrano et al., 2019; Ishikawa et al., 2002; Kusano et al., 2014).
The magmatic progression of the Samail ophiolite was halted at this
point by obduction. Lavas with transitional compositions exist between
most units and the timespan available for erupting the sequence is ~ 1
Myr (Rioux et al., 2021). The 18 Samail ophiolite VMS deposits with
resource estimates lie mostly atop the axial volcanic crust and within the
Boninitic Alley/UV2 lavas, but deposits exist at all levels (Fig. 1a; Gilgen
et al., 2014).

Analyses of 53 volcanic glass samples are used in this study, with
volcanostratigraphic affinity assigned according to previously defined
compositional fields supported by volcanic map location (Figs. 1b, S1;
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Fig. 1. Samail ophiolite upper crust and its volcanogenic massive sulfide (VMS) deposits. a) Volcanostratigraphy showing each of the Samail upper crustal units, with
names (e.g. Geotimes) following Belgrano et al. (2019) and numbering (e.g., LV1) following Kusano et al. (2017), positions and Au grades of VMS deposits (Cravinho
et al., 2023; Gilgen et al., 2014), and upper crustal volumes of each unit (Belgrano et al., 2019). b) and c) Lithologic classification of magmatic units based on
MgO-TiO»-SiO, relationships in fresh glass (Belgrano et al., 2021; 2019; Kusano et al., 2017), fresh dikes (Adachi and Miyashita, 2003; Miyashita et al., 2003), and
variably altered lava and gabbro-plagiogranite whole rocks (Belgrano et al., 2019; Gilgen et al., 2016, 2014; Haase et al., 2016). Gt = Geotimes/V1, TrGt =
Transitional V1/V2, tA = Tholeiitic Alley, TrA = Transitional Tholeiitic-Boninitic Alley, bA;_5 = Type 1-2 Boninitic Alley. Fields after Pearce and Reagan (2019)with
HMA = High Mg Andesite and BADR = Basalt—Andesite-Dacite—Rhyolite series.
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Belgrano et al., 2019). Glasses were recovered from pillow margins and
hyaloclastite breccias (Belgrano et al., 2021; 2019; Kusano et al., 2017).
Major, trace, and volatile element analyses previously reported in these
studies have been collated here (Table A1, Belgrano et al., 2025). Pris-
tine glasses are more common in the post-axial lavas and relict glass is
exceedingly rare in the more hydrothermally altered axial sequence. The
rarity of Geotimes/V1 glasses means that they are not evenly distributed
across the compositional range of this unit, with most glasses being
andesitic whereas most of the Geotimes/V1 dikes and lavas are basalts
or basaltic andesites (Fig. 1b; Belgrano et al. 2019). All Geotimes/V1
glasses recovered so far appear to be affected by secondary devitrifica-
tion and hydration (Fig. S4), as determined by electron microprobe
analytical (EMPA) totals of 90-94 wt%. One key transitional Geotimes
basalt glass is pristine (TB4-08D) and plots together with Geotimes/V1
geochemical arrays except for being slightly more depleted in incom-
patible lithophile elements. Data from glasses with secondary hydration
are differentiated in our figures.

To support these glass data, X-ray fluorescence analyses of selected
whole rock samples are included in our plots (File S1a). Petrographi-
cally, these samples are exceptionally fresh, they contain <2 wt% vol-
atiles and closely follow primary MgO-SiO2—CaO covariation curves.
They include fresh axial sheeted dikes (Miyashita et al., 2003), Transi-
tional Alley whole rock dikes (Adachi and Miyashita, 2003) and Boni-
nitic Alley/UV2 pillow lavas (Ishikawa et al., 2002). Further use is made
of published whole rock analyses of lavas, gabbros, and tonalites with
<4 wt % volatiles which include Cu and Zn contents (File S1b; Belgrano
et al., 2019; Belgrano and Diamond, 2019; Gilgen et al., 2014; Haase
et al., 2016).

2. Analytical methods

A detailed record of analytical methods is provided in the supple-
ment and summarised here. New major element, S, and Cl analyses of
matrix glasses were performed by EMPA at the University of Bern using a
Jeol JXA-8200™ instrument with a 15 keV, 30 nA and 15 pm diameter
beam. Analyses of melt inclusions and their olivine hosts were per-
formed with reduced current (20 nA) and beam size (5 um) and cor-
rected for post-entrapment crystallization using Petrolog (Danyushevsky
and Plechov, 2011).

Conventional trace element compositions of volcanic glasses were
determined by laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) at the University of Bern using a Resonetics
RESOlution SE 193 nm laser coupled to an Agilent 7900 ICP-MS. Basalt
glass standard GSD-1G was used for calibration with SiO, determined by
EMPA employed as an internal standard. Test analyses of MPI-DING
glass reference materials compared well to reference values (Table A2;
Belgrano et al., 2025) with all results for basalt glass ML3B-G within
10% of reference except for Ta, Cr, V (within 15%), Be, B, Cd, Sn, Sb
(within 25%), and Ge, Cd (within 45-75%). Reference values for the
latter groups have significant uncertainties. Median precision of repli-
cate analyses of the Samail glasses expressed as% relative standard de-
viation (% RSD) was 2% for Cu, and 1% for Zn.

Concentrations of Au, Ag, As, and Pt in a subset of 34 glasses as well
as Re in five glasses were determined by LA-ICP-MS at the University of
Southampton by Agilent 8900 ICP-MS, using the ultra-low detection,
interference-corrected Belgrano et al. (2022) method. Measured using
San Carlos olivine blank material, the average 2¢ lower limit of quan-
tification for Au was 0.26 ng/g. With ThO/Th oxide production rates
tuned to <0.08%, individual interference corrections for 18173160 and
180H£160'H on '*7Au, *'Zr'°0 on %7Ag, and *°Sm** and °°Nd* on
75As amounted to <1% for Boninitic Alley/UV2 glasses, 1-10% for
Tholeiitic Alley/LV2 glasses, 5-20% for mafic Geotimes/V1 glasses, and
up to 25-40% for andesitic Geotimes/V1 glasses. Check analyses of
basalt nano-powder pellet BIR-1-NP and NIST SRM616 were within 12%
of preferred values for Au, 25% for Ag, 30% for Pt, and 10% for As
(Belgrano et al., 2025). Median% RSD of replicate analyses of the Samail
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glasses was 9% for Au, 6% for Ag, 13% for Pt, and 3% for As.
2.1. Modelling methods

Major element compositions of the parental melts were calculated or
assessed using PRIMELT3 (Herzberg and Asimow, 2015) via olivine
addition (File S1f). A parental melt for Boninitic Alley/UV2 was
modelled by adding 23 wt% olivine to the most primitive boninite glass
composition (8.7 wt% MgO; OM17-62D; Kusano et al., 2017), such that
melt MgO reached 17 wt%, matching the most primitive Boninitic
Alley/UV2 whole rock (Belgrano et al., 2019) and in equilibrium with
Fog4 olivine, consistent with Samail dunites (Rollinson, 2019). An 11.5
wt% MgO parental composition for Tholeiitic Alley/LV2 was calculated
by adding 10 wt% olivine to glass TB4-12A (starting at 7.45 wt% MgO),
to reach equilibrium with Fogg7 olivine in the LV2 residue (Kusano
et al., 2017; Takazawa et al., 2003). A Geotimes/V1 parental melt
composition was assumed equal to a 9.3 wt% MgO fresh dike whole rock
with 0.91 wt% volatiles (960m112; Miyashita et al., 2003), with this
composition calculated to be in equilibrium with Fog; olivine, higher
than the Fogg 4 axial residue olivine assumed by Kusano et al. (2017).
Iron valency and H2O were adjusted for different models and minor
adjustments were made to Al,O3, TiO3, and FeOr concentrations to
better intersect the glass arrays, correcting for minor spinel fractionation
unaccounted for by olivine addition.

Rhyolite-MELTS v1.0.2 (Gualda et al., 2012) was used to model
fractionation of the three main lava units (Fig. 2 and File S1c—e). Isobaric
cooling models were run from the liquidus at 0.15 GPa for Geotimes and
0.12 GPa for the Alley magmas. These pressures correspond to depths of
approximately 4.2 km and 3.2 km respectively, consistent with intrusive
complexes in the ophiolite (Belgrano et al., 2019; Haase et al., 2016).
Following initial tests (Fig. S2), fO, (in bar) was permitted to vary from
an initial value of 0.5 log units above the fayalite-magnetite-quartz
buffer (FMQ+0.5) for Geotimes/V1 and from FMQ-+1 for Tholeiitic
Alley/LV2. For Boninitic Alley/UV2, buffering at FMQ+2 produced the
best results (Fig. 2¢ and S2). Rayleigh fractionation models for Au, Ag,
Cu, and Zn melt evolution ignoring the possible effects of sulfide frac-
tionation or degassing were calculated forwards and backwards through
a primitive glass composition. These models were constructed by
combining the MELTS phase proportions with compiled or calculated
melt/mineral partition coefficients (Table S1) following Patten et al.
(2019). Lithophile Zr fractionation was modelled in the same way to test
the suitability of this approach (Fig. S3), as was Cl. Faithful reproduction
of measured Zr arrays for each magmatic unit demonstrate the suit-
ability of the approach.

Melt sulfide content at sulfide saturation (SCSS,.) was calculated for
Geotimes/V1 using both O’Neill (2021) and Li and Zhang (2022)
models, the latter being HyO-sensitive, utilizing physical and composi-
tional parameters from the preferred MELTS models. The composition of
a hypothetical segregated sulfide melt was calculated using the O’Neill
(2021) model from Ni and Cu contents extrapolated from the measured
glass compositions. Contributions of S®* to total S solubility were
accounted for according to Jugo et al. (2010) using fO2 from the MELTS
models, yielding total sulfur contents at sulfide saturation (SCSSrt)
suitable for comparison to EMPA total S measurements. For reasons
described by Wieser and Gleeson (2023), the Jugo et al. (2010)
correction described above is invalid for the expectedly S®*-dominated
boninitic melts. Following their suggestion, a minor $* component
calculated according to Li and Zhang (2022) was instead used to correct
the sulfate content at anhydrite saturation (SCASg.) calculated after
Chowdhury and Dasgupta (2019) to yield the total S content at anhy-
drite saturation (SCASt) for Boninitic Alley/UV2 melts.

Non-modal mantle fractional melting models were constructed for
Cu, Ag, and Au following Lee et al. (2012). The Geotimes/V1 source was
assumed to be depleted MORB mantle (DMM; Workman and Hart, 2005)
following Belgrano and Diamond (2019), with 207 ug/g S, 27 pg/g Cu
(Sun et al., 2020), 1.7 ng/g Au (Fischer-Godde et al., 2011), 8 ng/g Ag
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Fig. 2. Major element MgO-FeO—SiO5-Al,O3 relationships in glass and whole rocks compared to MELTS models (all on an anhydrous basis) for the three regionally
distributed Samail magmatic units. Data sources as for Fig. 1 for a) Axial tholeiites, b) Post-axial tholeiites, and c¢) Post-axial boninite series. Comparative MORB
glasses from (Reekie et al., 2019) without back arc basalts and plume-influenced MORB). Felsic MOR andesite and dacite from Wanless et al. (2010) and Freund et al.
(2013). Basalt, boninite, high-Mg andesite (HMA), basaltic andesite (BA), andesite (A), dacite (D), rhyolite (R) fields after Pearce and Reagan (2019). Rhyolite-MELTS
models (Gualda et al., 2012) for various initial H,O (H,0O;) contents. Data symbols as Fig. 1.

(based on the Ag/Cu ratio of Wang and Becker, 2015), and 716 pg/g Ti.
Fixed primary melt SCSS,. at source was calculated after Li and Zhang
(2022) and sulfide partition coefficients after Li and Audetat (2015),
assuming an upper mantle pressure of 0.5 GPa and the liquidus tem-
perature, fO, and FeOr for each unit’s preferred MELTS starting
composition (File S1). Chalcophile partition coefficients used for the
silicate phases are listed in Table S1. Modal mineralogy for second and
third stage melt sources were estimated by matching the modelled
source TiO, with the mineralogy of depleted Samail lherzolites (Table
S3; Takazawa et al., 2003).

3. Results
3.1. Major elements and fractionation modelling

Figs. 1b—c and 2 present a compilation of Samail glass compositions,
with MgO as a monitor of magmatic fractionation. For the selected el-
ements, there is fair correspondence between fresh materials and more
scattered whole rocks, despite hydrothermal alteration of the latter.
Geotimes/V1 glasses and fresh whole rocks follow common
basalt-andesite-dacite-rhyolite (BADR) arrays with magnetite frac-
tionation at ~3.5 wt% MgO, comparable to MORB but along slightly
lower FeOr and higher SiO2-Al»03 fractionation trajectories (Fig. 2a).
Consistent with MacLeod et al. (2013), the Geotimes/V1 samples are
best reproduced by MELTS models with initial water contents (0.3 wt%)
slightly elevated relative to MORB, although scatter between the 0.1 to
0.5 wt% H50 models.

Tholeiitic Alley/LV2 compositions range from basalt through high-
Mg andesite to rhyolite, following lower but still tholeiitic FeOp-TiO2
trajectories relative to the axial melts, prior to the onset of magnetite

fractionation at ~3 wt% MgO. The observed compositions are well
bracketed by MELTS models starting with 0.4-0.8 wt% H0 and logfO,
at FMQ+1.

Boninitic Alley/UV2 compositions range from low-silica boninite to
high-Mg andesite compositions with a flat FeOr-TiO2 evolution and
high-Al;03 trajectory up to ~6 wt% MgO, below which data are sparse
(Fig. 1b and 2c). There is no clear separation between different groups of
boninites in terms of the major elements. Observed compositions be-
tween 17 and 5 wt% MgO are well reproduced by the MELTS model with
0.7 wt% initial HoO and logfO, buffered at FMQ+2, consistent with
values of FMQ+1.8 determined from chromitites (Rollinson and Ade-
tunji, 2015) and with shifts in EMPA SKa peak position suggesting S®*
dominated melts (see Supplement). Thus, the Samail melts became more
hydrous and oxidized with time.

3.2. Base and precious metals

Concentrations of chalcophile elements Au, Ag, and Cu in the melts
increased with each stage of Samail magmatism, in relative enrichment
order Au > Ag ~ Cu, whereas Zn behaved relatively conservatively
(Fig. 3). Prior to magnetite fractionation, Geotimes/V1 melts had the
lowest Au contents at 0.2-0.4 ng/g, overlapping with MORB (Fig. 3a).
Tholeiitic Alley/LV2 glasses contain 2-3 ng/g Au and follow a relatively
flat trajectory followed by depletion coincident with magnetite extrac-
tion. Post-axial Boninitic Alley/UV2 glasses have the highest measured
Au contents (3-6 ng/g), 10-20x enriched over axial melts. Enrichment
patterns for Ag are similar but notably scattered in the hydrated glasses,
indicating low-temperature mobility. The behaviour of Cu shifts from
progressive depletion in the axial melts to flat evolution in Tholeiitic
Alley/LV2 melts to an enrichment trend in the boninite series melts.
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Copper and to a less clear extent Au further define two sub-parallel
enrichment trends within Boninitic Alley, here termed Type I and II
(Fig 3c). The increases in Au, Ag, and Cu contents upwards through the
volcanostratigraphy are reversed for Zn (Fig 3d).

3.3. Trace elements, critical metals, volatiles

Enrichment patterns for variably lithophile, chalcophile, and fluid-
mobile elements As, Sb, Bi, Pb, W, Pt, B, Mo (Fig. 4a-g) are similar to
Au, Ag, and Cu. Elements As, Sb, and Bi are enriched by one to two
orders of magnitude in the post-axial melts relative to the axial melts and
together with Pb, W, B, and Mo clearly divide Type I and Type II
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boninites. In the Geotimes/V1 glasses, concentrations of all these ele-
ments overlap with and disperse similarly to the MORB array. Like Zn,
metals In and Sn exhibit reversed, increasingly depleted patterns
(Fig. 4h-k), whereas Co follows a MORB-like depletion trend.

Concentrations of S in the axial Geotimes/V1 glasses (Fig. 5a) lie just
below MORB values and close to the SCSSt models, although some
perturbation by hydration is possible for the intermediate samples. Post-
axial glasses and melt inclusions have <500 pg/g S, with scattered
depletion trends and particularly low values for Boninitic Alley Type II
glasses (~100-200 pg/g). Chlorine contents are elevated in the hydrated
Geotimes/V1 glasses (1850-2450 pg/g). Considering only pristine
glasses, Cl in the post-axial melts follows a similarly sloped but more
enriched incompatible fractionation trajectory to MORB, from 200 to
300 pg/g Cl in melt inclusions to at least 560 pg/g in intermediate
glasses (Fig. 5b).

4. Discussion
4.1. Effects of secondary glass devitrification and hydration

Owing to the rarity of glass in the Samail volcanic sequence, an
adequate sample set can only be assembled by including some devitri-
fied and weakly hydrated glasses (Fig. S4; Belgrano et al., 2021; Kusano
et al., 2017). Only the freshest parts of these glasses were analysed,
which are black and far fresher than other portions of the Samail out-
crops, but typically have a subtly devitrified appearance under
back-scattered electron imaging (Fig. S4), low EMPA totals, and mo-
lecular HoO/OH ratios scattered above the values expected for pristine
glass (Belgrano et al. 2021). Petrographically, this devitrification and
hydration is distinct from and overprinted by metasomatic alteration
along fractures (Fig. S4j-k).
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To assess the extent to which this hydration has affected element
compositions utilized for this study versus simply diluted them, we
consider whether elements plotted on an anhydrous basis fall within
arrays defined by pristine glasses from the same unit in Figs. 1-3. For
this test, trace element alteration would scatter compositions from the
pristine array, whereas dilution would have little effect. The anhydrous
compositions of the hydrated glasses plot concordantly with the pristine
glasses for key elements Si, Mg, Al, Fe, Cu, and Au, demonstrating that
hydration simply diluted these elements. Of the remaining elements
most appear relatively unperturbed but this is difficult to assess for the
rhyolite glasses. Concentrations of Cl, S, and Ag have been scattered
during hydration. Users are therefore advised to these data with caution.
Overall, the close correspondence between anhydrous concentrations of
hydrated and pristine glasses for most elements and the petrographic
distinction between early, relatively isochemical devitrification and
later fracture-controlled alteration indicate that the concentrations of
most elements in the hydrated glasses can be used judiciously.

4.2. Mechanisms of magmatic metal enrichment

Enrichment of economically important base and precious metals in
supra-subduction zone magmas has previously been attributed to a va-
riety of fractionation, source melting, and slab transfer processes (e.g.,
Jenner et al., 2010; Lee et al., 2012; Li et al., 2013; Patten et al., 2019,
2017), the contributions of which can all be effectively interrogated
with our data.

4.3. Processes related to fractionation

Chalcophile element fractionation arrays of the Samail glasses
characteristically progress from flat or depleting axial Geotimes/V1
trends to post-axial Boninitic Alley/UV2 enrichment trends (Fig. 3). To
assess the influence of sulfide saturation state on these arrays (e.g.,
Jenner et al., 2010), sulfide-free fractional crystallization models are
compared to the glass compositions. These show that Geotimes/V1
chalcophile elements evolved below the sulfide-free model curves, along
sulfide-saturated trajectories comparable to MORB, but at somewhat
lower concentrations, as best illustrated by Cu (Fig. 3c). Sulfur con-
centrations are similar to the two Geotimes/V1 SCSSt models (Fig. 5a),
confirming that the Cu-depletion trend in these melts can be explained
by Cu loss into a fractionating sulfide phase. Copper and Ag have similar
sulfide melt / silicate melt partition coefficients (DSUIM/ SilM) but Cu
preferentially partitions into crystalline sulfide over Ag (Table A8; Li and
Audétat, 2015). Constant Ag/Cu up to the onset of magnetite crystalli-
zation (Fig. 6a) shows this phase was a sulfide melt. Thereafter, in-
creases in both Ag/Cu and Au/Cu are consistent with the onset of
fractionation of a crystalline Cu-rich sulfide phase (Jenner et al., 2015,
2010).

Chalcophile elements in post-axial Tholeiitic Alley/LV2 melts evolve
along relatively flat trends below sulfide-free trajectories, suggesting
sulfide undersaturation (Fig. 3). Sulfide undersaturation of Tholeiitic
Alley/LV2 melts is confirmed by glass and melt inclusion S contents well
below the two SCSSt models (Fig. 5a) as well as by flat, albeit scattered,
Au/Cu evolution over mafic to intermediate compositions (Fig. 6b). As
DSUM/SIM g6 Ay s typically ~10x greater than for Cu, the observed
constancy of the ratio rules out sulfide melt segregation (Li and Audétat,
2015). Instead, this evidence points towards minor metal segregation
into exsolving aqueous fluids. This interpretation is consistent with
documented Hy0 saturation (Belgrano et al., 2021), gentle S depletion
(Fig 5a), and subtle depletion trends of high-fluid-affinity elements As,
Sb, Bi, Pb, W, and B but not Pt between 4 and 2 wt% MgO in Fig. 4
(Audétat, 2019). This extraction was too inefficient to strongly deplete
Cu and Au but buffered their concentrations during fractionation. In
contrast, near-quantitative Cu—Au(-Pt-Co) depletion occurred at ~3 wt
% MgO coincident with magnetite fractionation. As the
high-fluid-affinity elements appear to maintain their concentrations,
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this Cu-Au(-Pt-Co) depletion is best explained by a
magnetite-fractionation-induced sulfide saturation (e.g., Jenner et al.,
2010) rather than by loss to exsolving magmatic-hydrothermal fluid (e.
g., Patten et al., 2019).

For both Type I and II Boninitic Alley/UV2 glasses, Cu closely follows
the sulfide-free fractionation models (Fig. 3), whereas Au and Ag are
scattered around but not inconsistent with these models. These trajec-
tories imply sulfide-undersaturated fractionation. Our glass analyses
show that low primary S contents were principally responsible for tis
sulfide undersaturation (Fig. 5a). Melt inclusions, hosted by olivine
phenocrysts and likely trapped at depth, contain S well below the SCSSr,
showing that this low S cannot be due to simple seafloor degassing. In
summary, fractionating sulfide melts preferentially stripped high pSuM/
SiIM metals from the axial Geotimes/V1 melts, whereas this process could
not occur in the sulfide-undersaturated post-axial melts. This difference
contributed to the increase in Au/Cu upwards through the Samail
volcanostratigraphy.

4.4. Processes related to source melting

Simple fractional melting models constructed after Lee et al. (2012)
are used to explore the effect of sequential mantle melting on primary
chalcophile enrichment of proto-arc melts (Fig. 7). Such models are
likely too simplistic to accurately reproduce this complex sequence
(Wieser and Gleeson, 2023) and too few constraints on source compo-
sition and fO, are available to resolve this deficiency. However, the
models serve to test the feasibility of a mantle control on the Samail
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chalcophile evolution (e.g., Hamlyn et al., 1985).

The upper row of Fig. 7 shows aggregate primary melt TiOy versus
melt fraction (F). By assuming a DMM source for the first stage of
melting and modelling melting until the target TiO5 concentration in the
primary melt for each lava unit is reached, estimates are obtained for F
for each melt batch. These values are used to situate each melt extraction
event on residue-melt models for Cu, Au, Ag, and S as a function of F in
the lower rows of Fig. 7. Reproducing the Geotimes/V1 primary melt
with 0.6 wt% TiO; requires 13 wt% melting of a DMM source, which
depletes less than half of the original mantle sulfide (Fig. 7a). This re-
sidual sulfide buffers melt Au to low concentrations (<1 ng/g), with a
similar but weaker effect on less chalcophile Ag and Cu. As residual
sulfide persists at any reasonable degree of melting of the axial Geo-
times/V1 source, or any typical modern MORB source, primary melts
will always have low Au/Cu. Indeed, the model predicts an Au/Cu ratio
essentially identical to the observed mean of the mafic axial glasses (8.0
x 1078 versus 7.7 x 107° respectively). This confirmation rules out
early Au-rich axial sulfide fractionation and the presence of a particu-
larly Au-rich lower crustal cumulate reservoir in the ophiolite, despite
no samples being available for this study to directly test this inference.

Modelling second-stage remelting of the Geotimes/V1 residue to
target a Tholeiitic Alley/LV2 primary melt containing 0.45 wt% TiO»
requires just ~3.4 wt% melting (Fig. 7b). The lower modal sulfide in the
residue increases the amount of chalcophiles that dissolve in the second-
stage melt. Nevertheless, second-stage residual sulfide persists up to a
hypothetical melt degree of ~12 wt%, far beyond that indicated by the
target TiO; value. In the third-stage melting model, the target Boninitic
Alley/UV2 primary melt with 0.3 wt% TiO is reached after melting ~5
wt% of the second-stage residue. Due to initially low modal sulfide
abundance and complete consumption of free sulfide during this stage of
melting, all modelled chalcophile elements in the silicate melts are
elevated relative to previously extracted melts (Cu > 100 pg/g), broadly
consistent with the observed glass compositions (Fig. 3). Exhaustion of
the residual sulfide liberates Au that was pre-concentrated by earlier
melt stages. With melting apparently terminating at this point, minor
variations in the third stage melt degree would have sensitively
controlled primary Au contents but would have affected Cu less,
consistent with variable Au enrichment in the Boninitic Alley/UV2
glasses relative to Cu (Fig. 3).

The Samail proto-arc melting sequence could also be permissibly
explained by other source compositions and sequences to that modelled
in Fig. 7 (e.g., Kusano et al., 2017). For example, a DMM source that
escaped axial melting would directly produce Tholeiitic Alley-like melts
upon ~20 wt% melting, and Boninitic Alley-like melts could similarly be
produced by higher degree melting of a first stage residue. However, due
to the preferential extraction of S > Cu > Au prior to exhaustion of
sulfide melt, these different sequences will all produce broadly similar
results: post-axial melts depleted in S and enriched in chalcophile ele-
ments in order of their sulfide affinity. This interpretation explains the
glass data well and is consistent with previous interpretations of chal-
cophile enrichment in similar boninitic magmas (Hamlyn et al., 1985;
Valetich et al., 2018).

4.5. Enrichment by slab components

The models in Figs. 3 and 7 show that mantle re-melting and varia-
tions in sulfide saturation state during melt fractionation can readily
explain the documented enrichment of chalcophile metals in the Samail
post-axial lavas. Enrichments of Cu, Zn, and potentially Au in supra-
subduction zone magmas have also been partly ascribed to additions
of metal-enriched slab components (Furnes et al., 2022; Li et al., 2013).
This could potentially be invoked to explain the parallel enrichment
patterns of chalcophile elements and elements commonly transported in
slab fluids (e.g., B, Cs, Li, As, and W; Fig. 4).

To assess the potential contribution of slab metals to proto-arc
magmas, we compare experimental values of pSUM/SIM ¢4 ‘post-axial
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a) Geotimes/LV1 axial melting

First stage, DMM source

b) Tholeiitic Alley/LV2 melting
Second stage, Gt/V1 residue source
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c) Boninitic Alley/UV2 melting

Third stage, tA/LV2 residue source
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enrichment factor’, calculated from the mean composition of mafic
glasses (>6 wt% MgOanhydrous) in each post-axial unit normalized to
axial mafic glass TB4-08D (Fig. 8a). As both the mantle re-melting and
fractionation-related metal enrichment mechanisms discussed in the
preceding two sections are controlled by affinity for immiscible sulphide
melt, it follows that in the absence of additional processes, post-axial
chalcophile enrichment should correlate directly with DSU™M/SIM jp
each unit. Element enrichment above or to the left of this array would
suggest slab derivation, whereas depletion below it would suggest loss to
phases that fractionate to a greater extent in the post-axial melts (e.g.,
Cr-spinel, olivine, or perhaps aqueous fluid).

Chalcophile elements Re, Ag, Cu, Pt, and Au fall along a coherent
enrichment array correlated with pSuIM/SiIM, indicating that progressive
enrichments of these metals in the Samail melts can indeed be explained
by mantle remelting processes, somewhat amplified by fractionation
processes, and that there is no requirement to invoke slab additions of
these metals (Fig. 8a). Enrichments of elements plotting to the left of the
DSUM/SIM_ oy rolled array (e.g., Bi, Pb, Sb, Mo, As, W, and B) in Fig. 8a
are insufficiently chalcophile to be enriched by these mechanisms and
must instead be slab derived, consistent with previous interpretations
for some of these elements in Troodos lavas (Patten et al., 2017). Con-
servative behaviour or depletion of Zn, Sn, Co, and Ni is explained by
their compatibility in olivine and spinel, with more extensive fraction-
ation of these phases from the higher-T, more oxidized post-axial
magmas.

4.6. Minimal transfer of proto-arc slab sulfur

The extent of slab-to-wedge transfer of S during subduction is of
central importance to understanding subduction metallogeny (e.g., Li
et al., 2020). Each melting episode in Oman became progressively
depleted in S (Fig. 5a), despite being progressively enriched by
slab-sediment-derived water and trace elements (Fig. 8a). This trend
demonstrates that transfer of slab-derived S into the melting zone of the
Samail mantle wedge was minimal. This accords with the observed
behaviour of the chalcophile elements and S, which mimic melting
models that do not consider effects of slab addition (Fig. 7). This
conclusion is consistent with deductions of modest slab-to-wedge S
transfer based on studies of blueschists and eclogites (e.g., Li et al.,
2020), but it contrasts with the apparently high supply of slab-derived S
required to produce S-rich, porphyry Cu-fertile magmas in arcs (e.g.
Grondahl and Zajacz, 2022). It hence appears that transfer of slab S into
the melting zone may increase as subduction zones mature, which would
be an important factor controlling the onset of high sulfidation Cu-Au
fertility in nascent arcs.

4.7. Controls on VMS Au enrichment

Gold enrichment of VMS ores has been documented in a variety of
tectonic settings and adds economic value to otherwise base-metal-
dominated deposits (e.g., Fuchs et al., 2019), including in the Samail
ophiolite (Gilgen et al., 2014). With enhanced vent-site boiling ruled out
as a mechanism to increase Au grades (Section 1), remaining potential
causes of the selective Au enrichment of boninite-hosted VMS deposits in
the ophiolite include elevated Au in the source rocks prior to hydro-
thermal leaching, the addition of Au-rich magmatic-hydrothermal fluids
(e.g., Martin et al., 2021; Patten et al., 2019), and potentially
obduction-related overprinting.

With obduction-related veins cutting the ophiolite (Belgrano et al.,
2019), oveprinting by orogenic fluids could potentially be invoked as a
Au enrichment mechanism in Oman. However, no such veins exist near
most VMS deposits and where they do at the Geotimes/V1-hosted Hatta
deposit, Au/Cu ratios are typical for the unit (Gilgen et al., 2014, 2016).
Apart from these veins, the ophiolite upper crust has not experienced
post-seafloor metamorphism (Belgrano et al., 2019). Hence, we rule out
secondary overprinting as an Au enrichment mechanism.
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A source rock compositional control on base and precious metal
enrichment has been proposed for the Troodos ophiolite (Jowitt et al.,
2012; Martin et al., 2019; Patten et al., 2017), although an unequivocal
link for the precious metals has proved difficult to establish in the
absence of Au data for different areas and generations of volcanics and
VMS deposits. In the Samail ophiolite, the broad correlation of Au/Cu
ratios in each generation of VMS deposits with those in their footwall
units (Fig. 6b and 8b) provides clear evidence that hydrothermal
leaching of subadjacent lavas is a control on Au contents in the deposits.
This relationship is consistent with the matching footwall-ore REE
patterns recognized in two post-axial deposits by Cravinho et al. (2023).
Although elevated Au/Cu in andesitic Geotimes/V1 glasses (Fig. 6b)
appears to contradict this conclusion, we recall that lavas with such
compositions are volumetrically minor compared to mafic compositions,
as shown by the mean MgO composition of the axial dikes and lavas
(Fig. 6b). The axial upper crust subject to hydrothermal leaching is
hence best represented by the glasses with >3 wt% MgO, which have
low Au/Cu similar to the axial VMS deposits.

The close relationship with volcanic footwall composition shows that
VMS-metal endowment dominantly reflects the composition of the
upper km or so of crust below the contemporary seafloor horizon on
which each VMS deposit is sitting (Fig. 1a). At least for the post-axial
VMS deposits, this implies shallower hydrothermal metal leaching
than typically envisaged for hydrothermal systems extracting metals
from the sheeted dike complex (>2 km deep; Alt, 1997; Jowitt et al.,
2012; Patten et al., 2017) or deeper in the crust (e.g., Jesus et al., 2025;
Zihlmann et al., 2018), necessitating future consideration of the hy-
drothermal system structures (e.g., Fig. 9) and low-T metal solubilities
required to explain this observation.

4.8. Potential for magmatic-hydrothermal Au enrichment

The Samail post-axial magmas were saturated in an HyO-rich volatile
phase and were rich in metals (Belgrano et al., 2021), but could
magmatic-hydrothermal fluids have enriched Au in the boninite-hosted
VMS deposits? We interpret the relatively flat evolution of Au and Cu in
the sulfide-undersaturated Tholeiitic Alley/LV2 glass suite as evidence
for partial magmatic-hydrothermal extraction of these elements. This
process does not seem to have fractionated Au from Cu, however
(Fig. 6b). Additionally, the absence of characteristic high-sulfidation,
low pH hydrothermal alteration around post-axial intrusions and in
VMS deposit feeder zones in Oman suggests the impact of magmatic
fluids on VMS metallogeny was probably minimal, although not neces-
sarily negligible (Cravinho et al., 2023; Richter and Diamond, 2022).
The trace element evolution of the boninite series glasses does not
support metal extraction into magmatic-hydrothermal fluids (Figs. 3 and
4). An association of Au with Sb—As enrichment in some boninite-hosted
deposits would typically be interpreted as evidence of magmatic fluid
input (Fuchs et al., 2019; Ixer et al., 1984; Martin et al., 2019). However,
As and Sb enrichment is even greater than Au in the boninitic footwall
rocks (Figs. 4, 8a). Invoking magmatic fluids is hence unnecessary to
explain this association.

The question thus arises as to whether hydrous proto-arc magmas
can produce ‘hybrid’ high sulfidation epithermal-VMS Cu-Au deposits
at all (e.g., Fuchs et al., 2019; Martin et al., 2021). Slab-fluid-fluxed
melting of proto-arc mantle produces Au-rich but S-poor melts and the
mantle is not re-fertilized by slab S (Sect. 4.6). Magmatic S and Cl are
essential ligands for the extraction and transport of Cu and Au from
magmas into ore deposits (Grondahl and Zajacz, 2022). Low S contents
in the Samail boninite melts would thus have suppressed the potential
for magmatic-hydrothermal fluids to enrich VMS deposits in Au (or Cu).
Chlorine reaches values of 500-700 ug/g at intermediate post-axial
compositions (Fig. 5b). However, Cl fluid/melt partitioning reaches a
minimum of ~2 at pressures and compositions corresponding to typical
low pressure proto-arc melt fractionation (Botcharnikov et al., 2015).
Extraction and transport of metals in chloride complexes would hence
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also have been minimized, as supported by the enrichment trend for Cl
in the Samail post-axial melts despite evidence for HoO loss (Fig. 6b;
Belgrano et al., 2021).

The combination of minimal transfer of slab S, progressive depletion
of S in the mantle wedge, and low pressure fractionation elucidate why
proto-arc ophiolites that terminate their magmatic history with boni-
nitic volcanism tend not to contain the high sulfidation mineralization
common to intra-oceanic arc settings (e.g., de Ronde et al., 2011; Fuchs
et al., 2019). Maturation of subduction, inducing mantle wedge
re-fertilization with metals and S by mantle corner flow or slab meta-
somatism would be necessary to produce melts capable of more sub-
stantial magmatic-hydrothermal metallogenesis. This stage was not
reached prior to detachment of the Samail and many other ophiolites
(Whattam and Stern, 2011), unlike the many epithermal Au-mineralized
intra-oceanic arcs and back-arcs in the SW Pacific (e.g., Palau, Vanuatu,
Manus basin, Kermadec arc; de Ronde et al., 2011; Fuchs et al., 2019).
Primary source-rock enrichments are instead a more probable driver of
gold-enrichment in ophiolite-hosted VMS systems.

5. Conclusions

Analyses of up to 63 elements in a complete suite of Samail ophiolite
glasses reveal that melts became progressively enriched in chalcophile
elements during subduction initiation, in the order Au > Ag ~ Cu > Zn,
as controlled by sulfide melt affinity. The differential nature of this
enrichment through time is largely explained by the sequential remelt-
ing of proto-arc mantle, which concentrated Au in residual sulfide melts,
as initially suggested by Hamlyn et al. (1985). Source re-fertilization by
slab S or metals was minimal, and subsequent post-axial sulfi-
de-undersaturated magmatic fractionation amplified Au/Cu enrichment
in comparison to earlier sulfide-saturated magmatic fractionation at the
Samail spreading axis.

Fusing these interpretations of magmatic chalcophile behaviour with
VMS deposit resource estimates and the proto-arc model for ophiolite
petrogenesis leads to a general metallogenic model for the ophiolite and
the subduction initiation stage that it records (Fig. 9). Metallogenesis
evolved from formation of low Au/Cu VMS deposits at a proto-arc
spreading axis to formation of elevated Au/Cu deposits during post-
axial volcanism. This evolution was driven by the tectono-magmatic
evolution of the ophiolite coupled with hydrothermal leaching of the
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progressively Au-enriched footwall rocks.

These findings can be applied as a VMS exploration guide, whereby
boninitic sequences common in Precambrian to Phanerozoic ophiolite
and greenstone terranes (Pearce and Reagan, 2019) should be priori-
tized for their higher Au potential, whereas typically earlier tholeiitic
sequences should be prioritized for their higher Cu potential.

Finally, minimal slab S transfer, low melt S and weak Cl fluid/melt
partitioning during magmatic fractionation suggest that economically
significant magmatic-hydrothermal additions of Au and Cu to ore sys-
tems are inhibited at the proto-arc stage. Subduction zone maturation
and wedge refertilization are necessary to trigger the onset of high
sulfidation epithermal Au(-Cu) fertility in nascent arcs.
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