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Abstract There is a lack of consensus regarding the roles of sulfide saturation versus volatile degassing
on the partitioning of Cu and Ag during differentiation and eruption of convergent margin magmas.
Because of their oxidized character, volatile-rich magmas from the Eastern Manus Back-arc Basin (EMBB)
only reach sulfide saturation following magnetite-driven reduction of the melt: the so-called ‘‘magnetite cri-
sis.’’ If sulfide saturation typically precedes volatile saturation, the magnetite crisis will limit the proportion
of Cu and Ag that can partition from the melt into an exsolving volatile-rich phase, which may contribute to
the sporadic occurrence of magmatic-hydrothermal ore deposits at convergent margins. However, it is
unclear whether the magnetite crisis is a common or rare event during differentiation of volatile-rich mag-
mas. We report major and trace element data for submarine volcanic glasses from the Tonga arc-proximal
Valu Fa Ridge (VFR; SW Pacific). Cu-Se-Ag systematics of samples erupting at the southern VFR suggest mag-
netite fractionation-triggered sulfide saturation. The similarity in chalcophile element systematics of the
southern VFR and EMBB samples is unlikely to be coincidental, and may indicate that the magnetite crisis is
a common event during differentiation of hydrous melts. However, unlike many convergent margin mag-
mas, it is unlikely that the evolving VFR and EMBB were saturated in a S-bearing volatile phase prior to mag-
netite fractionation. Hence, the metal-depleting magnetite crisis may be restricted to back-arc basin
magmas that do not degas volatiles prior to magnetite fractionation and potentially convergent margin
magmas fractionating at high pressures in the continental crust.

1. Introduction

Magmatic-hydrothermal ore deposits (e.g., porphyry and epithermal) are globally and spatially associated
with convergent margins [e.g., Hedenquist and Lowenstern, 1994; Richards, 2011; Sillitoe, 2010] and are typi-
cally considered to be sourced from magma chambers located at depths of 4–10 km in the crust [e.g., Cooke
et al., 2014, and references therein]. The extent to which this association is related to source characteristics
versus crustal processes remains contentious. Proponents of the enriched source hypotheses have argued
for subduction-derived metal enrichment of the wedge, or inheritance from the subcontinental lithospheric
mantle [e.g., Mungall, 2002; Tan et al., 2012, and references therein]. Other studies have demonstrated that
primitive magmas erupting at convergent margins need not be enriched in metals relative to MORB mag-
mas [Cline and Bodnar, 1991; Hamlyn et al., 1985; Jenner et al., 2010; Lee et al., 2012]. Instead, they attribute
the association to processes taking place in the crust [Candela and Holland, 1986; Hedenquist and Lowen-
stern, 1994; Jenner et al., 2010; Richards, 2003; Wilkinson, 2013].

There are three main stages considered essential to the formation of magmatic-hydrothermal ore deposits:
(1) crystallization of melts in upper crustal magma chambers; (2) exsolution of aqueous fluids; and (3) post-
exsolution modification of the aqueous fluid and precipitation of ore minerals [e.g., Aud�etat et al., 2008;
Blundy et al., 2015; Hedenquist and Lowenstern, 1994; Richards, 2003; Sillitoe, 2010; Wilkinson, 2013]. Studies
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of the magmatic-hydrothermal ore deposits give an unrivaled view of the role of the post-exsolution history
of magma-derived aqueous fluids in ore formation [e.g., Bodnar et al., 2014]. Whereas in situ studies of vol-
canic glasses erupted on the seafloor at convergent margins and mineral-hosted melt inclusions give an
unique opportunity (e.g., minimal crustal contamination and secondary alteration) to assess the role of melt
composition and magma chamber processes in determining whether a given batch of magma is likely to
fuel the formation of a magmatic-hydrothermal ore deposit, which is the focus of this study.

In situ analysis of olivine-hosted melt inclusions from a global selection of convergent margins show a
range in Fe31/RFe up to 0.32 (highest value from Augustine, Aleutians), which are considerably higher than
MORB at 0.16 6 0.01 [Cottrell and Kelley, 2011; Kelley and Cottrell, 2009]. At such high fO2, the content of S
required to reach sulfide saturation can be up to 1.4 wt % [Jugo, 2009]. Analyses of melt inclusions show
that even convergent margin magmas with high Fe31/RFe, such as those from Augustine, have <6000
ppm S [e.g., Kelley and Cottrell, 2009; Zimmer et al., 2010]. Hence, unlike MORB, which show early and sus-
tained removal of Fe-Ni sulfide liquid [e.g., Czamanske and Moore, 1977; Mathez, 1976; Patten et al., 2013],
convergent margin magmas are likely to remain sulfide undersaturated during initial differentiation, allow-
ing Cu, Ag, and Au contents to build up in the melt to levels considerably higher than MORB [Jenner et al.,
2010; Lee et al., 2012; Park et al., 2015].

It has been suggested that the fractionation of magnetite from evolving convergent margin magmas is
likely to result in a drop in the fO2 of the evolving melt, because of the extremely high Fe31/RFe of magne-
tite (0.67) compared to typical convergent margin magmas [Jenner et al., 2010; Sun et al., 2004]. Volatile-rich
samples from the arc-proximal Eastern Manus Back-arc Basin (EMBB), located in the western Pacific show an
initial increase in Fe31/RFe with increasing SiO2 up to 60 wt %, after which there is a drop in Fe31/RFe and
thereafter stabilization at relatively constant Fe31/RFe with further increases in SiO2 [see Jenner et al., 2010,
Figure 11]. Because of the redox exchange equilibria between Fe and S and the stoichiometry of the reac-
tion [see Jenner et al., 2010], the modest change in Fe31/RFe (0.3 to 0.2) resulting from magnetite removal
is sufficient to drive the dissolved S in the melt from mostly SO22

4 to mostly S22 (fraction of total S as SO22
4

drops from 0.9 to 0.25). In addition to the decrease in S solubility of the melt with decreasing in RFe [Mavro-
genes and O’Neill, 1999], fractional crystallization of magnetite is likely to trigger sulfide saturation. This fea-
ture of magmatic evolution, affectionately termed the ‘‘magnetite crisis’’ [Jenner et al., 2010], is exemplified
by the EMBB suite, which show a sudden plummet in the contents of chalcophile elements such as Cu, Se,
Ag, and Au and chalcophile element ratios such as Cu/Se and Ag/Se after the appearance of magnetite on
the liquidus. Magnetite-triggered sulfide saturation has subsequently been used to explain the change in
partitioning behavior of Cu, Au, and Pd following the appearance of magnetite on the liquidus during differ-
entiation of rear arc magmas erupting in the NE Lau Basin, SW Pacific [Park et al., 2015].

The common occurrence of magnetite on the liquidus of evolving convergent margin magmas [Arculus,
2004; Sisson and Grove, 1993; Zimmer et al., 2010] suggests the magnetite crisis could be a common event
during differentiation of hydrous melts. A drop in fO2 resulting from magnetite fractionation would seem
contrary to the long-standing observation that Fe-Ti oxide saturated arc magmas typically show near-
constant fO2 with decreasing equilibrium temperature [Carmichael, 1991, 1967; Hildreth, 1983]. Indeed, the
EMBB magmas in which the magnetite crisis was first observed show only a modest drop (Fe31/RFe of 0.3–
0.2) at the onset of magnetite crystallization, and a nearly constant ratio thereafter [see Jenner et al., 2010,
Figure 11]. These systematics may imply pure end-member magnetite is quickly replaced on the liquidus by
magnetite (Fe3O4)-ulv€ospinel (Fe2TiO4) solid solution [Bosi et al., 2009], thereby limiting further decreases in
Fe31/RFe of the melt. Additionally, because the proposed magnetite crisis event coincides with the dearth
in �60–65 wt % SiO2 erupted magma compositions [e.g., Hildreth, 1983; Melekhova et al., 2013], it is perhaps
unsurprising that the ‘‘event’’ leaves little evidence other than an abrupt change in chalcophile element sys-
tematics resulting from magnetite-triggered sulfide saturation. However, few Cu, Se, and Ag analyses are
available in the literature, making it difficult to assess whether the magnetite crisis is taking place in regions
other than the EMBB and the NE Lau Basin. Regardless of the cause, if sulfide saturation is a common event
during differentiation of convergent margin magmas, the ‘‘trapping’’ of chalcophile elements in sulfides
prior to volatile exsolution may limit the ore-forming potential of the exsolving fluid and may contribute to
the sporadic and relatively rare occurrence of magmatic-hydrothermal ore deposits in the crust at conver-
gent margins. An alternative to sulfide saturation is loss of chalcophile elements into a hydrous phase dur-
ing differentiation of the EMBB magmas [e.g., Kamenetsky et al., 2001; Sun et al., 2004, 2015]. Thus, the role
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of sulfide saturation versus volatile
exsolution on the partitioning of
chalcophile elements during dif-
ferentiation of hydrous convergent
margin melts remains contentious.

Here we present major and trace
element data for volcanic glass
samples from the arc-proximal
Valu Fa Ridge (VFR), Lau Back-arc
Basin (sample locations shown in
Figures 1 and 2 and given in sup-
porting information Table 1). The
axis of the ridge is oblique to the
strike of the Tofua Arc volcanic
front such that the southern propa-
gating tip most closely approaches
the front at �40 km distance [Collier
and Sinha, 1992; Fretzdorff et al.,
2006]. The VFR can be separated
into three major segments termed
the Northern (NVFR), Central (CVFR),
and Southern-Valu Fa Ridges
(SVFR). The SVFR has been further
divided into two major segments

[Massoth et al., 2007]; the northern most segment we refer to here as the Hine Hina ridge (HHR) ridge and the
southern most segment as the SVFR (Figure 2). The VFR erupts subalkaline (tholeiitic) basalt through to
rhyolite compositions (see Bach et al. [1998], Fretzdorff et al. [2006], Jenner et al. [1987], Kamenetsky et al.
[1997], and Vallier et al. [1991], which also include detailed petrological descriptions of samples erupting
along the Valu Fa Ridge). In agreement with previous studies [e.g., Kendrick et al., 2014], we demonstrate
that back-arc basin magmas erupting along the VFR are chemically similar to typical arc magmas. How-
ever, we suggest that their slightly lower volatile element contents prevent S degassing during differen-
tiation, permitting the melts to achieve magnetite-triggered sulfide saturation. We suggest that the
timing of volatile saturation relative to magnetite saturation in evolving convergent margin magmas may
contribute to the sporadic occurrence of magmatic-hydrothermal ore deposits through the crust at con-
vergent margins.

2. Results

The range in SiO2, FeOTOT, TiO2, and V/Sc versus MgO of volcanic glass samples collected from the VFR are
presented in Figure 3 (analytical techniques described in supporting information and data are presented in
supporting information Tables 2–4, including previous major element analyses [Goddard, 2007; Mikkelson,
2005] of glass samples collected during the same voyage to the VFR). Glass samples from the VFR have a
range in major element compositions from basalt to rhyolitic that is comparable to those from the EMBB
and the Tonga-Kermadec arc (Figure 3). FeOTOT, TiO2, and V/Sc show an initial increase with decreasing
MgO until �4 wt % MgO, followed by a decrease with decreasing MgO.

Primitive (highest MgO, lowest SiO2) samples from the VFR have comparable contents of Cu, Se, and Ag to
primitive samples erupting in the EMBB, along the Tonga-Kermadec arc and the global MORB array (Figure
4). Samples from the SVFR show an increase in Cu, Se, and Ag with decreasing MgO, followed by an inflec-
tion in the trend at �3 wt % MgO (Figure 4). This inflection, which is more clearly defined on the plot of
SiO2 versus Cu, Se, and Ag (Figure 4), is comparable to the liquid line of descent defined by the EMBB mag-
mas. Samples from the HHR show a comparable trend in Cu, Se, and Ag versus MgO and SiO2 to samples
from the SVFR. In contrast, glasses from the CVFR (a single sample from dredge location Td 48 (NVFR) is dis-
cussed together with samples from the CVFR for ease of reference) show a scattered but broad decrease in
Cu with decreasing MgO and increasing SiO2.

Figure 1. Map showing the major tectonic features of the Lau Basin. Areas of ocean
floor shallower than 200 m are shaded gray (map modified from Jenner et al. [2012]).
Data presented in this study are from the Valu Fa Ridge (VFR).
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Water contents range from 0.94 to
1.6 wt % and are significantly
higher than MORB (Figure 5a). CO2

contents are low, from 2 to 6 ppm,
except for TD33-2 with 52 ppm
CO2 (Figure 5b). Sulfur contents
range from 5 to 344 ppm and
show a broad peak at �4 wt %
MgO (Figure 5c). Fluorine and
chlorine behave as incompatible
elements such as Ce, increasing
with decreasing MgO (Figures 5d–
5f). Trace element contents of the
VFR samples normalized to primi-
tive mantle (PM) show depletions
in Nb and Ta and enrichments in
Cs, Rb, and Ba relative to La (Figure
6). These trace element character-
istics are comparable to those of
magmas erupting along the neigh-
boring Tonga-Kermadec arc (Fig-
ure 6) and in the EMBB (see PM-
normalized diagram in Jenner et al.
[2012]). Thus, although the sam-
ples analyzed and discussed here
are from back-arc basins, their
major and trace element charac-
teristics are more similar to island
arc magmas than MORB.

3. Discussion

3.1. Degassing During Eruption
The presence of vesicles in all sam-
ples collected from the VFR and
EMBB and their low CO2 contents
indicate all magmas were volatile
saturated on eruption. Loss of S
during degassing of samples from
the VFR is indicated by the higher
S contents at a given MgO and
FeOTOT preserved in melt inclu-
sions of similar composition in VFR
near-axis seamounts [Kamenetsky
et al., 1997], compared to the vol-
canic glasses analyzed for this

study (Figures 5c and 7a). A similar offset is also preserved between the majority of melt inclusions and
glass samples from the EMBB [Sun et al., 2004]. Despite evidence for S degassing, there is a correlation
between S and FeOTOT for samples from the VFR and the EMBB (Figure 7a), which is offset to lower S at a
given FeOTOT compared to the sulfide saturated MORB array. Depths of eruption of the VFR magmas (1640–
2371 m) are comparable to those of MORB (730–5519 m, with an average (n 5 329) eruption depth of
2992 m for MORB samples presented in Figure 7). These systematics imply melt composition rather than
eruption pressure exerts the dominant control on the proportion of S exsolved from the melt during
eruption-related degassing.

Figure 2. Multibeam sonar swath map of the Central Valu Fa Ridge (CVFR), Hine
Hina Ridge (HHR), and Southern Valu Fa Ridge (SVFR) produced during the 2003
Tonga-Eastern Lau Vents Expedition (TELVE, SS02/03) of Australia’s Marine
National Facility RV Southern Surveyor: http://www.marine.csiro.au/nationalfacility/
voyagedocs/2003/0203s.htm, showing locations of samples analyzed as part of
this study.
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Like S, the solubility of CO2 and H2O
in silicate melts is highly sensitive to
pressure [e.g., Dixon et al., 1995].
Most MORB have sufficiently low
H2O contents and are erupted at
high enough hydrostatic pressures
that they retain most of their mag-
matic budget of H2O during eruption
[Michael, 1995; Moore, 1970]. H2O/Ce
of MORB remain approximately con-
stant with decreasing MgO, indicat-
ing similar compatibilities in the low-
pressure fractionating phase assem-
blage and minimal H2O degassing
on eruption [e.g., Cartigny et al.,
2008; Dixon et al., 2002; Michael,
1995]. In contrast to MORB, back-arc
basin magmas from the VFR and
EMBB show diverging H2O and Ce
behavior: H2O remains approxi-
mately constant (Figure 5a), whereas
Ce increases with decreasing MgO
(Figure 5f), indicative of H2O exsolu-
tion. The almost constant CO2 and
H2O with decreasing MgO of both
suites of back-arc basin magmas
(Figure 5) can be attributed to the
limited range in water pressures over
which samples erupted (1640–
2371 m). Hence, the primary mag-
matic H2O of the VFR and EMBB is
considered in excess of the range
shown in Figure 5a (>1 wt %), dem-
onstrating that both suites are typi-
cal volatile-laden convergent margin
magmas. Excluding the sample with
anomalously high CO2 contents, the
composition of the H2O-CO2 gas last
in equilibrium with the VFR and
EMBB magmas calculated using Vol-
atileCalc [Newman and Lowenstern,
2002] ranges from 92 to 98 mol %
H2O and 2 to 8 mol % CO2.

Seismic imaging [Collier and Sinha,
1992] places the depth to the top of
the VFR magma chamber at 3.2 6

0.2 km below the seafloor (dredge
depths of 1730–2371 m). A similar
depth has been inferred [Moss and
Scott, 2001] for the magma cham-
bers below the ridges at the EMBB
(dredge depths of 1640–2000 m). At
these pressures, the solubility of H2O
in the VFR magmas (and likely the

Figure 3. SiO2, FeOTOT, TiO2, and V/Sc variations versus MgO for samples from the
CVFR, HHR, and SVFR analyzed for this study and previous studies [Goddard, 2007;
Mikkelson, 2005] compared to MORB [Jenner and O’Neill, 2012], samples from the
EMBB [Jenner et al., 2012] and the Tonga-Kermadec arc [Dale et al., 2012; Timm et al.,
2012]. Samples from the VFR show a range in compositions comparable to those
from the nearby Tonga-Kermadec arc. The inflection in the convergent margin differ-
entiation trend between FeOTOT, TiO2, and V/Sc at �3–4 wt % MgO is attributed to
the fractionation of magnetite.
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EMBB magmas) can be estimated using VolatileCalc to be 3.8 wt %. Hence, the VFR and EMBB magmas
could have lost as much as 50% of their H2O budget during eruption if the initial H2O contents were as
high as typical arc magmas worldwide [e.g., Plank et al., 2013].

In contrast to H2O and CO2, the contents of Cl and F increase markedly with decreasing MgO, similar to the
highly incompatible lithophile element Ce (Figures 5d–5f), indicating that neither Cl nor F were partitioned
extensively into the exsolving H2O-CO2 rich phase. Such trends are consistent with experimental studies
which have shown Cl does not exsolve from the melt until extremely low pressures [Lesne et al., 2011] and
with studies of volcanic gas and glass compositions, which suggest the onset of F degassing from the melt
takes place at slightly lower pressures than Cl [Edmonds et al., 2009].

3.2. Chalcophile Element Budget of the Valu Fa Ridge Primitive Melts
The range in major element compositions, the high H2O contents, and distinctive trace element patterns of
the VFR back-arc basin magmas is strikingly similar to hydrous convergent margin magmas such as those
erupting along the Tonga-Kermadec arc (Figures 3, 4, and 6). In particular, the high H2O contents indicate
that a proportion of the geochemical signatures of the VFR suite were inherited during hydrous fluxing of

Figure 4. Variations in Cu, Se, and Ag versus MgO and SiO2 for samples from the SVFR, HHR, CVFR, EMBB, and MORB and the Tonga-Kermadec arc. Data sources same as Figure 3, except
Se in EMBB glasses given in supporting information Table 6. The inflection in the liquid line of descent for Cu, Se, and Ag at �3 wt % MgO and �60 wt % SiO2 for samples from the SVFR
and EMBB follows the onset of magnetite fractionation at 3–4 wt % MgO, indicating magnetite fractionation triggered sulfide saturation.
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the mantle wedge during subduction. In contrast to H2O, the most primitive volcanic rocks from the VFR
and the Tonga-Kermadec arc have concentrations of Cu, Se, and Ag that are either comparable or lower
than primitive MORB (Figure 4), supporting previous conclusions that parental melts generated at conver-
gent margins are not typically enriched in Cu and Ag [e.g., Hamlyn et al., 1985; Jenner et al., 2010; Lee et al.,
2012]. In addition, the similarity in initial Cu contents between the VFR back-arc basin and the Tonga-
Kermadec island arc samples indicate the proportion of Cu added to the mantle wedge during both shallow
and deep subduction is negligible. Hence, it is likely that the partitioning of Cu, Ag, and Se during petrogen-
esis of convergent margin magmas is predominantly controlled by phases in the mantle wedge and not the
subducting slab.

There is considerable disagreement in the literature regarding the role of residual sulfide melt, monosulfide
solid solution (MSS), and/or silicate phases on the partitioning of Cu during the petrogenesis of MORB and

Figure 5. Variations in volatile and refractory lithophile (Ce) element abundances versus MgO for samples from the SVFR, CVFR, EMBB, and MORB. Data sources same as Figure 3 except
MORB H2O, CO2, Cl, and F versus MgO contents from le Roux et al. [2006]. Samples from the VFR and EMBB have notably higher H2O contents compared to MORB, indicating enrichment
of the mantle source region during dehydration of the underlying subducting slab. The low CO2 and S contents of samples from the VFR and EMBB compared to MORB and melt inclu-
sions of similar composition in VFR near-axis seamounts [Kamenetsky et al., 1997], in addition to the almost constant H2O contents, are consistent with volatile loss during eruption. In
contrast to H2O, CO2, and S, the contents of F, Cl, and Ce increase with decreasing MgO, indicating negligible partitioning of both Cl and F into the exsolving volatile-rich phase.
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arc basalts [e.g., Jenner et al., 2010; Lee
et al., 2012; Li, 2014a; Li and Aud�etat,
2012; Liu et al., 2014]. Sulfide-melt/sili-
cate-melt partition coefficients (D) of
Cu and Ag are almost identical at
951 6 231 and 1005 6 300, respectively,
and are considerably higher than Se at
345 6 37 [Patten et al., 2013]. Unlike sul-
fide melt, which does not discriminate
between Cu and Ag [Jenner et al., 2010;
Kiseeva and Wood, 2013; Patten et al.,
2013], available partition coefficients (D)
show Cu is more compatible than Ag in
MSS, clinopyroxene, garnet, and olivine
[Adam and Green, 2006; Li and Aud�etat,
2012]. Hence, the comparable Cu/Ag of
MORB compared to the VFR and EMBB
suites (Figure 8) indicates that the
budgets of Cu and Ag of samples
erupted at each setting are dominated
by residual sulfide melt in the mantle
source region and not a crystalline sul-
fide or silicate phase. The lower Nb/Yb
of convergent margin magmas com-
pared to MORB is typically attributed to
higher degrees of previous melt extrac-
tion from the mantle wedge compared
to the MORB source mantle [Pearce
et al., 2005]. Hence, the higher Cu/Se
and Ag/Se of primitive samples from
the EMBB> VFR>MORB together with
Dsulfide melt/silicate melt imply Cu/Se and
Ag/Se of mantle-derived melts can be
used to track previous source depletion,
with EMBB> VFR>MORB.

3.3. Discriminating Between the
Roles of Sulfide, Magnetite, and
Degassing on Chalcophile Element
Partitioning
Recent studies have demonstrated the
use of Cu-Ag-Se systematics for pin-
pointing the onset of sulfide saturation
during low-pressure differentiation
[Jenner et al., 2010, 2012; Patten et al.,
2013]. In summary, MORB sulfides have
higher Cu/Se and Ag/Se but compara-
ble S/Se and Cu/Ag to MORB glasses
(Figure 9). Hence, the decrease in Cu/

Se and Ag/Se with decreasing MgO of the MORB array (Figure 9) indicates that sulfide saturation is reached
by at least 9 wt % MgO, in agreement with the previous studies that consider MORB sulfide saturated on
eruption [Czamanske and Moore, 1977; Mathez, 1976]. Samples from the EMBB with an fO2 higher than
MORB [Sun et al., 2004] show an initial increase in the contents of Cu, Ag, and Se with decreasing MgO and
increasing SiO2 (Figure 4) and constant Cu/Se and Cu/Ag (Figure 8) until the appearance of magnetite on
the liquidus at �3–4 wt % MgO (Figure 3), implying that the evolving melts were initially sulfide

Figure 6. Primitive mantle normalized (values from Palme and O’Neill 2014) dia-
grams for samples from the CVFR, HHR, and SVFR and the Tonga-Kermadec arc
compared to the MORB array. Data sources same as Figure 3. The comparable
trace element patterns of samples from the VFR and EMBB compared to those
from the Tonga-Kermadec arc as opposed to the MORB array (e.g., depletions in
Nb relative to La) indicate the addition of a ‘‘slab-derived component’’ to the man-
tle wedge during the petrogenesis of the VFR and EMBB magmas.
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undersaturated [Jenner et al.,
2010]. The sudden drop in Cu,
Ag, Se, and Au, Cu/Se, and Ag/Se
following the appearance of
magnetite on the liquidus has
been attributed to reduction-
induced (magnetite crisis) sulfide
saturation [Jenner et al., 2010].
Subsequently, Park et al. [2013]
used the increase in Pd contents
and constant Pd/Cu prior to
magnetite fractionation and sud-
den decrease in Pd contents and
Pd/Cu following magnetite frac-
tionation as further evidence for
the magnetite crisis during differ-
entiation of the EMBB suite and
rear arc samples erupting in the
NE Lau Basin.

Differences in major element
composition of samples immedi-
ately before (3.07 wt % MgO)
and after (2.45 wt % MgO) the
magnetite crisis were used to
estimate only 2.6% magnetite
removal from the EMBB melt
during the interval wherein the
245 ppm drop in Cu contents
takes place [Jenner et al., 2010].
Using the Rayleigh fractionation
equation, this percentage
removal of magnetite would
require a Dmagnetite=melt

V of 22 to
achieve the decrease in the con-
tent of V (Figure 10a), consistent
with experimental partitioning
studies for V [Righter et al., 2006;
Toplis and Corgne, 2002]. Because
of the low Dmagnetite=melt

Cu of 0.82–
2.3 and Dmagnetite=melt

Ag of 2 3 1024

[Simon et al., 2008], magnetite
fractionation alone cannot
account for the magnitude of the
drop in Cu and Ag contents of
245 and 0.064 ppm, respectively
(Figure 10a). Even at 10% magne-
tite fractionation, the modeled
depletion in Cu is minor and such
high percentages of magnetite
fractionation would result in over-
depletion of the melt in V (Figure
10a). Additionally, removal of
magnetite alone cannot account
for the concomitant drop in Se

Figure 7. Chalcophile element systematic for samples from the CVFR, HHR, SVFR, EMBB,
and MORB. Data sources same as Figure 4, except melt inclusion data from Kamenetsky
et al. [1997]. (a) S versus FeOTOT: glasses from the VFR have lower S contents at a given
FeOTOT compared to analyses of melt inclusions for samples from neighboring Valu Fa
seamounts, indicating loss of S during eruption. The trend in S versus FeOTOT for
degassed samples from the VFR and EMBB indicate a compositional control on the pro-
portion of S retained in the melt during degassing. (b) Se versus FeOTOT: the majority of
primitive samples from the VFR have lower Se at a given FeOTOT compared to the MORB
array, indicating Se is not added to the mantle wedge during subduction and (c) S or S*
(S*5[Se] 3 S/SeMORB) versus FeOTOT: there is an increase in S* (glass) and S contents (melt
inclusions) with increasing FeOTOT for samples from the VFR that is offset to lower S at a
given FeOTOT compared to the MORB array, indicating the back-arc basin samples would
have been sulfide undersaturated regardless of the likely higher fO2 compared to MORB
during differentiation. Melt inclusions hosted in minerals erupted in the rear arc of the NE
Lau Basin (from Park et al. [2015]) also show low S contents at a given FeOTOT compared
to the MORB array, indicating Tonga arc samples are relatively S poor.
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contents and implies saturation in a
sulfide phase.

Unlike MORB, the EMBB shows a
decrease in Cu/Ag following sulfide
saturation (Figure 8c). Because sul-
fide-melt/silicate-melt partition
coefficients of Cu and Ag are almost
identical [Patten et al., 2013],
whereas crystalline sulfide preferen-
tially partitions Cu relative to Ag [Li
and Aud�etat, 2012], the decrease in
Cu/Ag following magnetite fractio-
nation has been attributed to satu-
ration in a crystalline sulfide phase
as opposed to sulfide melt [Jenner
et al., 2010, 2012; Li, 2014b; Li and
Aud�etat, 2012; Patten et al., 2013;
Wohlgemuth-Ueberwasser et al.,
2012]. Fractionation of Cu from Ag
can be achieved by magnetite frac-
tionation, because Dmagnetite=melt

Cu=Ag is
4100 and 11,500 using the
Dmagnetite=melt

Cu of 0.82 and 2.3, respec-
tively [Simon et al., 2008]. However,
even at 10% magnetite removal,
fractionation of Cu from Ag using
these partition coefficients is minor
and cannot reproduce the total
decrease in Cu/Ag of the melt from
3333 (MD7b) to 1804 (MD53)
required at the magnetite crisis (Fig-
ure 10b). For example, using the
estimated percentage magnetite
fractionation of 2.6% and assuming
a Dmagnetite=melt

Ag of 2 3 1024, even at
a hypothetical Dmagnetite=melt

Cu of 24
required to obtain the decrease in
Cu/Ag, there is only a decrease in
Cu in the melt of 126 ppm, and par-
titioning of 89 ppm Cu into the sul-
fide phase at saturation is still
required (Figure 10b). Such a high
Dmagnetite=melt

Cu is inconsistent with
findings of experimental studies
[Simon et al., 2008] and analyses of
Cu contents in magnetite (�3 ppm
Cu) hosted in magmas erupting in
the EMBB [Sun et al., 2004]. Hence,
the change in Cu/Ag at the magnetite
crisis indicates that Cu was consider-
ably more compatible in the sulfide
phase than Ag and consequently
this phase is unlikely to be sulfide
melt.

Figure 8. Variations in Cu/Se, Ag/Se, and Cu/Ag with changes in MgO for samples
from the SVFR, HHR, CVFR, EMBB, and MORB. MORB shows a continual decrease in
Cu/Se and Ag/Se but constant Cu/Ag with decreasing MgO, consistent with continual
fractionation of sulfide melt. In contrast to MORB, between �9 and �3 wt % MgO,
samples from the SVFR and the EMBB show constant Cu/Se and Ag/Se, indicating the
evolving melts were sulfide undersaturated. At �3 wt % MgO, there is a systematic
decrease in Cu/Se and Cu/Ag for samples from the VFR and EMBB that follows mag-
netite fractionation at between 3 and 4 wt % MgO, indicating magnetite fractionation
triggered saturation in a crystalline sulfide phase. Bulk magma mixing lines calculated
using the most primitive (Td43-1) and most evolved (Td28-2 for mixing line 1 and
Td21 for mixing line 2) samples from the SVFR (calculated in 5% mixing intervals). The
compositions of samples from the CVFR plot on the mixing lines, indicating mixing
between highly evolved (sulfide saturated) and primitive (sulfide undersaturated)
magmas.
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In contrast to Cu, Se, Ag, Pd, and Au, the contents of Ru, Rh, Ir, and Pt in the evolving EMBB magma system-
atically decrease with decreasing MgO both before and after magnetite fractionation [Park et al., 2013]. This
decrease has been attributed to partitioning of the PGE into a Pt-rich alloy phase and Cr-spinel prior to mag-
netite fractionation, followed by partitioning into a sulfide phase at the magnetite crisis [Park et al., 2013].
Park et al. [2013] argued that the sulfide phase on the liquidus of the evolving EMBB magmas was not only
enriched in Cu, but also the platinum group elements (PGE). Park et al. [2013] suggested a crystalline sulfide
phase was unlikely to take all of the PGE into its structure and concluded that the sulfide phase on the liqui-
dus must be melt. Indeed, a single elliptical shaped sulfide bleb hosted in magmas erupting in the NE Lau,
which also show the magnetite crisis differentiation trend [Park et al., 2015], lends support for this conclu-
sion. Alternatively, Sun et al. [2015] used the same reasoning to argue for direct partitioning of chalcophile
elements into magmatic fluids instead of a sulfide phase. With the exception of Pd, following the EMBB
magnetite crisis, there are no sudden drops in the contents of Ru, Rh, Ir, and Pt [Park et al., 2013, Figure 3];
the contents of Ru and Ir in the melt actually increase. It is only with further decreases in MgO content of
the melt (i.e., postmagnetite crisis) that a decrease in the contents of the majority of the PGE is seen, sug-
gesting a PGE-rich alloy fractionated from the EMBB both before and after, but potentially not during the
magnetite crisis. We consider the preferential partitioning of Ag, Pd, and Au, which like Cu, occur as univa-
lent ions in silicate melts as opposed to elements with higher valence states, such as Ni, Ru, Rh, Ir, and Pt
[Ertel et al., 1999; O’Neill et al., 1995; Tuff and O’Neill, 2010; Zajacz et al., 2013] and notably, the decrease in
Cu/Ag (not observed during differentiation of MORB) is consistent with the removal of a crystalline sulfide
following magnetite-driven reduction of the melt. However, the sulfide bleb hosted in magmas erupting in
the NE Lau Basin may suggest that both crystalline sulfide and sulfide melt were liquidus phases following
magnetite fractionation. Because the decrease in Cu/Ag is consistent with experimental studies and analy-
ses of natural sulfides, which demonstrate only crystalline sulfide fractionates Cu from Ag melt [Kiseeva and
Wood, 2013; Li, 2014b; Li and Aud�etat, 2012; Patten et al., 2013], in the remainder of the text we use the term

Figure 9. Variations in Cu/Se, Ag/Se, S/Se, and Cu/Ag with changes in MgO contents for MORB [Jenner and O’Neill, 2012] versus MORB sulfides [Patten et al., 2013] plotted using the MgO
contents of the host glasses for sulfide analyses. The S/Se and Cu/Ag of sulfide melt and MORB glasses are within error, demonstrating that sulfide melt does not fractionate S from Se or
Cu from Ag. The continual decrease in Cu/Se and Ag/Se indicates that MORB are sulfide saturated by at least 9 wt % MgO. Ratios are calculated from the intercepts of the slopes (e.g.,
Cu/Se versus MgO) at 9 wt % and at 6 wt % MgO to demonstrate the effects of sulfide fractionation on Cu/Se, Ag/Se, S/Se, and Cu/Ag during differentiation of MORB.
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‘‘crystalline sulfide’’ to emphasize the
role of a high Cu/Ag sulfide phase that
is compositionally distinct from the sul-
fide phase on the liquidus of MORB
magmas. However, we note further
petrological and geochemical studies
of natural samples are required to con-
fidently identify the type of sulfide on
the liquidus that is causing the fractio-
nation of Cu from Ag during differen-
tiation of hydrous melts.

Other studies have attributed the
decrease in Cu contents associated
with magnetite fractionation in sam-
ples from the EMBB to the reduction of
SO22

4 to S22 and the formation of Au-
Cu-HS2 complexes which partition into
high-temperature magmatic fluids
and/or other mechanisms of degassing
during differentiation and eruption
[e.g., Kamenetsky et al., 2001; Sun et al.,
2004, 2015; Timm et al., 2012]. The solu-
bility of Cu in magmatic fluids has
been shown to be several orders of
magnitude higher than the PGE [Wood,
1987]. Consequently, if Cu was parti-
tioned into magmatic fluids as
opposed to a sulfide phase at the mag-
netite crisis, the Pd/Cu of the EMBB sili-
cate melt would be expected to
increase not decrease [Park et al.,
2013]. Sun et al. [2015] argue that the

proportion of S in the EMBB melt was too low to achieve sulfide saturation during differentiation. However,
they did not consider (1) the effect of Cu on lowering the solubility of S in a melt, as discussed in detail in
Jenner et al. [2010] or (2) the likely increase in S contents prior to the magnetite crisis (like Cu, Se, Ag, and
Pd) from those preserved in the primitive melt inclusions.

The solubility of economically important elements such as Cu and Au in high temperature-pressure mag-
matic volatiles is strongly dependent on the availability of Cl [e.g., Candela and Holland, 1984; Frank et al.,
2002; Zajacz et al., 2012]. Hence, the lack of Cl in the volatile phase may explain the apparent lack of mobil-
ity of Cu during degassing. However, analysis of Cl-rich gases and aerosols during eruption of the Tolbachik
volcano, Kamchatka [Zelenski et al., 2014] show that Cu and Ag gas-magma partition coefficients are
extremely low, implying Cu and Ag are not typically lost from the melt during eruption-triggered degassing.
Because Cu-Se-Ag systematics of the EMBB suite are consistent with the removal of a sulfide phase during
differentiation [Jenner et al., 2010; Li, 2014a; Li and Aud�etat, 2012; Park et al., 2013], we consider it unlikely
that degassing of S and other volatiles took place during differentiation in the crust (i.e., volatiles were lost
during degasing on eruption), otherwise the evolving melt would likely be too S-Cu-depleted to achieve sul-
fide saturation. Hence, it is likely that the H2O contents of the EMBB magma during differentiation were
slightly lower than the estimated �3.8 wt % capacity of the melt, preventing volatile degassing during dif-
ferentiation and permitting not only magnetite-triggered sulfide saturation, but also preservation of the dis-
tinct trend.

3.4. Sulfide Saturation During Differentiation of the SVFR and HHR Magmas
During differentiation of the SVFR magmas from �8 to �3 wt % MgO and �50–60 wt % SiO2, there is an
increase in the contents of Cu, Se, and Ag (Figure 4), but Cu/Se, Ag/Se, and Cu/Ag remain approximately

Figure 10. Variations in (a) V and (b) Cu/Ag versus Cu contents for samples from
the EMBB compared to results of Rayleigh fractionation modeling. See text for
discussion.
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constant (Figure 8), implying that the melts were initially sulfide undersaturated. With further decreases
below �3 wt % MgO and over �60 wt % SiO2, the SVFR magmas show a drop in the concentrations of Cu,
Se, and Ag and a decrease in Cu/Se and Cu/Ag, consistent with the expected effects of crystalline sulfide
saturation. The change in behavior of Cu, Se, and Ag follows an inflection in the liquid line of descent for
FeOTOT, TiO2, and V/Sc at �3–4 wt % MgO (Figure 3), suggesting the change in chalcophile element parti-
tioning is attributable to magnetite (reduction)-triggered sulfide saturation and implying the evolving SVFR
magmas had an fO2 similar to that of the EMBB magmas. Our interpretation that the inflection in the FeO-

TOT, TiO2, and V/Sc liquid line of descent is attributable to magnetite fractionation is consistent with the
observed phase assemblage [Kamenetsky et al., 1997; Vallier et al., 1991] and the phase assemblage
expected during differentiation of hydrous melts [Arculus, 2004; Sisson and Grove, 1993; Zimmer et al., 2010].
During differentiation of the EMBB, the magnitude of the drop in Cu/Se at the magnetite crisis is more pro-
nounced than Ag/Se, suggesting Dsulfide/silicate melt for Cu>Ag> Se. However, there is no observed drop in
Ag/Se during differentiation of the SVFR magmas (Figure 8), suggesting Dsulfide/silicate melt for Ag and Se
were identical and that there were subtle differences in the composition of the crystalline sulfide phase on
the liquidus of the VFR and EMBB magmas.

A comparable differentiation trend is observed for the majority of samples from the HHR (Figure 8), indi-
cating the magnetite crisis also occurred during differentiation of the HHR magmas. However, two sam-
ples from the HHR (Td29-3 and Td30) have notably lower Cu/Se (on account of their low Cu contents)
compared to other >3 wt % MgO samples from the SVFR. The Cu/Se of these two samples are more akin
to the compositions of samples erupted along the CVFR, which are discussed in the following section.
Samples from the VFR and HHR were collected over a distance of >30 km (Figure 2). Hence, it is unlikely
that the magmas were sourced from the same batch of magma. Consequently, the coherent liquid lines
of descent indicate minimal variation in the parental melt compositions and differentiation histories
between different batches of magmas erupting along the rift (i.e., the magnetite-triggered sulfide satura-
tion is a common feature of the cooling history of the melts in the region and is unlikely to be an isolated
event).

Loss of S during degassing of convergent margin magmas complicates interpretations regarding the behav-
ior of S during magmatic differentiation in the crust. Because Se is not lost from the melt during degassing
[Hamlyn et al., 1985; Jenner et al., 2010, 2012; Wykes et al., 2010], the abundance of S in sulfide undersatu-
rated samples can be reconstructed (S*) from observed Se contents together with an estimate of the S/Se
of the parental melt. The most primitive sample (8 wt % MgO) erupting along the VFR contains 0.237 ppm
Se. The average S content of primitive melt inclusions (data from Kamenetsky et al. [1997]) with 8 wt % MgO
(n 5 5) is 538 6 103 ppm, giving an estimate of the S/Se in the sulfide undersaturated melt of 2271 6 436,
which is slightly lower than that of MORB of 3176 6 455 (Figure 8). Consequently, the content of S in sulfide
undersaturated samples from the SVFR and HHR (excluding samples Td29-3 and Td30) prior to eruption can
be estimated (S*) as 496–611 and 632–819 ppm, respectively (Figure 7). The slightly lower S and S* at a
given FeOTOT of the majority of pre-magnetite inclusions and glasses from the SVFR and HHR, compared to
the MORB array suggests that the evolving magma(s) may have been initially sulfide undersaturated even if
their fO2 was similar to MORB. Mineral-hosted melt inclusions in magmas erupting at rear arc volcanoes in
the NE Lau also plot at lower S contents at a given FeO compared to the MORB array (Figure 7c). Previous
studies have suggested hydrous slab-derived components could deliver enough sulfate to the mantle
wedge to cause the higher fO2 of convergent margin magmas compared to MORB [e.g., Kelley and Cottrell,
2012]. However, the low S* and S of the Valu Fa Ridge and NE Lau magmas indicate that negligible S was
added to the mantle wedge during the dehydration of the subducting slab that likely resulted in the higher
H2O contents of the melts (i.e., sulfate loss from the slab did not oxidize the overlying mantle wedge during
subduction-related magmatism in the Lau Basin).

Fe-S-Se-Cu-Ag systematics of the VFR and EMBB suites appear to be in agreement with conclusions pre-
sented in previous studies, which suggest the mantle wedge may not be more oxidized than MORB during
partial melting [e.g., Lee et al., 2012; Mallmann and O’Neill, 2009]. If a more oxidized mantle source is not
involved, the most we can state is the requirement of magnetite-triggered-reduction of the melt to induce
sulfide saturation during differentiation requires oxidation either en route from source to sites of crustal dif-
ferentiation, or during the interval between intrusion of the melt into the crust and saturation in magnetite,
such as crustal assimilation and/or fractional crystallization [e.g., Cottrell and Kelley, 2011]. Although
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degassing of S as S41 during differentiation can cause the fO2 of a system to increase, this method of oxida-
tion can only be achieved if the majority of the S was present as S61 [Metrich et al., 2009] and the melt
already had a higher fO2 than MORB. Consequently, in addition to the necessity of minimal S degassing for
the melt to achieve magnetite-triggered sulfide saturation, S degassing during differentiation is also unlikely
to be the cause of the high fO2 of the EMBB and potentially the VFR magmas compared to MORB. Hence,
the timing and process(es) resulting in the differences in fO2 between MORB and convergent margin mag-
mas remain enigmatic and beyond the scope of this contribution.

3.5. Petrogenesis of the CVFR Magmas
Samples from the CVFR show more scatter on plots of Cu, Se, and Ag versus MgO and SiO2 compared to
samples from the SVFR, HHR, and EMBB (Figure 4). In addition, at a given SiO2, many samples from the CVFR
are offset to higher Se and lower Cu and Ag prior to magnetite fractionation compared to samples from the
SVFR. The most primitive CVFR glasses have indistinguishable Cu/Se, Ag/Se, and Cu/Ag to primitive SVFR
and HHR glasses indicating the compositions of the parental melts were comparable. However, glasses
erupting along the CVFR show a broad decrease in Cu/Se (Figure 8a) with decreasing MgO, indicating the
evolving melt(s) were sulfide-saturated prior to the onset of magnetite fractionation. This is in contrast to
the SVFR and HHR magmas, where the decrease in Cu/Se follows the appearance of magnetite on the liqui-
dus. However, the decrease in Cu/Ag of the CVFR magmas broadly coincides with the onset of magnetite
fractionation (Figure 8c) and is similar to the decrease in Cu/Ag observed in sulfide-saturated samples erupt-
ing at the SVFR, HHR, and EMBB.

The apparent pre-magnetite crisis sulfide saturation during differentiation of the CVFR compared to the
SVFR magmas may be the result of the former having an fO2 during differentiation comparable to MORB
(i.e., lower than the parental melts of the SVFR, HHR, and EMBB magmas) and/or higher initial S. However,
the coincident inflection in V/Sc of melts erupting at the CVRF, SVFR, HHR, and EMBB indicates that the pro-
portion of Fe31/RFe of the parental melts was comparable and dictated the timing of magnetite fractiona-
tion. Similarly, S* at a given FeOTOT of the two most primitive (>6 wt % MgO) samples from the CVFR are
comparable to those of the SVFR (Figure 7c) indicating the parental melts of both suites had similar S
contents.

A compositional gap in anorthite contents of feldspars hosted by lavas erupting at the VFR has been attrib-
uted to mixing between evolved and more mafic melts during recharging of magma chambers [Vallier
et al., 1991]. Mixing of a highly evolved sulfide-saturated melt (Td28-2 and Td21) with primitive sulfide
undersaturated melts (i.e., Td43-1) would result in a continuous range in Cu/Se with decreasing MgO, as
opposed to the sudden drop in Cu/Se following sulfide saturation in samples from the SVFR, HHR, and
EMBB (see mixing lines in Figure 8). The range in Cu/Se, Ag/Se, and Cu/Ag and highly variable Se, Cu, Ag,
and major element contents (Figures 4 and 8) of the CVFR suite are consistent with the range expected by
mixing of S-saturated evolved melts with S undersaturated primitive melts. Because there are no obvious
differences between the likely fO2 or S* of samples from the CVFR compared to the SVFR and HHR, magma
mixing provides a simple solution to the contradictory chalcophile element systematics of the former. If the
magma chambers below the SVFR and HHR were also recharging during differentiation, both the evolved
and primitive melts must have been sulfide undersaturated (e.g., the evolved melts had MgO contents >4
wt % MgO) to permit preservation of the magnetite-crisis trend. Indeed, the overenrichment effects of
recharge on incompatible element abundances [e.g., Lee et al., 2013; O’Neill and Jenner, 2012] may explain
the evolution to higher Cu of the EMBB compared to the SVFR magmas prior to magnetite saturation (Fig-
ure 4).

Differences in differentiation trends between magmas sourced beneath the tip and beneath the more
mature part of the Galapagos spreading center have been attributed to evolution of the system at the tip
from small, isolated magma chambers through to increasingly large and interconnected chambers, to
steady state buffered systems in the mature parts of the spreading center [Christie and Sinton, 1981]. Evi-
dence for magma mixing in the CVFR and not the SVFR and HHR may indicate that magma supply to the
more topographically prominent and mature part of the Ridge was more frequent than at the propagating
tip (SVFR). Magmas erupting at propagating tips of spreading ridges (such as the SVFR and EMBB), where
magma supply might be lower/more sporadic, may permit melts to evolve to higher silica contents com-
pared to more mature parts of the rift, permitting the preservation of the magnetite-crisis trend.
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4. Implications and Conclusions

We attribute the systematic change in chalcophile element behavior at �3 wt % MgO to magnetite-
triggered sulfide saturation during differentiation of the SVFR and HHR magmas. Because many convergent
margin magmas are geochemically similar to the SVFR, HHR, and EMBB magmas (i.e., evolve past magnetite
fractionation and have comparable volatile (H2O), chalcophile and other trace element concentrations), the
magnetite crisis may be a common aspect to the differentiation history of many convergent margin mag-
mas. The identification of this process in other convergent margin settings worldwide may have gone unno-
ticed because of the dearth of Cu, Se, and Ag analyses of volcanic glass samples in the literature.
Additionally, the likelihood of magma recharge events in mature convergent margin systems [e.g., Lee et al.,
2013], resulting in the mixing between sulfide saturated and sulfide undersaturated melts, likely obscures
identification of the magnetite-crisis trend.

Previous studies have argued that sulfide removal prior to vapor saturation is likely to decrease the proba-
bility of forming economically viable deposits [e.g., Candela and Holland, 1986]. Because the magnetite crisis
will result in the storage of a large proportion of the chalcophile element budget of a system in magmatic
sulfides, this process may provide a potential clue to why many intrusions sourced by convergent margin
magmas are barren. Hence, melts that do not ‘‘suffer’’ a magnetite crisis may be more likely to be associated
with Cu-rich mineralization. For example, in the likely case that (a) an evolving melt had slightly higher ini-
tial volatile contents than the EMBB and VFR magmas, or differentiated at lower pressures, permitting vola-
tile saturation during crustal differentiation (as seems the case for many convergent margin magmas) [see
Plank et al., 2013, for example] as opposed to only during eruption (as appears to be the case for the VFR
and EMBB suites), and as a consequence, (b) the magma degassed the majority of its sulfur prior to the
onset of magnetite fractionation: there might not be enough S and/or Cu in the melt to reach sulfide satura-
tion following magnetite fractionation. This scenario would likely be favorable to continual exsolution of a
metal-rich, potentially ore-forming fluid. If most melts evolving in the continental crust are indeed volatile
saturated, the magnetite crisis event may instead be rare and restricted to less volatile-rich magmas, such
as those erupting in the back-arc setting. However, because the solubility of H2O and CO2 in a silicate melt
increases with depth [Dixon et al., 1995], whereas the solubility of S decreases with depth [Mavrogenes and
O’Neill, 1999], the magnetite crisis might also occur during differentiation of volatile-rich convergent margin
magmas at high pressures in the continental crust. For example, magmas that source magmatic-
hydrothermal ore deposits, such as porphyry ore deposits, are typically thought to stall in the crust at 6–
10 km depth [Cooke et al., 2014; Wilkinson, 2013], potentially indicating melts evolving at pressures >10 km
reach the magnetite crisis prior to H2O-CO2 saturation, which in turn limits the proportion of chalcophile
element that partition into the exsolving phase.

Seafloor hydrothermal sulfide deposits have been documented at both the EMBB [Binns and Scott, 1993]
and at the VFR [Fretzdorff et al., 2006], indicating that magmatism in both settings is in some way linked to
the occurrence of sulfide deposits in the region. The systematic variations in F, Cl, Cu/Se, Ag/Se, and Cu/Ag
with variations in MgO of the VFR and EMBB suites suggest that Cl, F, Cu, Ag, and Se were unlikely to be par-
titioning into the exsolving volatile phase during eruption-related degassing. Hence, it is unlikely that the
overlying seafloor mineralization in both settings and neighboring areas can be directly attributed to exso-
lution of Cu-rich magmatic fluids, as suggested by previous studies [Kamenetsky et al., 2001; Sun et al., 2004;
Timm et al., 2012]. Late-stage magnetite-triggered sulfide saturation during differentiation of both the SVF
and EMBB magmas may concentrate sulfides in the upper, more evolved portions of magma chambers,
making them highly susceptible to leaching by circulating seawater. In addition, the Cu-rich nature of the
sulfide phases may enhance the probability that circulating seawater scavenges Cu, Ag, and Au from the
host rock, and it is these leaching processes and later precipitation that is the dominant cause of mineraliza-
tion on the sea floor at the VFR and EMBB.
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