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Abstract

We have measured the platinum group element (PGE) and Re concentrations of arc-type lavas from the Pual Ridge and
the surrounding area in the Eastern Manus Basin. These magmas followed an Fe-enrichment trend to produce a wide range of
compositions with MgO varying between 8 and 0.1 wt.%. We found distinct differences in the PGE geochemistry of the high
(>3 wt.% MgO) and the low-Mg lavas (<3 wt.% MgO). During the early stages of fractionation, the concentrations of Pd, Cu,
Au and Re increase whereas Ir, Ru, Rh and Pt decrease. Co-variations of Ir, Ru and Rh with Pt in the high-Mg lavas suggest
that the depletion of these elements is due to Pt-rich alloy saturation. This is consistent with the high Pt contents in the high-
Mg lavas, which is close to the solubility of Pt in the basaltic melt at similar conditions. In contrast, the concentrations of all
PGE and Re drop rapidly in the low-Mg lavas (except for Ru and Ir), with the PGE concentrations falling at a rate that is
appreciably faster than Cu, which we attribute to sulfide saturation. As a consequence, there is a marked decline in Pd/Cu in
the low-Mg lavas and we suggest that this ratio is the best indicator of sulfide saturation in an evolving magmatic system.

A feature of the data is that duplicate analyses of the same sample often do not agree within error. We attribute this scatter
to the nugget effect, with nuggets of a Pt-rich alloy in the high-Mg lavas and sulfide blebs in the low-Mg lavas. The PGE con-
centrations of phenocryst-bearing high-Mg lavas are higher than in the associated glassy lavas, and scatter on MgO variation
diagrams is significantly reduced if only glassy lavas are considered, which indicates that the micron scale Pt-rich alloy grains
are intimately associated with the phenocrysts. Our results provide strong evidence that Pt-rich alloys can crystallize from a
basaltic-andesitic magma, along with the silicate minerals, and fractionate Pt from Pd during magmatic differentiation. As a
consequence, Pd/Pt increases during Pt alloy fractionation and this ratio can be used to identify Pt-rich metal saturation. The
Pual Ridge alloys are Pt-rich because the primary magmas are Pt-enriched and Ir-depleted, which is typical of arc-related
magmas.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION important constraints on mantle petrogenesis, and frac-

tional crystallization and differentiation of mantle-derived

There is an abundance of platinum group element (PGE)
data for mafic and ultramafic rocks because (1) important
Ni—Cu(-PGE) deposits are hosted by mafic—ultramafic rocks
so there is considerable economic interests in their PGE
geochemistry and (2) PGE data of these rocks provide
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magmas. In contrast, the PGE geochemistry of felsic-inter-
mediate rocks is virtually unknown due to scarcity of data.
This is principally because the concentrations of PGE of
these rocks are so low that analysis is challenging. However,
many of arc-related intermediate to felsic magmatic systems
are associated with hydrothermal Cu, Au and Cu-Au
deposits and considered to be a primary source for the
ore-forming metals (Robb, 2004). The behavior of
chalcophile elements including Cu and Au will be sensitively
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controlled by sulfide or volatile saturation because these ele-
ments are highly compatible with both phases. Identifying
sulfide saturation in an evolving felsic-intermediate system
is therefore critical to understanding the geochemistry of
chalcophile elements and its potential for Cu—Au minerali-
zation. This could be accomplished by direct analyses of
these elements. However, one advantage of studying the
PGE in addition to Cu and Au is that they have much higher
partition coefficients with regard to immiscible sulfides than
Cu and Au (Francis, 1990; Peach et al., 1990; Bezmen et al.,
1994; Crocket et al., 1997; Ripley et al., 2002; Fonseca et al.,
2009) and are therefore more sensitive indicators of sulfide
saturation. Furthermore, the PGE are less mobile in low
temperature fluids than Cu and Au (e.g. Crocket, 2000).
Mobility of Cu and Au in the altered rocks associated with
Cu, Au and Cu-Au mineralization often leads to erratic
data that are difficult to interpret.

With these overall aims in mind, and as a first step to-
wards understanding the geochemistry of the PGE in fel-
sic-intermediate systems, we analyzed a suite of arc-type
lavas from the Pual Ridge and vicinity that underwent ex-
treme fractionation from basalt to rhyolite. This suite was
chosen because its major and trace element geochemistry
had previously been well documented by Kamenetsky
et al. (2001), Moss et al. (2001), Sun et al. (2007), Jenner
et al. (2010) and Park et al. (2010) who showed that it fol-
lowed an Fe-enrichment trend to produce a range of com-
positions with MgO varying between 12 wt.% to 0.1 wt.%,
and SiO, between 51 wt.% and 75 wt.%. Jenner et al.
(2010) showed that the evolving suite becomes magnetite-
saturated at 4 wt.% MgO, which lowered Fe3t/Fe?" of
the melt, consequently the fO,, leading to sulfide saturation
at 3 wt.% MgO. We will show that the most primitive sam-
ples analyzed in this study were saturated with a Pt-rich al-
loy and that fractionation of this alloy depleted all of the
PGE except Pd whose concentration increased with frac-
tionation. We will also show that the rate of depletion of
all PGE, including Pd, accelerated markedly once the
magma reached sulfide saturation at 3 wt.% MgO.

2. GEOLOGICAL BACKGROUND AND SAMPLES

The Pual Ridge is a recent volcanic complex located in
the western part of the South East Rift, Eastern Manus Ba-
sin, southwest Pacific (Fig. 1; Taylor et al., 1994; Martinez
and Taylor, 1996). The Pual Ridge lavas show typical fea-
tures of island arc lavas such as enrichment of Pb and LILE
relative to HFSE and REE, and depletion of Nb and Ti rel-
ative to adjacent elements on a chondrite-normalized trace
element diagram (Sinton et al., 2003; Park et al., 2010).
These features originated from the mantle below the Pual
Ridge region, which is interpreted to contain an ancient
subduction component (Sinton et al., 2003; Park et al.,
2010). The major and trace element data as well as Sr,
Nd and Pd isotopic compositions suggest that the wide
range of compositions displayed by the lavas from the Pual
Ridge area is mainly caused by low pressure (~1 kbar) frac-
tional crystallization and that the magma is derived from a
homogeneous mantle source (Sinton et al., 2003; Sun et al.,
2007; Jenner et al., 2010; Park et al., 2010).

The Pual Ridge lavas can be subdivided into two groups
based on the onset of sulfide crystallization; sulfide-under-
saturated high-Mg lavas with >3 wt.% MgO and sulfide-
saturated low-Mg lavas with <3 wt.% MgO (Fig. 2). The
early crystallizing mineral assemblage in the high-Mg lavas
consists mainly of olivine, plagioclase and clinopyroxene,
with minor Cr spinel that occurs as inclusions in olivine
phenocrysts (Kamenetsky et al., 2001; Sinton et al., 2003).
Fractional crystallization of plagioclase, clinopyroxene
and magnetite controls the compositional variation in the
low-Mg lavas (Kamenetsky et al., 2001; Sinton et al.,
2003). The Pual Ridge lavas investigated here are the same
samples that were analyzed by Moss et al. (2001), Sun et al.
(2003, 2004, 2007) and Jenner et al. (2010), and the MgO,
Cu, Au and Yb data were taken from their works.

3. ANALYTICAL TECHNIQUES

Glassy parts of the Pual Ridge lavas were hand-picked
for analyses using a stereoscopic microscope to exclude al-
tered portions. Two samples (MD3-p and MD101A-p) with
phenocrysts (~10% modal phenocrysts) were analyzed in
order to investigate the effect of phenocrysts on PGE and
Re abundances. The selected lava fragments were cleaned
ultrasonically in dilute HCI and Milli-Q water, dried, and
powdered in an alumina mill. The alumina mill is known
to contribute the lowest PGE contamination among con-
ventional mills (e.g. Evans et al., 2003). Whole rock PGE
and Re concentrations of the Pual Ridge lavas were mea-
sured using a Ni-sulfide fire assay — isotope dilution meth-
od, which is described in detail by Park et al. (2012c).
Briefly, 0.45-3.1 g of sample powder was mixed with Ni,
S and sodium borax powder in the ratio of sam-
ple:Ni:S:Na-borax = 10:1:0.5:10. A mixed enriched PGE
(*?Ru, '%Pd, '®Re, I, and '*°Pt) spike solution was
added to the powder. The mixture was dried for 60 min
at 100 °C and fused in a preheated furnace at 1100 °C for
30 min. In order to provide reducing conditions during fu-
sion, a second outside crucible, containing ~0.1 g of flour
was used and N, gas was introduced into the open furnace
at a flow rate of ~0.03 m*/min. After quenching, Ni-sulfide
beads were collected and dissolved in 6M HCI. The solution
was then filtered through a filter paper (0.45 pm cellulose
membrane, Millipore), prior to digestion of the filter paper
in aqua regia. After complete digestion, the solutions were
dried down to approximately ~100 pl and diluted with 2%
HNO;.

An Agilent 7500 quadrupole ICP-MS at the Australian
National University (ANU) was used to measure the iso-
topes of PGE and Re. All samples were analyzed in dupli-
cate to assess heterogeneity of a sample powder aliquant.
The sensitivities in each analysis using the Agilent 7500
were 6.7-9.0 x 10* cps/ppb for mass 89, 4.1-5.6 x 10* cps/
ppb for mass 140 and 2.5-3.9 x 10* cps/ppb for mass 205.
The argide production rate measured from *'Ni*’Ar/*'Ni
was 0.9-1.0 x 107*. The duplicate (second sample) was
re-analyzed by an Agilent 7700x quadrupole ICP-MS,
which provided higher sensitivity of 1.5-2.3 x 10° cps/ppb
for mass 89, 140 and 205 and a lower argide production rate
of 0.4 x 107 than the Agilent 7500 ICP-MS.
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Fig. 1. (a) Simplified tectonic setting of the Manus Basin region behind the New Britain (NB) arc (modified after Taylor et al., 1994). The Pual
Ridge area is shown as a small open square. (b) Bathymetric map of the Pual Ridge area, the South East Rift of the Eastern Manus Basin
(modified after Moss et al., 2001 and Kamenetsky et al., 2001). Red circles represent the sample locations reported in Moss et al. (2001) and
Sun et al. (2004). Contour interval is 100 m. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Possible molecular interferences on the analyzed iso-
topes were monitored by measuring interference solutions
of Ni, Cu, Zn, Co, Hf, Mo, Zr and Ta. The effects of the
interference were subtracted using measured oxide and
argide production rates. The correction is <0.5% for all
PGE except for Ru. The correction rates for the Ni-argide
interference on Ru were generally less than 50% except for
two analyses of MD6 and MD7 where the correction factor
was 80% and 140%, respectively. However, the good repro-
ducibility for Ru in MD6 suggests that the correction is reli-
able (Table 1). Samples with high Ru corrections (>50%)
are indicated in italic in Table 1. Concentrations of Ir,
Ru, Pt, Pd and Re were determined by isotope dilution.
Concentrations of monoisotopic Rh were corrected by a

method described in Meisel et al. (2003) and Park et al.
(2012c¢).

A potential disadvantage of the conventional (without
isotope dilution) Ni-sulfide fire assay technique is the pos-
sibility of incomplete PGE yields relative to Carius Tube
digestion (e.g. Puchtel et al., 2004). However, a direct com-
parison of the two methods revealed no marked systematic
differences in recovery (Barnes and Fiorentini, 2008; Savard
et al., 2010). Moreover, Ni-sulfide fire assay technique used
here is insensitive to the absolute yield for those element
concentrations that are determined by isotope dilution.

Procedural blanks were determined from sample-free
analyses using 2 g of sodium borax, 0.2 g of Ni and 0.1 g
of S for every session. Average procedural blanks based
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Fig. 2. Binary plots of (a) total FeO, (b) Cu and (c) Au against
M¢gO for the Pual Ridge lavas using data taken from the literature.
Sun et al. (2007) and Jenner et al. (2010) analyzed Cu and Au in
glasses by in situ LA-ICP-MS (diamonds) whereas Moss et al.
(2001) and Park et al. (2010) analyzed whole rock Cu and Au by
solution ICP-MS (crosses).

on five analyses were 0.5 + 0.3 ppt for Ir, 1.1 + 0.9 ppt for
Ru, 0.8 + 0.4 ppt for Rh, 16 + 17 ppt for Pt, 12 + 5 ppt for
Pd and 10 £+ 5 ppt for Re (15). All the PGE and Re data
reported in Table 1 are blank subtracted. The method
detection limits (MDL), taken to be three standard devia-
tions of the procedural blanks, were 0.8 ppt for Ir, 2.6 ppt
for Ru, 1.2 ppt for Rh, 52 ppt for Pt, 15 ppt for Pd and
16 ppt for Re. The uncertainty in the PGE and Re data
comes mainly from the uncertainty in the blank subtraction
and ICP-MS counting statistics. Uncertainties are better
than 10% unless otherwise shown in Table 1. Accuracy
and precision of analyses were assessed by replicate analy-
ses of the reference material TDB-1 (CANMET diabase)

(Table 2). The TDB-1 analyses gave reproducibilities of
RSD <8% for all PGE and Re except Ir (14%) and the data
agree with the values reported by Meisel and Moser (2004)
and Peucker-Ehrenbrink et al. (2003) within error (20).

4. RESULTS

The PGE and Re data for the Pual Ridge lavas are given
in Table 1. The high-Mg lavas contain 7.6-21.0 ppb Pd and
0.28-1.09 ppb Re. The abundances of these elements in-
crease with decreasing MgO between 8 and 3 wt.%
(Fig. 3a and b), which mimics the trends for Cu and Au ob-
served in the previous studies (Fig. 2b and c). The high-Mg
lavas have 0.004-0.146 ppb Ir, 0.010-0.638 ppb Ru, 0.105-
0.385 ppb Rh, and 1.13-7.61 ppb Pt. The abundance of
these elements decreases with decreasing MgO, which is
the opposite of the trends shown by Pd, Re, Cu and Au
(Figs. 3c—f and 2b and c). In contrast, Pd and Re show po-
sitive correlations with MgO in the low-Mg lavas behaving
similarly with Pt and Rh, although Ir and Ru do not show
any correlation (Fig. 3). Our Re data are consistent with the
literature values (Sun et al., 2003; Jenner et al., 2010),
whereas Pt data are lower than those from Jenner et al.
(2010). The differences in Pt values are discussed in Appen-
dix A.

Primitive mantle (PM)-normalized PGE and Re patterns
for the Pual Ridge lavas are shown in Fig. 4. The patterns
and absolute PGE abundances of the high-Mg lavas are
comparable to those of arc picritic lavas from Grenada, Les-
ser Antilles arc and Ambae, Vanuatu arc (Woodland et al.,
2002; Park et al., 2012a), although the Pual Ridge high-Mg
lavas are enriched in Pd compared to the other arc picritic
lavas. The low-Mg lavas are depleted in all PGE relative
to the high-Mg lavas showing MORB (mid-ocean ridge ba-
salt)-like abundances whereas Re concentrations are similar
in both the high-Mg and low-Mg lavas. The significant
depletion of highly chalcophile PGE relative to weakly chal-
cophile Re in the low-Mg lavas suggests that the magma
have reached sulfur-saturation during crystallization.

5. DISCUSSION
5.1. Pt-alloy saturation in the high-Mg lavas (>3 wt.% MgO)

Palladium and Re data exhibit negative correlations
with MgO between 8 and 3 wt.%, indicating that these ele-
ments are incompatible and excluded from early crystalliz-
ing phases such as olivine, plagioclase and clinopyroxene
(Fig. 3a and b). In contrast, the concentrations of Ir, Ru,
Rh and Pt are positively correlated with MgO between 8
and 3 wt.% (Fig. 3c—f), showing that these elements were
compatible during magma differentiation with bulk distri-
bution coefficients >1. This hypothesis is consistent with
the observation that phenocryst-bearing lavas, MD3-p
and MDI101A-p, are significantly enriched in Ir, Ru, Rh
and Pt compared to the corresponding glassy lavas, MD3
and MDI101A, whereas for Pd and Re there is no significant
difference (Fig. 3 and Table 1).

The effect of fractional crystallization on the PGE and Re
abundances of the high-Mg lavas was investigated by
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Table 1

Concentrations of MgO, Yb, Cu, Au, Re and PGE of the Pual Ridge lavas.

Sample MgO*  Yb* Cu® Au® Re Pd Pt Rh Ru Ir

MD3® 7.83 1.35 103 3.84  0.382 7.61 2.80 0.187 0.288 0.070
MD3-p° 7.83 1.35 103 384  0.284 10.4 7.61 0.385 0.638 0.146
MDI01A 7.01 1.41 109 4.73 0.302 13.0 3.40 0.207 0.092 0.046
MDI101A-p 7.01 1.41 109 4.73 0.394 12.7 571 0.265 0.125 0.094
MDI101B 6.59 1.67 122 520  0.308 13.7 3.20 0.198 0.073 0.036
MDI101B 6.59 1.67 122 520  0.346 12.9 3.32 0.208 0.076 0.035+6
86DR 4.27 2.38 196 7.52  0.685 20.0 1.13 0.105 0.010+5 0.0051 + 8
86DRP 4.27 2.38 196 7.52 1.09 21.0 1.36 0.126 0.011 +4 0.0043
MD7 2.99 2.73 249 7.42 1.33 1.94 0.843 0.0088 <0.0026 <0.0008
MD7° 2.99 2.73 249 7.42 1.63 2.12 0.927 0.0059 £ 12 0.0028 £ 18 0.0012 +4
MD353A 2.37 3.44 30 3.57 0.902 1.03 0.371 0.023 0.0090 + 21 0.046
MD53A® 2.37 3.44 30 3.57 1.44 1.41 0.410 0.030 0.0072 + 13 0.023
MD53B 1.66 344 40 1.33 1.53+26 0.160 4 20 <0.052 0.0026 + 7 <0.0026 <0.0008
MD53B° 1.66 344 40 1.33 1.18 0.175 0.084 £+ 24 0.0026 <0.0026 <0.0008
MD36 1.50 3.96 27 2.02 1.36 +41 0.146 + 16 0.095 £+ 20 0.0037 423 <0.0026 0.0011+5
MD36° 1.50 3.96 27 2.02 0.042 0.075 0.0027 +7 <0.0026 <0.0008
MD28 1.42 3.58 34 3.31 0.661 0.561 0.360 0.020 +2 0.013+2 0.0071 +9
MD28® 1.42 3.58 34 3.31 0.758 0.671 0.333 0.020 0.013 0.0072
MD65 1.14 3.89 20 1.35 0.787 + 89 0.522 0.315 0.029 0.019 0.011 +2
MD65° 1.14 3.89 20 1.35 0.568 0.740 0.254 0.021 0.012 0.0060
MD114 0.96 3.39 19 092  0.763 0.051 +13 0.121 + 19 0.016 &2 <0.0026 0.0084 + 11
MD114° 0.96 3.39 19 0.92  0.805 0.137 0.162 0.0062 <0.0026 0.0095
MD39 0.33 4.31 25 1.06  0.486 <0.015 <0.052 0.0079 + 12 <0.0026 <0.0008
MD39° 0.33 4.31 25 1.06  0.575 <0.015 <0.052 0.0038 <0.0026 <0.0008
MD6 0.14 4.37 17 370 0.616 0.033+9 0.062 + 19 0.0058 + 8 0.0053 £ 11 0.0018 + 11
MD6® 0.14 4.37 17 370  0.635 0.047 0.060 + 32 0.0054 + 15 0.0040 + 27 0.0015 +4
87DR 0.12 4.73 17 1.47 0.356 0.041 &7 <0.052 0.0043 + 12 <0.0026 <0.0008
87DR" 0.12 4.73 17 1.47 0.367 <0.015 <0.052 0.0022 <0.0026 <0.0008

Notes: MgO is in weight percent, Yb and Cu are in ppm, Au, Re and PGE are in ppb, Analytical uncertainties >10% are specified as 1. All
the samples were analyzed in duplicate, using different powder aliquots. MD3-p and MDI101A-p are phenocryst-bearing samples (~10%
modal). Ruthenium data with high interference corrections (>50%) are indicated in italic.

? Data from Sun et al. (2007).

® Average of two analyses obtained using Agilent 7500 and Agilent 7700x. The analyses were performed using the same sample solution.

Raw data are presented in Appendix B.

Table 2
PGE and Re analyses of TDB-1 (ppb).

Re Pd Pt Rh Ru Ir
TDB-1 (CANMET)
#1 0.68 21.7 4.37 0.389 0.163 0.068
#2 0.72 21.1 4.14 0.360 0.139 0.052
#3 0.75 21.9 4.26 0.382 0.153 0.064
Average (n=3) 0.72 +0.08 21.6+0.8 4.26 +£0.23 0.377 +0.030 0.152 4+ 0.023 0.061 +0.017
M&M? (n=17) 0.79 +0.04 243+34 5.01 +£0.34 0.471 +0.078 0.198 +0.016 0.075+0.018
p® (n=238) 248+ 1.4 4.40 + 0.30 0.078 £+ 0.006
Certified® 22.4 5.80 0.70 0.30 0.150

Reproducibilities are quoted at 2c.

# Meisel and Moser (2004), high pressure asher (HPA) digestion ID-ICP-MS.

® peucker-Ehrenbrink et al. (2003), Ni-sulfide fire assay ID-ICP-MS.

¢ Govindaraju (1994), note that Ir, Ru and Rh values are provisional values.

calculating the bulk distribution coefficients (D) for PGE and
Re between the melt and the crystallizing phases (e.g. Momme
etal., 2002). Since the Pual Ridge lavas evolved dominantly by
fractional crystallization (Jenner et al., 2010 and references
therein), we used the fractional crystallization equation, C/
C, = F®™ to calculate the bulk D required to model the

variations of PGE and Re with magma evolution, where C is
the concentration of an element of the sample, C, is the con-
centration of the element of the most primitive lavas
(>7 wt.% MgO), F is the fraction of melt remaining, and D
is bulk distribution coefficient of the fractionating assemblage.
Yb was used to calculate F by setting C,*® to the Yb
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Fig. 3. (a—f) Binary plots of PGE and Re against MgO for the Pual Ridge lavas. Vertical dashed lines connect duplicate analyses. Thick
dashed lines are nonlinear exponential least square fits for the high-Mg and the low-Mg glassy lavas. Black squares represent phenocryst-
bearing samples. Note that phenocryst-bearing lava samples are enriched in Ir, Ru, Rh and Pt, but not Pd and Re compared to corresponding
glassy lava samples. Method determination limits for each element (MDL) are presented as horizontal dashed lines.

concentration in MD3 (1.35 ppm; Sun et al., 2007), which is
the most primitive Pual Ridge sample analyzed in the present
study. F was calculated using Dy, = 0.33, which assumes frac-
tionation of clinopyroxene, plagioclase and olivine in the pro-
portions of 60:35:5 and partition coefficient values for these
minerals from Fujimaki (1986). These proportions of silicate
minerals best explain major element variations of the high-
Mg lavas and a change in the proportions does not signifi-
cantly affect our model since each mineral does not have a
strong affinity for the PGE and Re. The calculated F values
based on Yb were then used to calculate bulk D values for
the PGE and Re. Calculated PGE and Re variations with F
for the high-Mg lavas are shown in Fig. 5. Palladium and Re
are progressively enriched in the melt as magma evolves and
can be modeled with a bulk D value of 0.2 and 0.01,

respectively (Fig. 5a and b), which is similar to those of Cu
and Au (D = 0.2; modeled using data from Sun et al., 2007).
The incompatible behavior of Cu, Au and Pd reflects sulfide-
undersaturated magma evolution of the high-Mg lavas. The
compatible behavior of Ir, Ru, Rh and Pt can be modeled
using D values of 3-3.8, 5, 1.2-1.7 and 1.2-2.2, respectively
(Fig. 5¢—f). Iridium and Ru are more efficiently removed from
the melts than Rh and Pt and require the highest D values.
We modeled the fractional crystallization of clinopyrox-
ene, plagioclase and olivine to investigate the effect of these
minerals on PGE and Re variations in the high-Mg lavas
using partition coefficient values reported in the literature
(Table 3). Model 1 shows the effect of olivine + plagio-
clase + clinopyroxene fractional crystallization on PGE
abundances (Fig. 5). The model can explain the variations
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Fig. 4. Primitive mantle-normalized PGE and Re concentrations
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Sun (1995). Arc picrites and Pacific MORB field are also shown for
comparison. The Pacific MORB field is based on the data from
Bezos et al. (2005). The arc picrites (>10 wt.% MgO) field is based
on data from Woodland et al. (2002) and Park et al. (2012a).

of Pd and Re however it cannot account for the Ir, Ru, Rh
and Pt variations, which requires a phase containing signif-
icant Ir, Ru, Rh and Pt.

The higher PGE concentrations of phenocryst-bearing la-
vas (MD3-p and MDI101A-p) compared with their glassy
equivalents (MD3 and MD101A) suggest the presence of a
PGE-rich microphase, associated with the phenocrysts, in
the high-Mg lavas (Table 1 and Fig. 3). This hypothesis is
consistent with the variations of Ir, Ru, Rh and Pd against
Pt in the high-Mg lavas (Fig. 6). The strong positive correla-
tions between Ir, Rh and Pt, to some extent Ru, suggest that
these elements are contained within a single mineral in simi-
lar proportions. It should be noted that Pd does not show any
correlation with Pt, indicating that the phase in question does
not contain a significant amount of Pd (Fig. 6d).

Cr spinel, PGE-rich alloy and laurite (RuS,) have been
considered to be dominant hosts for PGE in ultramafic-ma-
fic magmas in sulfide-undersaturated conditions. However,
Cr spinel and laurite cannot explain the compatible behavior
of Pt observed from the high-Mg lavas, although it may ac-
count for IPGE (Ir-group PGE; Os, Ir, Ru) variations, be-
cause Pt is incompatible with these minerals (Brenan and
Andrews, 2001; Brenan et al., 2012; Park et al., 2012a). There
have been a number of suggestions that crystallization of an
Ir-rich alloy controls PGE variations in mafic—ultramafic
magmas (Barnes et al., 1985; Briigmann et al., 1987;

Greenough and Fryer, 1990; Rehkdmper et al., 1999; Philipp
et al., 2001; Momme et al., 2002; Puchtel et al., 2004; Barnes
and Fiorentini, 2008; Ireland et al., 2009; Pitcher et al., 2009;
Song et al., 2009) and the Ir-rich alloy may contain some Pt
(e.g. Pecketal., 1992; Brenan and Andrews, 2001; Songet al.,
2009). However, all of these studies showed that Pt behaves
primarily as incompatible elements during the evolution of
an Ir-rich alloy saturated magma. As a consequence, an Ir-
rich alloy is unlikely to be the phase responsible for the
PGE variations in the high-Mg lavas in which Pt behaves
as a compatible element. Fig. 7 compares Pd/Pt and Pt/Ir
of the Pual Ridge high-Mglavas and volcanic suites that have
fractionated an Ir-rich alloy. The Pd/Pt markedly increases
with a moderate increase of Pt/Ir during magma evolution
in the Pual Ridge high-Mg lavas. This trend is clearly distin-
guishable from that of Ir-rich alloy crystallization, which are
characterized by a relatively constant Pd/Pt and a marked in-
crease in Pt/Ir. This suggests crystallization of a Pt-rich phase
in the high-Mg lavas and the most likely phase to host Ir, Ru,
Rh and Pt without Pd is a Pt-rich alloy. Evidence for Pt-rich
alloy crystallization occurs in several ultramafic-mafic com-
plexes and primitive arc lavas (Spandler et al., 2000, 2003;
Garuti et al., 2002, 2003; Augé et al., 2005; Zaccarini et al.,
2011; Park et al., 2012a), although it has not been widely
reported.

The formation of the Pt-rich alloy results from the low
solubility of Pt in silicate melts, which varies as a function
of fO, and temperature (Fortenfant et al., 2003; Borisov
and Palme, 1997; Ertel et al., 1999). Liquidus temperatures
of the high-Mg lavas, as calculated using the equation de-
scribed in Sugawara (2000) at 1 kbar and 1.0 mol% H-O,
range between 1100 °C and 1200 °C. The oxygen fugacity
of the high-Mg lavas has been suggested to be fO, =
QFM + 2.0 (Jenner et al., 2010). The Pt solubility in an
anorthite-diopside synthetic melt under these conditions
can be calculated from the equation of Fortenfant et al.
(2003) and is compared with the abundances of Pt in the
high-Mg lavas in Fig. 8. The estimated Pt solubility curve
is about 20% higher than the Pt contents in the high-Mg la-
vas (Fig. 8). However, it should be noted that all Pt solubil-
ity experiments were carried out in Fe-free synthetic melt.
In natural Fe-bearing systems, Pt solubility will be signifi-
cantly lower because Pt has a strong affinity for Fe, which
will lower the activity of Pt required for alloy saturation
(Borisov and Palme, 2000). Similarly, incorporation of
other PGE in the alloy will further lower the Pt solubility.
Therefore, it is highly likely that the high-Mg Pual Ridge
melt was Pt-Fe alloy-saturated.

If it is assumed that the differences in PGE abundances
between glassy lavas and phenocryst-bearing lavas result
solely from the presence of Pt-rich alloy nuggets in the phe-
nocryst-bearing lavas, we can estimate the composition of
the Pt-rich alloy by subtracting PGE abundances in a glassy
lava from the PGE abundances in a corresponding pheno-
crysts-bearing lava, and normalizing the result to 100 wt.%.
Table 4 shows the estimated compositions of the Pt-rich al-
loys. The compositions calculated from MD3 and MD101A
are broadly similar, except for Ru. These estimates are rea-
sonably in agreement with the compositions of magmatic
Pt-rich alloys (e.g. isoferroplatinum: Pt;Fe) from picritic
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Fig. 5. (a-f) Binary plots of PGE, Re, Cu and Au concentrations of the high-Mg lavas as a function of F, the remaining melt fraction (see text
for discussion). Black squares represent phenocryst-bearing samples. Solid lines are calculated fractional crystallization models based on the
composition of the high-Mg lavas. Bulk partition coefficients, D, used in the models are shown on the diagram. The range of PGE, Re and Au
concentrations of sample MD3 and MDI101A were used as varying initial concentrations for the models. Model 1 represents fractional
crystallization trends for clinopyroxene + plagioclase + olivine (60:35:5), and Model 2 represents fractional crystallization trends of silicate
minerals + Pt-rich alloy + Cr spinel with an alloy fraction of 6 x 10~"% and a Cr spinel fraction of 0.1%. The average concentrations of PGE
of MD3 and MDI101A were used as the initial concentrations for the models. Models 1 and 2 are identical for Pd and Re.

lavas, Vanuatu (Park et al., 2012a), chromitites of the Kyt-
lym and Uktus complexes, Northern and Central Urals
(Garuti et al., 2002), and dunites of the Greenhills complex,
New Zealand (Spandler et al., 2003), which strongly suggest
the presence of a Pt-rich alloy along with phenocrysts.
However, Ru values in the present study, which range from
1.2 to 5.8 wt.%, are higher than the literature values of
<0.5 wt.%. This represents the presence of a Ru-rich phase

that occurs with the Pt-rich alloy in the accumulated pheno-
crysts. As a possible Ru-rich phase one may consider laurite
or Cr spinel. However, given the high thermal stability of
laurite >~1250 °C (Brenan and Andrews, 2001) and the
low Ru concentrations in the high-Mg lavas, laurite
crystallization is unlikely in the high-Mg lavas. In contrast,
Cr spinel inclusions were commonly observed in olivine
phenocrysts from Pual Ridge lavas (e.g. Kamenetsky
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Table 3
Crystal/melt partition coefficients for the modeling of the Pual Ridge lavas.
Pd Pt Rh Ru Ir Re Cu Reference®

Olivine 0.005 0.009 2.59 2.19 1.7 0.009 1
Clinopyroxene 0.3 0.8 0.23 1.0 1.8 0.002 0.66 2

Cr spinel 0.032 0.22 641 2448 472 0.0012 3
Plagioclase 0.2 0.3 0.4 0.3 0.3 0.01° 0.37 4
Magnetite 1.1 0.22 26 1.6 5

Sulfide 4600° 4000° 0.01 1000 6

# References for partition coefficients data are as follows: 1 = Brenan et al. (2003, 2005), Mallmann and O’Neill (2007); 2 = Capobianco and
Drake (1990), Capobianco and Drake (1994), Ewart and Griffin (1994), Hill et al. (2000), Righter et al. (2004), Chazey and Neal (2005),
Mallmann and O’Neill (2007); 3 = Righter et al. (2004), Brenan et al. (2012), Park et al. (2012a); 4 = Capobianco and Drake (1994), Ewart
and Griffin (1994), Chazey and Neal (2005); 5 = Capobianco et al. (1994), Ewart and Griffin (1994), Righter et al. (1998), Brenan et al. (2012);
6 = Fonseca et al. (2007), Ripley et al. (2002).

® Values are assumed due to no literature available and low compatibility of Re in plagioclase.

¢ Values are estimated using sulfide fraction of 0.002 and bulk D of Pd and Pt (See text for discussion).
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Fig. 6. Binary plots of (a) Rh, (b) Ru, (c) Ir and (d) Pd against the Pt concentrations of the high Mg lavas. Black squares represent
phenocryst-bearing samples. Note that Rh, Ru and Ir show positive linear correlations with Pt whereas Pd does not show any correlation with
Pt.

et al., 2001), indicating that a small fraction of Cr spinels liquidus phase. The compatibility of Ir, Ru and Rh in Cr
crystallized along with olivine, although the crystallization spinel is well documented in the literature, with the parti-
of Cr spinel would have reduced significantly once Cr-bear- tion coefficient of Ru in Cr spinel being generally higher

ing clinopyroxene (1.0-1.2wt.% Cr,O;) appeared as a than those of Ir and Rh (Puchtel and Humayun, 2001;
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Fig. 7. A plot of Pt/Ir against Pd/Pt for the Pual Ridge high-Mg
lavas and volcanic suites that have fractionated an Ir-rich alloy.
PGE data compiled from: Greenland CFB = Upper section of site
917 of the Ocean Drilling Program, SE Greenland (Philipp et al.,
2001), Dongchuan ELIP CFB = High Ti basalts, Emeisihan Large
Igneous Province, SW China (Song et al., 2009), Mauna Kea
Hawaiian OIB = Picrites and basalts from Mauna Kea, Hawaii
(Ireland et al., 2009), Alexo and Pyke Hill Komatiites = Komatiites
from the Alex and Pyke Hill areas, Ontario, Canada (Puchtel et al.,
2004), Black Swan and Kambalda Komatiites = Komatiites from
the Black Swan and Kambalda areas, South Kalgoorlie Terrane,
Australia (Barnes and Fiorentini, 2008).

Puchtel et al., 2004; Righter et al., 2004; Brenan et al., 2012;
Park et al., 2012a).

Partition coefficients for Ir, Ru, Rh and Pt between the
Pt-rich alloy and the melt can be calculated using the PGE
composition of the melt and the estimated composition of
the Pt-rich alloy, and the results are presented in Table 4.
In Model 2 (Fig. 5) we have added 6 x 10~7% Pt-rich alloy
and 0.1% Cr spinel as fractionating phases to Model 1 using
the partition coefficients presented in Tables 3 and 4. The
model fully accounts for the observed PGE variations in
the high-Mg lavas.

In summary, PGE and Re variations in the high-Mg la-
vas can be explained by fractional crystallization of the ma-
jor silicate minerals with trace amounts of Pt-rich alloy and
Cr spinel. The main host phases for the compatible PGE in
the high-Mg lavas are Pt-rich alloys (for Pt, Ir, Ru and Rh)
and Cr spinels (for Ru, and lesser amounts of Ir and Rh).

5.2. Possible causes for chalcophile element depletion of the
low-Mg lavas (<3 wt.% MgO)

The abundances of chalcophile elements such as Cu, Au
and Pd decrease abruptly in the Pual Ridge lavas at 3 wt.%
MgO (Sun et al., 2004; Jenner et al., 2010; this study). Sun
et al. (2004) suggested that the sudden decrease of Cu and
Au resulted from the escape of magmatic fluid enriched in
reduced sulfur complexes. In contrast, Jenner et al. (2010)
attributed the depletion to fractional crystallization of
bornite. It should be noted that bornite (CusFeS,) is a crys-
talline Cu-rich sulfide phase, which is different from the Fe-
rich sulfide immiscible melts commonly observed in a sul-
fide-saturated MORB magma.

In this section we will discuss how Pd and Cu behave
during sulfide and fluid saturation using available data on
partitioning of Pd and Cu between silicate melt, sulfide melt

Pt solubility (ppb)

High-Mg lavas (> 3 wt. % MgO) |

0
1100 1120 1140

1160 1180 1200

Temperature (°C)

Fig. 8. Comparison between the Pt contents of the high-Mg lavas and experimentally estimated Pt solubility in Fe-free anorthite-diopside
melt (Fortenfant et al., 2003). Black squares represent phenocryst-bearing samples. The solid line represents the variation of estimated
maximum Pt solubility at fO, of QFM + 2 and 1100-1200 °C. The dotted line is 20% reduced Pt solubility curve under the same conditions.
Liquidus temperatures of the high-Mg lavas were calculated using MgO contents by the equation described in Sugawara (2000) at 1 kbar and

1.0 mol% H,0.
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Table 4

Estimates of Pt-rich alloy compositions and partition coefficients.

Sample Pt Rh Ru Ir Os Pd Fe Total
MDIO1A 3.40 0.207 0.092 0.046 n.a. 13.0

MDI101A-p 571 0.265 0.125 0.094 n.a. 12.7

Contribution from Pt-rich alloys® 2.31 0.058 0.033 0.048

Estimated Pt-rich alloy composition 84.9 2.1 1.2 1.8 10.0 100
(Wt.%) °

Partition coefficient® 2.50 x 108 1.03x 10° 1.32x 10°  3.83 x 10°

MD3 2.80 0.187 0.288 0.070 n.a. 7.6

MD3-p 7.61 0.385 0.638 0.146 n.a. 104

Contribution from Pt-rich alloys® 4.81 0.198 0.350 0.076

Estimated Pt-rich alloy composition 79.7 33 5.8 1.3 10.0 100
(Wt.%) °

Partition coefficient® 2.85x 108 1.75x 10% 2.01 x 10®  1.80 x 10®

Average partition coefficient 2.67 x 108 139 x 10 1.67 x 108 2.82 x 10®

Composition of Pt-rich alloys from the literature®

Garuti et al. (2002) (n =5) 87.0+29 05+03 004+004 1.0+08 05+14 03+03 86+04 98.0+24
Spandler et al. (2003) (n =11) 87.8+23 1.7+0.2 1.2+0.6 03+02 04+02 8.6+03 100.1+2.1
Park et al. (2012) (n=2) 81.1-89.0 0.81-0.90  <0.1 3.0-54 1.6-7.7  <0.1 4.9-53  99.7-100.0

n.a. = Not analyzed.

% Calculated assuming differences between duplicate analyses are caused by Pt-rich alloy inclusions.
® Calculated by normalizing contribution from Pt-rich alloys to 100 wt.% assuming a Pt-rich alloy contains 10 wt.% of Fe.
¢ Calculated using the Pt-rich alloy composition estimates and PGE contents in MD101A and MD3, respectively.

4 Errors are quoted at Io.
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Fig. 9. A plot of Pd/Cu ratio against MgO for the Pual Ridge
lavas. Note that Pd/Cu ratio falls at MgO < 3 wt.%, indicating that
the decline of the ratio is due to sulfide saturation. Black squares
represent phenocryst-bearing samples.

and magmatic fluid to investigate the cause of the chalco-
phile element depletion at 3 wt.% MgO.

Palladium and Cu behavior in sulfide-saturated magma
is relatively well understood and Pd/Cu ratios have been
regarded as a useful tool to identify the timing of sulfide
saturation in evolving magmas (e.g. Campbell and Barnes,
1984; Barnes et al., 1988; Vogel and Keays, 1997; Philipp
et al, 2001; Park et al., 2012b). This is because Pd
partitions preferentially into sulfide melt relative to Cu
(DPdsulﬁde-silicale melt> 105 and Dcusulﬁde-silica[e melt _ 103’

Francis, 1990; Peach et al.,, 1990; Bezmen et al., 1994;

Crocket et al., 1997; Fleet et al., 1999; Pruseth and Palme,
2004; Fonseca et al., 2009). Therefore, if a silicate melt be-
comes sulfide-saturated, the Pd/Cu ratio will decrease.
There are only a limited number of studies on PGE sol-
ubility in aqueous fluids at magmatic temperature (Fleet
and Wu, 1993, 1995; Ballhaus et al., 1994; Hanley et al.,
2005; Hanley and Heinrich, 2007). The available data sug-
gest that PGE can be highly soluble in hypersaline aqueous
fluids (20-70 wt.% eq. NaCl) at high temperature
(600-1000 °C). However, Simon and Pettke (2009) reviewed
the literature mentioned above and concluded that the data
cannot be applied to magmatic-hydrothermal environments
because the brines used in the experiments had abnormally
high HCI and NaCl concentrations and there was clear evi-
dence of disequilibrium in some of the experimental
products. Simon and Pettke (2009) investigated the solubil-
ity of Pt in low-density vapor (~9 wt.% NaCl), high-density
brine (~63 wt.% NaCl) and rhyolitic melts, at 800 °C and
140 MPa, which they considered to be typical of the
conditions under which porphyry magmatic-hydrothermal
fluids form. The partition coefficients they obtained were
Dp,2Pormelt — 3 9 and Dp e ™elt — 67 These values are
4 and 20 times lower than those for Cu at the same condi-
tions (D PO ™ = 63, D, ™! = 240; Simon et al.,
2006). Sun et al. (2007) showed that the evolution trend
of Cl in the Pual Ridge lavas is best explained by low-pres-
sure processes at about 100 MPa. At this pressure the par-
tition coefficients of Pt become even lower (Dp*P°"
melt — 1 DpOrinemelt — g 8. Simon and Pettke, 2009)
whereas those of Cu increase (Dg, P! = 700; Williams
et al., 1995). The thermodynamic study on PGE solubility
in silicate melts (Wood, 1987) also suggested that the
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solubility of Cu in fluid is many orders of magnitude higher
than those for PGE under the same conditions. There is no
detailed constraint on the solubility of Pd in such condi-
tions. However, Pd is considered to have a similar or lower
solubility than Pt in magmatic fluids (e.g. Fleet and Wu,
1993; Rehkdmper et al., 1997; Mclnnes et al., 1999; Dale
et al., 2009). Therefore, if a silicate melt becomes saturated
with magmatic fluid, the Pd/Cu ratio of the residual silicate
melt is likely to increase.

In the Pual Ridge lavas, the Pd/Cu remains constant
during magma evolution between 8 and ~3 wt.% MgO,
but it gradually decreases as the MgO content drops from
3 to 0.2wt.% (Fig. 9). This trend implies that the high-
Mg basaltic melt did not interact with sulfide melt until
the MgO content of the magma fell to 3 wt.%. A continu-
ous decrease of Pd/Cu ratio in the low-Mg lavas suggests
progressive segregation of sulfide melts during the later
stage of magma evolution. The Pd/Cu trend is consistent
with a model whereby the depletion of Cu and Au in the
Pual Ridge lavas was caused by sulfide saturation.

5.3. Effects of sulfide saturation on PGE concentrations of
the low-Mg lavas (<3 wt.% MgQO)

Palladium becomes compatible in the low-Mglavas, and the
abundance decreases with decreasing MgO from ~3 to
0.2 wt.% (Fig. 3a). Platinum and Rh show positive correlations

Pd (ppb)

10'

Cu (ppm)

10° : I " !

87

with MgO as seen in the high-Mg lavas, but the slopes become
steeper in the low-Mg lavas (Fig. 3¢ and d), which indicate
changes in compatibility of Pt and Rh. Iridium and Ru do
not follow the earlier trends and exhibit scattered variations
against MgO (Fig. 3e and f).

In order to quantify the role of each crystallizing mineral
on PGE and Re variations in the low-Mg lavas, we esti-
mated bulk D values for Pd, Pt and Re between the melt
and the crystallizing assemblage following the same proce-
dure as for the high-Mg lavas (Fig. 10). Iridium, Ru and Rh
were not examined since they do not show clear trends,
which we will discuss below. We set C, to the Yb, Pd, Pt
and Re concentrations of MD7 (2.73 ppm Yb; 2.1 ppb
Pd; 0.94 ppb Pt; 1.5 ppb Re), use Dyy, of 0.29 (Fujimaki,
1986; Gill, 1981 and references therein), and assume frac-
tionation of plagioclase, clinopyroxene and magnetite in
the proportion of 50:40:10. Model 1 (Fig. 10) shows the ef-
fect of fractional crystallization of the major silicate and
oxide minerals on PGE concentrations using the partition
coefficients given in Table 3. The crystallization of these
minerals can account for the Re variation (Fig. 10d), how-
ever it cannot explain the variations of Pt, Pd and Cu with-
out sulfide segregation.

After onset of sulfide saturation at 3 wt.% MgO, sulfide
segregation will dominate the behavior of Pt, Pd and Cu
in the low-Mg lavas. Jenner et al. (2010) suggested that
the fractionating sulfide phase is a bornite crystal, which
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Fig. 10. Binary plots of (a) Pd, (b) Pt, (c) Cu, and (d) Re concentrations of the low-Mg lavas against F, the remaining melt fraction (see text
for discussion). Cu data are from Sun et al. (2007) and Jenner et al. (2010). Open squares indicate samples that are assumed to have been
contaminated by sulfide nuggets. Solid lines are calculated fractional crystallization models based on the composition of the low-Mg lavas.
The ranges of Pt, Pd and Re concentrations in MD7 were used as initial concentrations for the models. Cu concentrations in the least
fractionated samples after sulfide saturation were taken from literatures (Sun et al., 2007; Jenner et al., 2010) and used as initial concentrations
for the models. Bulk partition coefficients, D, approximated by the model are also given on the diagram. Model 1| represents fractional
crystallization trends for plagioclase + clinopyroxene + magnetite (50:40:10) and Model 2 represents fractional crystallization trends for
plagioclase + clinopyroxene + magnetite + sulfide with sulfide fraction of 0.2%. Method determination limits (MDL) are shown by horizontal

dashed lines.
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preferentially consumed univalent Cu and Au in preference
to divalent Pt and Ni. They attributed the moderate decrease
of Pt and Ni to the fractionation of magnetite and silicate
minerals. However, our fractional crystallization modeling,
which is based on accurate and precise PGE data, shows
that the Pt and Pd variations cannot be explained by frac-
tionation of silicate and oxide minerals alone (Model 1 in
Fig. 10). Instead, segregation of sulfide melts is required to
explain the depletion of Pt and Pd relative to Cu and Au.
Furthermore, positive inter-correlations among the PGE
in the low-Mg lavas indicate that the phase sequestering
Pt also contains significant amounts of Pd, Ir, Ru and Rh
(Fig. 11). Therefore, the precipitating sulfide phase is likely
to be immiscible sulfide liquid rather than a crystalline born-
ite, which is unlikely to take all PGE into its structure in the
proportions required by the modeling shown above.
Therefore, if it is assumed that the sulfide melt is the host
for the Pd, Pt and Cu that are unaccounted for by silicate
and oxide minerals, the fraction of sulfide required to explain
the variation in Cu with F is 0.2%, using D¢, tiidemelt —
1000 (Francis, 1990; Ripley et al., 2002). This value is con-
sistent with the estimated sulfide fraction of 0.3% in the
other sulfide-saturated magma (e.g. Jamais et al., 2008).
However, this fraction of sulfide requires Dpy p; sulfide-melt
of only 4.0-4.6 x 10° to explain the variation in Pt and
Pd with F, which are at least one magnitude lower than
the values of 10*-10% reported by Peach et al. (1990), Bez-
men et al. (1994), Fleet et al. (1999), Crocket et al. (1997),
Pruseth and Palme (2004), and Fonseca et al. (2009). We
suggest that the relatively low estimates are the result of dis-
equilibrium between the silicate and sulfide melts. Keays
and Campbell (1981) suggested that when the rate of immis-
cible sulfide liquid separation is rapid, the ratio of the mass
of the silicate melt in effective equilibrium with the sulfide
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liquid (R-factor; Campbell and Naldrett, 1979) becomes
small. If the silicate to sulfide liquid mass ratio or R-factor
is smaller than Dpgg, the PGE partition coefficients are
controlled by R and are independent of Dpgg (Campbell
and Naldrett, 1979). That is, the calculated partition coeffi-
cients are apparent partition coefficients controlled by R,
which in this case is about ~4.0-4.6 x 10°. The low-Mg
lavas have SiO, contents between 57 and 78 wt.% and tem-
peratures that are generally below 1000 °C. The combina-
tion of the high viscosity of these silica-rich, low-
temperature lavas and rapid cooling may have prevented
the sulfide droplets from communicating with a large vol-
ume of surrounding silicate magma.

In the low-Mg lavas, duplicate analyses of MD36, 87DR
and MD114 show significant variations in PGE contents,
and most low-Mg lavas contain anomalously high Ir and
Ru concentrations that are even higher than the values of
MD7, the least fractionated sample among the low-Mg la-
vas (Table 1 and Fig. 3). The positive correlations between
Rh, Pt, Pd, and to some extent Ir and Ru, indicate that
these elements are contained in a sulfide phase in similar
proportions (Fig. 11). We suggest that the scatter in the
PGE concentrations, especially for Ir and Ru, are caused
by the presence of sulfide nuggets. The sulfide nugget effect
is also observed in Cu and Au data from previous studies
but to a lesser extent than the PGE because of their lower
affinity for immiscible sulfide melts (Fig. 2b and c). In
Fig. 2, Cu and Au contents from whole rock analyses (Moss
et al., 2001; Park et al., 2010) are higher than the values ob-
tained from the glassy part of the same sample (Sun et al.,
2007; Jenner et al., 2010), indicating that the whole rock
samples contain Au-rich sulfide blebs. Palladium and Pt
are less affected by the nugget effect than Ir and Ru
(Fig. 3) because of the relatively high abundances of Pd
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Fig. 11. Binary plots of (a) Pd, (b) Rh, (c) Ru and (d) Ir against the Pt concentrations in the low-Mg lavas. Note that All PGE show positive
linear correlations with Pt. PGE concentrations of MD7 were excluded from the linear regression.
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and Pt in the melts. It should be noted that the sample with
the highest Cu and Au contents (MD7 in Fig. 2; Sun et al.,
2007; Jenner et al., 2010) does not have the highest Pd con-
tent (Fig. 3a). This difference can be attributed to the higher
compatibility of Pd compared to Cu and Au in immiscible
sulfide melts (Francis, 1990; Bezmen et al., 1994; Crocket
et al., 1997; Fleet et al., 1999; Pruseth and Palme, 2004;
Fonseca et al., 2009). We suggest the stronger affinity for
Pd in sulfide melts resulted in Pd becoming more rapidly de-
pleted than Cu and Au in the Pual Ridge magmas from the
onset of sulfide saturation.

5.4. The possible cause for Pt-rich alloy saturation in the
high-Mg lavas

The PGE geochemistry of the high-Mg lavas is mainly
controlled by the fractionation of a Pt-rich alloy, which is
not commonly observed from the other sulfide-undersatu-
rated magmatic systems, such as komatiites and oceanic is-
land basalts (OIB) where PGE-bearing phases are
dominantly Ir-rich alloys and/or laurites (Rehkdmper
et al., 1999; Barnes and Fiorentini, 2008; Ireland et al.,
2009; Pitcher et al., 2009). This can be attributed to enrich-
ment of Pt over Ir (i.e. high Pt/Ir) of the Pual Ridge lavas.
The high-Mg glassy lavas contain 0.004-0.07 ppb Ir and
1.1-3.4 ppb Pt with Pt/Ir ranging between 40 and 316
whereas evolved Hawaiian OIB with similar MgO contents
(7-8.5 wt.%) contain relatively high Ir (~0.19 ppb) and low
Pt (~2.5ppb) contents with low Pt/Ir (~14) (Fig. 12).
Komatiites are also characterized with high Ir concentra-
tions and low Pt/Ir (Fig. 12; Puchtel et al., 2004; Barnes
and Fiorentini, 2008). This suggests that the low concentra-
tions of Ir in the Pual Ridge lavas may have not been high
enough to saturate the magma with an Ir-rich alloy whereas
relatively high Pt contents and high Pt/Ir ratio result in
them becoming saturated in a Pt-rich alloy at the fO, of
~QFM + 2 and 1100-1200 °C (Fig. 8).

There are two possible explanations for the highly frac-
tionated chondrite-normalized PGE patterns of the Pual
Ridge lavas. Firstly, the high fO, conditions (~QFM + 2)
of the Pual ridge lavas result in the greater role of Cr spinel
on PGE geochemistry than OIB and komatiites. The IPGE
and Rh are compatible to Cr spinel whereas Pt and Pd are
strongly incompatible, and partition coefficients for these
elements between melt and Cr spinel increase with increas-
ing fO, (Brenan et al., 2012; Park et al., 2012a). Therefore,
the fractionation of IPGE and Rh from Pd and Pt in melts
by residual Cr spinels during partial melting and fractional
crystallization of Cr spinels during magma evolution must
have been more efficient in the oxidized Pual Ridge magma.

Secondly, the Pual Ridge lavas may have inherited their
PGE characteristics from their source. It has been suggested
that Pd and Pt are selectively enriched in the sub-arc mantle
by Pd and Pt-rich slab-derived fluid or melts (Mclnnes
et al., 1999; Kepezhinskas et al., 2002; Dale et al., 2009,
2012). Mclnnes et al. (1999) measured PGE contents in
metasomatized mantle peridotite xenoliths from Tabar—Li-
hir-Tanga—Lihir arc, Papua New Guinea and found that
these rocks are enriched in Pt and Pd relative to surround-
ing depleted mantle. They suggested that Pt and Pd are
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Fig. 12. Chondrite-normalized PGE concentrations of primitive
magmas from different tectonic settings, including MD3, the most
primitive sample analyzed in this study. Averages of PGE
abundances in Grenada picrites (n = 8, 13-15 wt.% MgO), Ambae
picrites (n=1, 11 wt.% MgO) and Izu-Bonin boninites (n =2,
13 wt.% MgO) are from Woodland et al. (2002) and Park et al.
(2012a). The PGE abundances for parental melts of komatiites
(dashed line) and Hawaiian OIB (black solid line) are also provided
for comparison. The PGE composition of parental melts of
komatiites and OIB were estimated by averaging the PGE data
of the komatiites with 25-30 wt.% MgO (n =28; Puchtel and
Humayun, 2001; Puchtel et al., 2004; Barnes and Fiorentini, 2008)
and by averaging the PGE abundances in OIB parental melts of
Hualalai and Kilauea volcanoes (Ireland et al., 2009 and references
therein), respectively. The average PGE abundances of Hawaiian
basalt samples with 7-8.5wt.% MgO (gray solid line) (n=3§;
Ireland et al., 2009 and Pitcher et al., 2009) are also given for
comparison.

more soluble in slab-derived hydrous fluids than Ir, Ru
and Rh under mantle conditions and therefore these ele-
ments are selectively enriched in sub-arc mantle during
metasomatism. This hypothesis is supported by a study of
PGE contents in gabbros and basaltic-gabbroic eclogites
from the high-pressure Zermatt-Saas ophiolite terrain,
Switzerland (Dale et al., 2009). Dale et al. (2009) reported
that basaltic and gabbroic eclogites are severely depleted
in Pd and/or Pt compared to gabbros while Ir, Ru and
Rh contents are similar each other, suggesting that Pd
and Pt are selectively taken out from oceanic crust and
fluxed into the sub-arc mantle from the subducting slab
during transformation to eclogite. Recently, Dale et al.
(2012) investigated PGE geochemistry of Tonga arc lavas
and showed highly fractionated PGE patterns (Pt/
Ir = 24-270) as observed in the Pual Ridge lavas. They sug-
gest that the enrichment of Pt over Ir in the Tonga arc lavas
is caused by relatively low temperature, but high degree,
partial melting of depleted sub-arc mantle metasomatized
by oxidized slab influx. Elevated oxygen fugacity leads to
exhaustion of sulfide in the source during melting, which
can explain the high Pd and Pt contents, whereas the pres-
ence of IPGE-rich alloys or laurite associated with Cr spinel
can account for the low IPGE in the Tonga arc magmas
(Dale et al., 2012).
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The Pt-enriched and Ir-depleted feature is commonly
observed in arc-related lavas (Fig. 12), despite their different
partial melting conditions and mantle sources with differing
slab components, suggesting the potential of Pt-alloy satu-
ration in arc-related magmas. This is consistent with the
observation that chromitites (and dunites) from arc-related
cumulate complexes contain abundant Pt-rich alloys that
result in positive Pt anomalies when PGE abundances for
these rocks are plotted on a mantle-normalized diagram
(Spandler et al., 2000, 2003; Garuti et al., 2002, 2003; Augé
et al., 2005; Zaccarini et al., 2011) whereas chromitites from
other tectonic settings are marked by IPGE-enriched pat-
tern (e.g. Barnes et al., 1985).

5.5. Fractionation of Pt from Pd in evolving magmas

The PGE are sub-grouped as the Pd-group (PPGE: Rh,
Pt, Pd) and the Ir-group (IPGE: Os, Ir, Ru) based on their
association during magmatic processes (e.g. Barnes et al.,
1985). Most mantle-derived basalts show fractionated
primitive mantle-normalized PGE patterns with low Os
and Ir and increasing abundances of Ru and Rh through
to Pt and Pd, which indicates that the PPGE are more
incompatible during partial melting and magma differentia-
tion than the IPGE. Platinum and Pd have been thought to
behave in a broadly similar manner during partial melting
and fractional crystallization. However, recent studies on
platinum-group minerals in mantle (Lorand et al., 1999,
2008, 2010) suggest that refractory Pt-rich alloys in the
mantle may cause decoupling of Pt from Pd. Variations
in Pt/Pd ratios of mantle-derived magmas have been attrib-
uted to the presence or absence of residual Pt-rich alloys in
the mantle during partial melting (Briigmann et al., 1993;
Maier and Barnes, 2004; Mungall et al., 2011) but the vari-
ations of Pt/Pd during magma differentiation have not been
considered due to lack of evidence of a fractionating alloy
phase. Our results provide the strongest evidence yet that
Pt-rich alloys can crystallize from basaltic-andesitic arc-re-
lated magmas, along with silicate minerals, and fractionate
Pt from Pd. The most primitive sample in this study (MD3;
7.8 wt.% MgO) is saturated with a Pt-rich alloy, which sug-
gests that the Pual Ridge parental magma may have been
Pt-rich alloy saturated at the mantle source region.

5.6. Identifying Pt-rich alloy saturation during magma
differentiation

During the fractionation interval over which the Pual
Ridge lavas are saturated in a Pt-rich alloy, Pd behaves as
an incompatible element and its content increases in a mag-
ma while Pt is sequestered by the fractionating alloy phase
and decreases in concentration (Fig. 3a and ¢). This observa-
tion suggests a simple method for identifying fractionation of
a Pt-rich alloy. Fig. 13 shows a plot of Pd/Pt against MgO for
the Pual Ridge lavas. Note that Pd/Pt increases as expected
until sulfide saturation is reached then declines, showing that
Pd has a higher partition coefficient into an immiscible sulfide
melt than Pt. A similar trend can be identified in the Ertan
high-Ti basalts from the central Emeisihan Large Igneous
Province, Southwest China. In this case, the rate of increase
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Fig. 13. A plot of Pd/Pt against MgO for the Pual Ridge lavas and
the Ertan high-Ti CFB from Song et al. (2009). Vertical dashed
lines connect duplicate analyses. Black squares represent pheno-
cryst-bearing samples from the Pual Ridge lavas.

in Pd/Pt with decreasing MgO is less, because the fractionat-
ing alloy is a Pt-bearing Ir-rich alloy (Songet al., 2009). How-
ever, this approach cannot be used to identify fractionation
of a Pt-poor Ir alloy. For example, Pd/Pt remains nearly con-
stant (~1; Fig. 7) during magma evolution of mantle plume
related komatiites, Hawaiian OIBs, and the Greenland and
Dongchuan CFBs probably because the Ir-rich alloy does
not contain enough Pt to fractionate Pt from Pd. Here, Pd/
Ir may be more useful to identify alloy fractionation but we
caution that an allowance must be made for Ir sequestration
by olivine and Cr-rich spinel.

6. CONCLUSIONS

We have investigated the PGE and Re geochemistry of
Pual Ridge lavas and found that the PGE behave differently
before and after the onset of sulfide saturation. Prior to sul-
fide saturation Ir, Ru, Rh and Pt behave as compatible ele-
ments whereas Cu, Re, Au and Pd behave incompatibly.
The phase responsible for the depletion of Ir, Ru, Rh and
Pt during the early stages of fractional crystallization is
an Ir-Ru—Rh bearing Pt-rich alloy. Cr spinel crystallization
also contributes to the depletion of Ir, Ru and Rh, but to a
lesser extent. The onset of magnetite crystallization lowers
Fe*" in the melt, which leads to a decline in fO, and triggers
sulfide saturation (Jenner et al., 2010). This in turn leads to
a sharp fall in the concentrations of Cu, Au and PGE,
including Pd, in the melt.

The Pual Ridge lavas precipitated a Pt-rich alloy instead
of the Ir-rich alloy that is observed in komatiites and
Hawaiian picrites and basalts because the Pual Ridge lavas
had an appreciably higher Pt/Ir ratio and lower Ir contents
than those found in the intra-plate magmas. Our results
provide strong evidence that Pt-rich alloys can crystallize
from basaltic-andesitic arc-related magmas, along with
the silicate minerals, and fractionate Pt from Pd. Given that
arc-related lavas commonly have low Ir contents and high
Pt/Ir and mafic-ultramafic cumulates from arc environ-
ments contain abundant Pt-rich alloys, we suggest that sat-
uration of the Pt-rich alloys may be a common feature of
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arc-related magmas. The Pt-rich alloy saturation can be
identified from an increase in Pd/Pt with decreasing MgO.
Identifying sulfide saturation in an evolving felsic system
is a key to understanding the geochemistry of chalcophile
elements and its potential to form magmatic-hydrothermal
Cu, Au or Cu-Au ore deposits. The PGE geochemistry,
especially a drop in Pd/Cu, can be used to identify sulfide
saturation and the formation of an immiscible sulfide melt
that sequesters all chalcophile elements including Cu, Au
and the PGE, resulting in the observed depletion of Cu
and Au at 3 wt.% MgO in the Pual Ridge lavas. The chal-
cophile elements must be locked in minerals associated with
sulfide blebs in a magma chamber below the Pual Ridge. If
sulfide saturation occurs before volatile saturation, the roof
rocks that overlie such intrusions are not prospective for
magmatic hydrothermal Cu, Au or Cu-Au deposits.
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APPENDIX A. COMPARISON OF PT AND RE DATA
WITH PREVIOUS STUDIES

Platinum and Re data from this study are compared
with analyses of the same samples taken from the literature
(Sun et al., 2003; Jenner et al., 2010) in Fig. Al. The Pual
Ridge lavas were analyzed by a Ni-sulfide fire assay — iso-
tope dilution method in this study, and the literature data
were obtained by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) (Sun et al., 2003; Jenner
et al., 2010). Our Re data are consistent with those from
previous studies, although some data from Sun et al.
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(2003) are anomalously high (>10 ppb) (Fig. Al). The high
Re values were attributed to small sulfide grains trapped in
glasses (Sun et al., 2003). In contrast, the Pt concentrations
from the present study are systematically lower than those
from Jenner et al. (2010), especially in the low-Mg lavas,
although they show very similar trends in a metal vs.
MgO diagram (Fig. Al). This discrepancy may result from
sample heterogeneity and/or differences in the analytical
methods. Jenner et al. (2010) measured metal concentra-
tions in magmatic glasses by in situ LA-ICP-MS whereas
we analyzed glass-rich whole-rock samples. As a conse-
quence, the accumulation of PGE-poor silicate phenocrysts
could decrease the Pt levels to those found in this study.
However, given that Re data in both studies are very simi-
lar, this explanation is considered unlikely.

The origin of the difference in Pt data is uncertain. How-
ever, it is unlikely that highly evolved silicate melts, such as
the Pual ridge low-Mg lavas, contain ~1 ppb of Pt as re-
ported by Jenner et al. (2010), given that the estimated max-
imum Pt solubility in low-Mg Pual Ridge lavas (0.2 wt.%
MgO, 1mol% H,0, 1kbar and fO, of QFM +2) is
~0.3 ppb (Fortenfant et al., 2003). In addition, Jenner
et al. (2010) carried out an interference correction on
195pt to account for isobaric interferences from '"*Hf'%O
and '3Gd*Ar based on the metal-oxide production rates
obtained from analyses of zircon and rutile, which have dif-
ferent matrices to that of a silicate glass. Given that the Pt
concentrations of ~1 ppb are close to the detection limit of
their LA-ICP-MS analysis (i.e. measured Pt counts are
close to background counts), any matrix effect or unrecog-
nized molecular and isobaric interference on '*>Pt could
greatly affect the calculated Pt concentration. Based on
the above discussion, we suggest that the relatively high
Pt concentrations in the Pual Ridge lavas reported by Jen-
ner et al. (2010) are an analytical artifact.
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Appendix B
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# Obtained using Agilent 7500.
® Obtained using Agilent 7700x.
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