Contrib Mineral Petrol (2013) 165:217-236
DOI 10.1007/s00410-012-0806-9

ORIGINAL PAPER

Chalcophile element geochemistry of the Boggy Plain zoned
pluton, southeastern Australia: a S-saturated barren
compositionally diverse magmatic system

Jung-Woo Park - Ian H. Campbell -
Ryan B. Ickert - Charlotte M. Allen

Received: 27 May 2012/ Accepted: 27 August 2012 /Published online: 13 September 2012

© Springer-Verlag 2012

Abstract The behavior of the platinum group elements
(PGE) and Re in felsic magmas is poorly understood due to
scarcity of data. We report the concentrations of Ni, Cu,
Re, and PGE in the compositionally diverse Boggy Plain
zoned pluton (BPZP), which shows a variation of rock type
from gabbro through granodiorite and granite to aplite with
a Si0, range from 52 to 74 wt %. In addition, major sili-
cate and oxide minerals were analyzed for Ni, Cu, and Re,
and a systematic sulfide study was carried out to investigate
the role of silicate, oxide, and sulfide minerals on chalco-
phile element geochemistry of the BPZP. Mass balance
calculation shows that the whole rock Cu budget hosted by
silicate and oxide minerals is <13 wt % and that Cu is
dominantly located in sulfide phases, whereas most of the
whole rock Ni budget (>70 wt %) is held in major silicate
and oxide minerals. Rhenium is dominantly hosted by
magnetite and ilmenite. Ovoid-shaped sulfide blebs occur
at the boundary between pyroxene phenocrysts and
neighboring interstitial phases or within interstitial miner-
als in the gabbro and the granodiorite. The blebs are
composed of pyrrhotite, pyrite, chalcopyrite, and S-bearing
Fe-oxide, which contain total trace metals (Co, Ni, Cu, Ag,
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Pb) up to ~16 wt %. The mineral assemblage, occurrence,
shape, and composition of the sulfide blebs are a typical of
magmatic sulfide. PGE concentrations in the BPZP vary
by more than two orders of magnitude from gabbro
(2.7-7.8 ppb Pd, 0.025-0.116 ppb Ir) to aplite (0.05 ppb
Pd, 0.001 ppb Ir). Nickel, Cu, Re, and PGE concentrations
are positively correlated with MgO in all the rock types
although there is a clear discontinuity between the grano-
diorite and the granite in the trends for Ni, Rh, and Ir when
plotted against MgO. Cu/Pd values gradually increase from
6,100 to 52,600 as the MgO content decreases. The sulfide
petrology and chalcophile element geochemistry of the
BPZP show that sulfide saturation occurred in the late
gabbroic stage of magma differentiation. Segregation and
distribution of these sulfide blebs controlled Cu and PGE
variations within the BPZP rocks although the magma of
each rock type may have experienced a different magma
evolution history in terms of crustal assimilation and
crystal fractionation. The sulfide melt locked in the
cumulate rocks must have sequestered a significant portion
of the chalcophile elements, which restricted the avail-
ability of these metals to magmatic-hydrothermal ore flu-
ids. Therefore, we suggest that the roof rocks that overlay
the BPZP were not prospective for magmatic-hydrothermal
Cu, Au, or Cu—Au deposits.

Keywords Platinum group elements - Chalcophile
elements - Gabbro - Granite - Sulfide saturation -
Magmatic sulfide bleb - Boggy Plain zoned pluton

Introduction

There is a well-known correlation between felsic igneous
intrusions and granite-related ore deposits such as Cu, Au,
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or Cu—Au porphyry, skarn, and other magmatic-hydro-
thermal deposits (Candela 1997), but not all felsic intru-
sions are associated with mineralization. Why some felsic
intrusions are linked to these deposits whereas others are
not is poorly understood. A possible explanation is that
barren felsic systems become saturated with an immiscible
sulfide melt and precipitate and crystallized that melt
before the host magma becomes volatile saturated. If this
occurs, most of the Cu and Au will be locked in a dispersed
sub-economic sulfide phase within a subvolcanic magma
chamber and the metals will be unavailable to form a more
concentrated magmatic-hydrothermal Cu—Au deposit. In
contrast, if the evolving felsic melt becomes volatile sat-
urated before it becomes sulfide-saturated, most of the Cu
and Au in the system will be available to enter any mag-
matic-hydrothermal fluid emanating from the intrusion,
which may lead to the formation of an economic Cu, Au, or
Cu—Au deposits, depending on the composition of the
hydrothermal fluid and the availability of a suitable trap.
Alternatively, if a melt becomes sulfate saturated, the
metals will still be available to ore-forming fluid because
Cu and Au do not partition strongly into the precipitating
sulfate phase. Note that felsic intrusions associated with
Cu, Au, or Cu—Au mineralization are commonly highly
oxidized (Robb 2004) and sulfur will dissolve in a highly
oxidized magma as sulfate species (Carroll and Rutherford
1985; Jugo 2009).

Given the argument above, identifying sulfide saturation
in an evolving felsic system is a key to understanding the
geochemistry of chalcophile elements such as Cu and Au
and the potential for economic Cu—Au mineralization.
Identifying the onset of sulfide saturation could be
accomplished by direct analyses of Cu and Au, but the
advantage of studying the platinum group elements (PGE)
is that they have much higher partition coefficients in
immiscible sulfide melts than Cu and Au (Francis 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. In addition, the PGE are
less mobile during hydrothermal alteration than Cu and Au
(e.g., Crocket 2000). Mobility of Cu and Au in the altered
rocks associated with Cu, Au, or Cu—Au mineralization
often leads to erratic data that are difficult to interpret.

Despite the significance of PGE geochemistry of felsic
igneous rocks, it is poorly constrained due to lack of data
(e.g., Setiabudi et al. 2007). In this study, we analyzed the
Boggy Plain zoned pluton (BPZP) as a first step toward
understanding the fundamental geochemistry of the PGE in
a felsic magmatic system. The BPZP is one of the most
studied igneous suites in the Lachlan Fold Belt (Wyborn
1983; Wyborn et al. 1987, 2001; Hoskin 2000; Hoskin
et al. 2000; Ickert 2010; Ickert et al. 2011) so that its
petrogenesis is well documented. This pluton shows large
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compositional variation from olivine-bearing two-pyroxene
gabbro to granite and aplite with SiO, range of 52-74
wt %, which provides a good opportunity to observe
chalcophile element and PGE behavior during magma
differentiation from mafic to felsic rocks. Wyborn (1983)
and Ickert et al. (2011) provided major element, some trace
element, isotope and modal abundance data for the BPZP
and these data form the background to this study. Here, we
present whole rock PGE, Re and additional trace element
data as well as analyses of chalcophile elements in silicate
and oxide minerals, using the same set of samples as
Wyborn (1983) and Ickert et al. (2011). We also carried out
a systematic study of the sulfides in the BPZP rocks using
optical microscopy and electron microprobe data. We
compiled all these datasets to investigate the chalcophile
elements and PGE behavior in a compositionally diverse
suite to address role of silicate, oxide, and sulfide mineral
fractionation on the geochemistry of the chalcophile ele-
ments and PGE. The results have implications for distin-
guishing barren from productive felsic magmatic systems.

Geological and petrological background

The BPZP is located in the most northern part of the
Kosciuszko Batholith in the Lachlan Fold belt, southeast-
ern Australia (Fig. 1). It intrudes the early Silurian Gang
Gang quartz monzonite and the middle Ordovician Boltons
Beds that are composed of graywackes and shales (Wyborn
1983). SHRIMP U-Pb zircon analyses give the crystalli-
zation age of the BPZP as 417 £ 2.0 Ma (Ickert et al.
2011). This early Devonian period is associated with the
development of rift basins in a back-arc setting (Glen
2005). The parental magma of the BPZP is interpreted to
have formed by decompression melting of metasomatized
upper mantle (Ickert 2010). The Boggy Plain Fault, a
north—south trending strike-slip fault, dissects the BPZP,
which displaces the western part of the pluton about 5 km
south of the eastern part (Wyborn 1983). The BPZP is a
relatively dry and high temperature system, which crys-
tallizes anhydrous minerals such as plagioclase and
pyroxene as the early crystallizing phases (Wyborn et al.
2001). Two-pyroxene geothermometry on gabbroic rocks
in the BPZP yields temperature of 900-1050 °C, and
contact metamorphic phase reactions constrain the litho-
static pressure at between 2.5 and 3.0 kbar (Wyborn 1983;
Ickert et al. 2011).

The BPZP shows a great diversity of rock types ranging
from two-pyroxene gabbro to aplite with a SiO, range of
52-74 wt % and a MgO range of 7.6-0.53 wt % (Wyborn
1983). The rocks are concentrically distributed to form a
zoned bull’s-eye shaped intrusion with the gabbro at the
margin followed by granodiorite then granite and finally
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Fig. 1 a Location of the BPZP

in southeastern Australia. Southeastern Australia

b Simplified geological map of 280 km

the BPZP showing locations of Sydney
the samples analyzed for PGE Uocatonior

(plus symbols) and for mass Boggy Plain  Canberra
balance only (negative crosses). Zoned Pluton *

Detailed information on the .
sample sites is given in Wyborn
(1983) and Ickert et al. (2011).
The dashed line divides the
outer and inner granodiorite
based on the sum of MgO and
total FeO contents (after
Wyborn et al. 2001). Note

that ~5 km of left-lateral
movement along the Boggy
Plain Fault is restored. Both
maps modified from Wyborn
(1983) and Ickert et al. (2011)
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aplite near the center (Fig. 1). The gabbro—granodiorite
contact is gradual, whereas the granodiorite—granite contact
is sharp and discordant (Wyborn 1983). The granite—aplite
contact is not exposed, but is considered to be sharp
(Wyborn 1983).

The gabbro consists mainly of euhedral plagioclase,
orthopyroxene, and clinopyroxene with interstitial quartz,
biotite, hornblende, and minor orthoclase and olivine
(Wyborn 1983). Most clinopyroxene crystals are rimmed
by hornblende. The modal abundance of interstitial horn-
blende, biotite, and quartz in the gabbro varies between 14
and 34 modal % (Wyborn 1983). The granodiorite contains
clinopyroxene and strongly zoned plagioclase as major
mineral phases with interstitial minor hornblende, quartz,
orthoclase, and biotite (Wyborn 1983). They can be divi-
ded into a pyroxene-rich outer granodiorite and a plagio-
clase-rich inner granodiorite (Wyborn 1983). Euhedral
hornblende, biotite, and plagioclase are the major phases in
the granite with clinopyroxene as a minor phase. The aplite
consists mainly of quartz, orthoclase, plagioclase, and
biotite (Wyborn 1983).

Hoskin et al. (2000) studied accessory minerals in the
BPZP in detail. Zircon, apatite, and magnetite occur in all
rock types of the BPZP, and allanite and titanite are
present in all rock types except the gabbro. Ilmenite
is present in the gabbro and granodiorite, but the abun-
dance decreases in the granodiorite. Ickert et al. (2011)
recently studied zircons of the BPZP and measured zir-
con crystallization temperatures using the Ti-in-zircon

thermometry. They reported similar crystallization tem-
peratures of 750-850 °C for all rock types despite dif-
ferent zircon morphologies and the wide variation in bulk
rock compositions.

Wyborn (1983) and Wyborn et al. (2001) attributed the
wide range in compositional variation of the BPZP to
convective fractionation process in a closed system. They
suggested that crystallization began at the margin of the
magma chamber, forming the gabbro and granodiorite as
pyroxene- and plagioclase-rich cumulates from a high
temperature homogeneous parental magma accompanied
by convective separation of the residual melt which accu-
mulates in the center of the intrusion to form the granite
and aplite. However, a recent isotope study by Ickert
(2010) revealed that each phase of the BPZP is derived
from compositionally similar, but isotopically different
parental magmas. The zircon 6'%0 values are ~5.5 %o for
gabbro and ~6.5 %o for the remaining rock types, indi-
cating 10-20 % of crustal assimilation in the magmas from
which the granodiorite, the granite, and the aplite crystal-
lized (Ickert 2010; Ickert et al. 2011). The BPZP also
shows a complex pattern of zircon ¢Hf; and whole rock
eNd; data variations. The gabbro (¢Hf; = +3.2, &eNd; =
40.72) and inner granodiorite (e¢Hf; = 4+2.2 to +2.4,
eNd; = +1.39 to +2.49) are more juvenile than outer
granodiorite (¢Hf; = —2.5, ¢eNd; = —0.62), granite (¢Hf; =
—1.7to —2.3, ¢eNd; = —0.63 to —0.99), and aplite (¢Hf; =
—1.0, eNd; = —1.46), which have assimilated a higher
fraction of crustal material (Ickert 2010).
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Analytical techniques
Mineral analysis

Analyses of the major silicate and oxide minerals from the
BPZP were carried out on polished thin sections. Major
element compositions for selected orthopyroxene, clino-
pyroxene, biotite, hornblende, plagioclase, magnetite, and
ilmenite were analyzed using a JEOL6400 scanning elec-
tron microscope (SEM) in energy-dispersion X-ray spec-
trometer (EDS) mode at the Australian National University
(ANU) with beam conditions of 15 kV and 20 nA. Trace
element concentrations in the silicate and oxide minerals
were then determined by laser ablation (LA)-ICP-MS at the
Research School of Earth Sciences (RSES), at the ANU.
This system consists of a Lambda Physik Complex 110
excimer laser (4 = 193 nm) and an ANU-designed HelEx
ablation cell, coupled to an Agilent 7500 ICP-MS or Agi-
lent 7700 ICP-MS, with He as the laser ablation carrier gas.
LA-ICP-MS analyses were performed using a laser pulse
rate of 5 Hz and spot sizes that varied between 62 and
102 pm. Each analysis consisted of 30 s of background
measurement followed by 40 s of sample ablation. A NIST
612 glass standard was used as the external standard with
Si obtained from electron microprobe analyses (EPMA)
employed as the internal standard for silicate minerals,
except where indicated below. A NIST 610 glass standard
was used for magnetite and ilmenite with Fe obtained from
EPMA. Silicon contents in plagioclase were calculated
using LA-ICP-MS data based on stoichiometry with
assumption that the sum of SiO,, Al,O3, CaO, and Na,O is
100 wt %; this was useful for some samples for which the
EPMA data were not obtained. Figure 2 shows the com-
parison of anorthite composition in plagioclase from BP30
and BP4 calculated using data obtained by both electron
microprobe analyses and LA-ICP-MS analyses. The results
agree to 15 % uncertainty, which verifies the accuracy of Si
contents in plagioclase calculated using LA-ICP-MS data.
The Si contents in some orthopyroxenes, clinopyroxenes,
and hornblendes were assumed to be the same as the Si
contents in these minerals in other mineral grains from the
same rock type. Since Si contents in these minerals vary
within 1.5 % regardless of sample and rock type, the
uncertainty arises from this assumption is less than the
analytical uncertainty of LA-ICP-MS method. Standards
were analyzed before and after analyses of 5-8 unknown
points. Data reduction was performed following the
method of Longerich et al. (1996). The detection limits for
the analyzed elements were calculated using the relation-
ship described in Longerich et al. (1996) and Sylvester and
Eggins (1997). Multiple analyses of BCR-2 g (USGS)
indicate that analytical precision (1o0) is better than 5 %
for all elements, except for Pb (8 %) (Electronic

@ Springer

80 .
e
e
rd
70 7
/ /’
7’ rd
» 60 ’ *
s s .
EI /’ L7 S /’
o 4 ¢ W -
Q s} g 0’0“0/,0’ ¢
< % >
— ° gl ¥
” s @
E 40 |- o oo >
// .’/
oF .7 P
rd s
r 0/’
20 /’l 1 L 1 1
20 30 40 50 60 70 80
An (EMP)

Fig. 2 Comparison of anorthite (An) composition in plagioclase
obtained from EPMA and LA-ICP-MS analyses. The solid line
represents the 1:1 ratio and the dashed lines represent + 15 %
uncertainty (1o)

supplementary materials). Our measured value for BCR-
2 g is consistent with the reference values from Gao et al.
(2002) and GeoReM database (http://georem.mpch-mainz.
gwdg.de/) within 10 % for most of the elements. The major
and trace element composition of silicate and oxide min-
erals and BCR-2 g is provided in Electronic supplementary
materials.

Magmatic sulfides from sulfide blebs and disseminated
secondary sulfides were analyzed for S, Fe, Co, Ni, Cu, Zn,
Ag, and Pb using polished thin sections. Sulfur-bearing Fe-
oxide from sulfide blebs and Ti—Fe oxide phenocrysts were
also analyzed for MgO, Al,O;, SiO,, FeO, Cr,03;, MnO,
V5,03, NiO, TiO,, and SO;. Analyses were performed by a
JEOL6400 SEM in EDS mode or a CAMECA SX100
electron microprobe in WDS mode at the ANU with the
beam conditions of 15 kV and 20 nA. FeO and Fe,O;
contents in the S-bearing Fe-oxide, magnetite, and ilmenite
were calculated from charge balance and stoichiometry
following the method described in Carmichael (1966).

The concentrations of Pt, Ir, Os, and Au in sulfide were
determined by LA-ICP-MS at the RSES, ANU using the
same LA-ICP-MS system used in silicate and oxide min-
eral analyses. LA-ICP-MS analysis was performed using a
laser pulse rate of 5 Hz and spot size of 37-50 pum. The
contents of Ru, Rh, and Pd could not be measured due to
high molecular interferences of Ni- and Cu-argide gener-
ated from ablation of the sulfide. An analysis consisted of
30 s of background measurement followed by 40 s of
sample ablation. CANMET po727 FeS standard described
in Barnes et al. (2008) and Park et al. (2012a) was used as
the external standard with the Fe concentration obtained
from EPMA employed as the internal standard. The
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MASS-3 (USGS) sulfide reference material containing
~30-100 ppm of PGE and Au was used to monitor quality
control. The result of triplicate analyses of the MASS-3
agrees with values from Fonseca (2007). Data reduction
was performed following the method used for silicate and
oxide minerals.

Whole rock trace element analysis

Trace elements in nine whole rock samples were analyzed by
LA-ICP-MS following the method described in Campbell
(2003) and using the same LA-ICP-MS system used to ana-
lyze silicate minerals. Glass discs were made using 0.5 g of
sample powder and 1.5 g of lithium borate eutectic flux
(12:22 Li,B407: LiBO, mass ratio). Analyses were obtained
at a laser repetition rate of 5 Hz with a spot size of 105 um.
Each spot analysis consisted of 30 s of background mea-
surement followed by 40 s of sample ablation. The NIST 612
standard was analyzed before and after analyses of 6 points on
each sample. The BCR-2 g (USGS) was used to monitor
quality control. Ca concentrations measured by XRF from
Wyborn (1983) and Ickert et al. (2011) were used as an
internal standard to determine the absolute concentrations
of the elements. Analytical uncertainties obtained by mul-
tiple analyses of BCR-2 g (USGS) were +1 to 6 % (lo),
depending on the elements (Electronic supplementary
materials). Analytical accuracy is better than 10 % for all
elements as demonstrated in Electronic supplementary
materials, where our measured values for BCR-2 g are
compared with the reference values from Gao et al. (2002)
and GeoReM database (http://georem.mpch-mainz.gwdg.de/).

Whole rock PGE and Re analysis

Twelve samples were selected covering all rock types from
the gabbro to the aplite for PGE and Re analysis. The selected
rocks were powdered in an alumina mill. Whole rock PGE
(Pd, Pt, Rh, and Ir) and Re concentrations in the BPZP were
measured using a Ni-sulfide fire assay-isotope dilution
method described by Park et al. (2012b). Briefly, 2-5 g of
sample powder was mixed with Ni, S, and sodium borax
powder (S252-10, Fisher Scientific) in the ratio of sample:
Ni:S:Na-borax = 10:1:0.5:10. These components were
mixed thoroughly and transferred into a porcelain Coors™
crucible. A mixed spike solution of PGE (IOSPd, 85Re, P11,
and '?Pt) was added to the mixture and fused in a preheated
furnace at 1,100 °C for 30 min. After quenching, the Ni-
sulfide beads were collected and dissolved in HCI. The
solution was filtered through a filter paper prior to digestion of
the filter paper in aqua regia. The solution was then dried
down to approximately ~ 100 pl, and diluted with 2 %
HNO; prior to its analysis by ICP-MS.

An Agilent 7500 quadrupole ICP-MS at the ANU was used
to measure the isotopes of Re and PGE. All samples were
analyzed in duplicate or triplicate to assess heterogeneity of a
sample powder aliquant except for BP12. The sensitivities in
each analysis using the Agilent 7500 ICP-MS were
2.6-5.5 x 10* cps/ppb for mass 89, 2.9-4.5 x 10* cps/ppb
for mass 140 and 2.4-2.9 x 10* cps/ppb for mass 205. Some
of the duplicate (second) samples were reanalyzed by a single
collector Agilent 7700x ICP-MS, which provided higher
sensitivity of 1.5-2.3 x 10° cps/ppb for masses 89, 140, and
205 than the Agilent 7500 ICP-MS. The data obtained using
both ICP-MS are compared in Electronic supplementary
materials and they agree well each other within 16 uncer-
tainty. The data obtained using an Agilent 7700x ICP-MS
were finally taken for interpretation.

Potential molecular interferences on the analyzed iso-
topes were monitored by measuring solutions containing
Ni, Cu, Zn, Co, Hf, Mo, Zr, and Ta. The effects of the
molecular interference were subtracted using measured
oxide and argide production rates. The correction rate is
<0.5 % for all PGE. Concentrations of Pd, Pt, Rh, Ir, and
Re were determined by isotope dilution. Concentrations of
monoisotopic Rh were corrected by a method similar to
that of Meisel et al. (2003), which uses count rates of '’Rh
and '°°Pd, making the assumption that any loss of Rh
during the analytical procedure was similar to the loss of
Pd. The detail of calculation is described by Park et al.
(2012b).

Procedural blanks were determined from sample-free
analyses using 5 g of sodium borax, 0.5 g of Ni, and 0.25 g
of S for every session. Average procedural blanks based on
five separate fusion blanks were 0.5 £ 0.3 ppt for Ir,
0.8 &+ 0.6 ppt for Rh, 8 = 7 ppt for Pt, 10 £ 3 ppt for Pd,
and 10 £ 2 ppt for Re (1o). The method detection limits
(MDL), taken to be three standard deviations of the pro-
cedural blanks, were 0.9 ppt for Ir, 1.8 ppt for Rh, 20 ppt
for Pt, 9 ppt for Pd, and 7 ppt for Re.

Results

Ni, Cu, and Re concentrations in silicate and oxide
minerals

Nickel, Cu, and Re concentrations in the major silicate
and oxide minerals of the BPZP were measured by
LA-ICP-MS analyses to evaluate the importance of these
minerals as hosts for Ni, Cu, and Re. The results are
presented in Table 1. Where possible, cores of unaltered
grains of all silicate and oxide minerals were selected for
analyses. The analyzed hornblendes and biotites are either
interstitial phases to phenocrysts or reaction rims on the
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clinopyroxene in the gabbros and the granodiorites,
whereas they are euhedral to subhedral crystals in the
granites.

There is no clear correlation between Ni and Cu con-
centrations in silicate and oxide minerals, whole rock Ni
and Cu contents, or rock type. The average Cu concen-
trations in silicate and oxide minerals are mostly less than
8 ppm although some biotite and clinopyroxene from the
gabbro and the inner granodiorite contain average Cu
concentrations of up to 29 ppm (Table 1). Nickel is much
more compatible than Cu in the silicate and oxide minerals
and typical Ni concentrations are 45-176 ppm in biotite,
65-94 ppm in hornblende, 77-129 ppm in clinopyroxene,
79-131 ppm in orthopyroxene, 96—182 ppm in magnetite,
and 19-35 ppm in ilmenite (Table 1). Nickel and Cu
contents in orthoclase and quartz were measured in selec-
ted samples. Average Cu concentrations are 0.9 ppm
(n=4) and 1.2 ppm (n = 2) in orthoclase and quartz,
respectively, and Ni contents are below the detection limit
of LA-ICP-MS (0.5 ppb) in both minerals.

Rhenium concentrations in magnetite and ilmenite from
four samples of the gabbro and outer granodiorite were also
measured by LA-ICP-MS (Table 1). The average Re con-
tents vary from below the detection limit of 1.5 ppb to
16 ppb in these minerals. Re is enriched in magnetite and
ilmenite from the whole rock samples that have the highest
Re contents (BP3 and BP39).

Texture and composition of sulfides

Magmatic sulfide blebs are abundant in the gabbro and the
granodiorite, but are rarely observed in the granite or the
aplite. The relative abundance of the sulfide blebs is gen-
erally gabbro > outer granodiorite > inner granodiorite
although the abundance in the gabbro is highly variable, for
example, BP39 and BP3 contain fewer sulfide blebs than
the BP40 and BP24 from the outer granodiorite.

The sulfide blebs have spherical or ovoid shapes and
occur at the boundaries between cumulus pyroxene grains
and neighboring interstitial phases (Fig. 3a—c) or within
interstitial minerals such as hornblende, biotite, and quartz
(Fig. 3d—i). Some of these sulfide blebs are associated with
magnetite (Fig. 3i). The size of the blebs varies according
to their occurrences. The sulfide blebs trapped in the
margin of the pyroxene phenocrysts are mostly 1-10 pm in
size (Fig. 3a, b), whereas those trapped in the interstitial
minerals are larger in size (20—100 pm) and make up a
high fraction of total sulfides (Fig. 3d-i).

The sulfide blebs consist of pyrrhotite, pyrite, chalco-
pyrite, and S-bearing Fe-oxide. This mineral assemblage is
typical of magmatic sulfide blebs found in many other
igneous rocks (Keith et al. 1997; Larocque et al. 2000;
Stavast et al. 2006; Barnes et al. 2006, 2008). As a sulfide

bleb cools, it firstly crystallizes monosulfide solid solution
(MSS) leaving behind a Cu-rich fractionated sulfide melt.
The Cu-rich melt crystallizes as intermediate solid solution
(ISS) with further cooling (Ebel and Naldrett 1997; Barnes
et al. 2006). Finally, pyrrhotite and pyrite are exsolved
from the MSS and chalcopyrite from the ISS (Ebel and
Naldrett 1997; Barnes et al. 2006). The S-bearing Fe-oxide
can be a product of oxidation of the sulfides at low tem-
perature, a result of chemical exchange between the sulfide
and an adjacent silicate mineral (Larocque et al. 2000;
Stavast et al. 2006) or a quenched product of dissolved
oxygen components in sulfide melt (e.g., Fonseca et al.
2009). In volcanic and intrusive rocks associated with Cu—
Au mineralization the sulfide are often severely oxidized
and forms a spongy textured Fe-oxide by degassing and
interaction with magmatic fluid (Keith et al. 1997; Laroc-
que et al. 2000; Stavast et al. 2006). The Fe-oxides in the
sulfide blebs from the BPZP do not show the spongy tex-
ture, indicating that the sulfide blebs did not experience
such degassing. The mineral assemblage of the sulfide
blebs varies greatly from an Fe-rich type, which consists
dominantly of pyrrhotite and/or pyrite with minor chalco-
pyrite at the margins, (Fig. 3b, d-f and h-i) to a Cu-rich
type that is mainly composed of chalcopyrite with little Fe-
sulfide (Fig. 3a, c, g).

The compositions of the sulfide and S-bearing Fe-oxide,
obtained by the electron microprobe analyses, are shown in
Tables 2 and 3, respectively. Pyrrhotite, pyrite, and chal-
copyrite contain significant amount of trace metals such as
Co, Ni, Cu, Ag, and Pb and the cumulative weight percent
of these metals can be up to 16 wt % in some analyses
(Table 2). The composition of the sulfides is consistent
with that of magmatic sulfides as reported in previous
studies (Larocque et al. 2000; Stavast et al. 2006). Also
shown in Table 2 is the composition of secondary sulfides,
which are often disseminated in sericitized plagioclase or
filling the cracks of altered silicate minerals. The compo-
sition of sulfides from the sulfide blebs is distinguished
from the secondary sulfides by the low Co, Ni, Ag, and Pb
contents of the latter, all of which are below the limit of
detection (Table 2). The analytical total for a pyrrhotite
(BP1-5) is low. Larocque et al. (2000) also report low totals
for magmatic sulfides. They attributed the low total to
oxide components in magmatic sulfides, which could not
separate from sulfide due to quenching. It was shown by
experimental studies on oxygen contents in immiscible
sulfide liquid (Fonseca 2007; Fonseca et al. 2009) that
magmatic sulfide can contain up to 30 wt % oxygen and
that the oxygen content increases with increasing fO, and
decreasing fS,. The S-bearing Fe-oxide from sulfide blebs
contains 0.37-0.57 wt % SO; with various amount of
MgO, SiO,, NiO, and CuO (Table 3), which are clearly
distinguished from typical compositions of Ti—Fe oxide
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Fe-oxide

Fig. 3 Optical microscope and BSE images of sulfide blebs from the
BPZP. a Round Ni-bearing chalcopyrite at the boundary between a
cumulus clinopyroxene and its reaction rim of hornblende from the outer
granodiorites (BP24). b Ovoid sulfide bleb that occurs at the boundary
between a cumulus orthopyroxene and interstitial hornblende from a
Type-1 gabbro (BP1). The sulfide bleb mainly consists of pyrite with
minor chalcopyrite and S-bearing Fe-oxide. ¢ Round chalcopyrite-rich
sulfide bleb trapped at the margin of a cumulus clinopyroxene from a
Type-2 gabbro (BP3). d Ovoid pyrrhotite-rich sulfide bleb trapped in
interstitial hornblende from a Type-1 gabbro (BP1). The pyrrhotite
contains trace metals (Co, Ni, Cu, Ag, and Pd) of 1.3 wt %. e Round Ni-
bearing pyrrhotite that occurs in an interstitial hornblende from the outer
granodiorite (BP7). Note that the gray skeletal grain is a Cu-rich Fe-
Oxide, which may have separated from Fe-rich sulfide that formed

from the BPZP, such as magnetite and ilmenite (Table 3).
Analytical totals for the S-bearing Fe-oxide are low with a
range from 74 to 80 wt %. This is probably because Fe**/
Fe’" ratios are higher in the S-bearing Fe-oxide than
magnetite because FeO and Fe,O; contents in the S-bear-
ing Fe-oxide were calculated according to charge balance
and stoichiometry of the magnetite-ulvospinel solid solu-
tion. However, if we assume all Fe is present as Fe,Oj3 in
the Fe-oxide, it is still not sufficiently high to explain the
low totals. The cause of the low analytical totals for
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adjacent pyrrhotite. f Round sulfide bleb trapped in an interstitial
hornblende from a Type-1 gabbro (BP1) that is composed of pyrite and
S-bearing Fe-oxide with minor chalcopyrite. g Cu-rich sulfide bleb
trapped in an interstitial hornblende rimed by S-bearing Fe- oxide from a
Type-1 gabbro (BP1). LA-ICP-MS time-resolved spectrum shows that
the chalcopyrite is aggregated with pentlandite, Pt and Au alloys
(Fig. 4a). h Ovoid sulfide bleb trapped in an interstitial quartz crystal
from a Type-1 gabbro (BP1). The pyrite grain contains 0.03-0.07 wt %
and 0.55 wt % Ni and Cu, respectively. LA-ICP-MS time-resolved
spectrum shows that this pyrite is aggregated with Re-sulfide (Fig. 4c),
i A sulfide bleb that occurs in an interstitial quartz crystal associated
with ilmenite and magnetite from the outer granodiorite (BP40). Ccp
chalcopyrite, Cpx clinopyroxene, Hbl hornblende, /lm Ilmenite, Mgt
magnetite, Opx orthopyroxene, Po pyrrhotite, Py pyrite

Fe-oxide is not clear but this phenomenon was also
observed by Larocque et al. (2000) who attributed it to the
presence of void space partially filled with glass that was
not observed in this study.

The LA-ICP-MS analyses of sulfide blebs provide three-
dimensional information on the composition of the sulfide
bleb (Fig. 4; Table 4). Figure 4a shows the spectra of a
chalcopyrite from a Cu-rich sulfide bleb (BP1-7-27 in
Table 2; Fig. 3g). The ablation signal can be divided into
two parts; the first corresponds to chalcopyrite and the
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Table 2 Results of electron microprobe analyses of sulfides (wt %)

Analysis No. Mineral S Fe Co Ni Cu Ag Pb Total
Sulfides from sulfide blebs

BP1-1* Po 36.8 59.3 <0.17 0.21 8.66 <0.02 <0.07 105.0
BP1-2* Po 36.0 54.7 <0.17 0.10 16.0 <0.02 <0.07 106.8
BP1-5* Po 39.7 48.2 0.19 0.90 0.12 0.02 0.10 89.2
BP7-3-3 s Po 38.6 60.0 <0.19 0.33 <0.19 98.9
BP1-3* Py 53.5 47.0 <0.17 0.03 <0.1 <0.02 <0.07 100.5
BP1-4* Py 53.6 46.5 <0.17 0.07 0.55 <0.02 <0.07 100.7
BP40-7-2 Py 533 46.8 <0.19 <0.14 0.22 100.4
BP7-9-1 s Py 53.7 43.6 4.45 0.40 <0.19 102.2
P40-6-5 Py 52.5 45.6 <0.19 1.03 0.58 99.7
BP24-6-1 s Ccp 319 24.4 <0.19 <0.14 43.1 99.4
BP24-6-2 s Ccp 34.1 30.2 <0.19 0.22 335 98.1
BP1-7-27 Ccp 341 30.2 <0.19 <0.14 34.7 99.1
BP3-9-2 Cep 34.1 31.0 <0.19 <0.14 342 99.5
BP3-12-1 Cep 34.6 30.9 <0.19 <0.14 345 99.9
BP24-4-2 s Ccp 34.8 29.7 <0.19 <0.14 34.5 99.0
BP7-7-6 s Ccp 34.5 30.4 <0.19 <0.14 335 98.5
Secondary sulfide

BP1-S1* Ccp 35.1 312 <0.17 <0.03 332 <0.02 <0.07 99.5
BP1-S7* Cep 349 30.8 <0.17 <0.03 32.7 <0.02 0.10 98.5
BP24-7-1 s Ccep 344 30.1 <0.19 <0.14 34.8 99.3
BP7-6-1 s Ccep 34.5 30.1 <0.19 <0.14 34.1 98.7
BP7-8-1 s Ccp 34.5 30.9 <0.19 <0.14 34.6 100.0
BP3-6-1 Ccp 343 30.9 <0.19 <0.14 342 99.4
BP40-4-1 Ccp 34.1 30.5 <0.19 <0.14 33.8 98.4

Po pyrrhotite, Py pyrite, Ccp chalcopyrite

? Data measured by EX100 electron microprobe in WDS. Other data were measured by JEOL6400 SEM in EDS mode

second to a mixture of host chalcopyrite and Ni, Pt, and
Au-rich inclusions. The chalcopyrite contains ~90 ppb Pt
and the inclusion-chalcopyrite mixture contains 290 ppb of
Pt and 300 ppb of Au, with Ir and Os that are below the
detection limit in both phases (Table 4). The Ni, Pt, and
Au-rich inclusions are probably pentlandite and/or Pt and
Au alloys that have crystallized from the Cu-rich sulfide
melt during cooling. The presence of platinum group
minerals is frequently observed in the time-resolved spec-
tra of a sulfide bleb entrapped in magnetite as peaks of Pt
and Ir in the signal (Fig. 4b). The concomitant occurrence
of Pt and Ir peaks and absence of a Pd peak suggest that the
inclusions are unlikely to be Pt—Pd rich sulfosalt minerals
(e.g., Tomkins 2010). Figure 4c shows the spectra of a
pyrite from an Fe-rich sulfide bleb (BP1-4 in Table 2;
Fig. 3h), and a peak of Re in the signal corresponds to a
Re-rich inclusion trapped in the pyrite. The pyrite contains
~240 ppb Pt and ~50 ppb Au, with Ir and Os that are
below the detection limit. Platinum, Au, and Re are com-
monly present in such discrete mineral inclusions (e.g., Pt-
or Au-rich alloys and Re-rich sulfides) in magmatic sulfide

blebs from PGE-rich reefs from various layered intrusions
and subvolcanic sills (Barnes et al. 2006; 2008; Dare et al.
2010, 2011).

Ni, Cu, Re, and PGE concentrations of whole rock
samples

The whole rock trace element concentrations and Re and
PGE concentrations are given in Tables 5 and 6, respec-
tively. All the PGE and Re data reported in Table 6 have
had an average blank subtracted. The uncertainty in the
PGE and Re data comes mainly from the blank subtraction
and the ICP-MS counting statistics, which is presented as
lo in Table 6. Average Re and PGE concentrations are
used in Figs. 5, 6, and 7 except for some heterogeneous
samples for which replicate analyses are provided if RSD
(16) > 50 %. For these samples, one or two analyses of
individual sample aliquot is/are presented in order to
investigate the nugget effect. Accuracy and precision of the
analyses were tested by replicate analyses of the reference
material TDB-1 (CANMET diabase) (Table 7). The TDB-1
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Table 3 Results of electron microprobe analyses of S-bearing Fe-oxides and Ti—Fe oxide phenocrysts (wt %)

Analysis No. MgO AlLO; SiO, FeO* Fe,03 Cr,0; MnO V,0; NiO TiO, CuO SO; Total
S-bearing Fe-oxide from sulfide blebs
BP40-2-3 0.50 <0.06 10.9 264 249 <0.09 <0.09 <0.07 <018 <0.08 11.08 0.37 74.2
BP40-7-3 0.46 <0.06 265 270 488 <0.09 <0.09 <0.07 0.27 <0.08 0.49 0.45 80.2
BP1-7-2 s 0.61 <0.06 10.4 234  27.6 <0.09 <0.09 <0.07 <018 <0.08 14.04 0.57 76.6
Magnetite
BP1-1-1 0.07 0.24 0.10 309 655 024 <0.09 1.37  <0.18 021 <025 <0.07 98.6
BP1-1-8 0.04 0.43 0.04 312 659 0.12 0.10 1.53  <0.18 029 <025 <0.07 99.7
BP40-5-1 0.05 0.31 0.15 316 643 0.55 <0.09 098 <0.18 0.82 <025 <0.07 98.8
BP40-7-4 0.50 241 0.13 329 574 2.58 0.14 142 <0.18 233 <025 <0.07 99.8
BP40-10-1 0.06 0.86 009 340 573 1.56 0.20 092 <0.18 3.63 <025 <0.07 98.6
BP40-11-1 0.12 0.45 0.07 308 658 0.48 0.04 1.00 <0.18 0.14 <025 <0.07 99.0
Ilmenite
BP1-6-26 0.16 0.11 <0.03 415 6.0 <0.09 283 <0.07 <0.18 49.7 <0.25 <0.07 100.3
BP1-9-29 0.09 <0.06 <0.03 40.7 6.4 <0.09 359 <0.07 <0.18 495 <0.25 <0.07 100.3
BP1-8-30 0.13 <0.06 <0.03 418 5.8 <0.09 262 <0.07 <0.18 49.7 <0.25 <0.07 100.0
BP40-4-2 0.04 <0.06 <0.03 400 52 <0.09 475 <007 <0.18 499 <0.25 <0.07 99.9
BP40-6-1 0.08 <0.06 <0.03 404 7.6 <0.09 330 <0.07 <0.18 488 <0.25 <0.07 100.1
All data measured by JEOL6400 SEM in EDS mode
? FeO and Fe,03 of magnetite and ilmenite were calculated by stoichiometry and charge balance (Carmichael 1966)
cT:r?cl:n‘t‘ra{irérgSi’npct:’h;?fog/l;ite Analysis No. Os Ir Pt Au
from sulfide bleb (ppm) BP1-7-27 (Segment 1) <0.07 <0.02 0.09 <0.02
BP1-7-27 (Segment 2) <0.12 <0.04 0.29 0.30
BP1-4 <0.003 <0.001 0.24 0.05
MASS3 reference material
#1 103 72 31 71
#2 106 75 33 77
#3 98 70 34 79
* Analyzed by acid digestion Fonseca (2007)" 2% 67 33 73

and ICP-MS

analyses gave reproducibility of RSD (1¢) < 11 % for Rh,
Pt, and Pd except for Ir (19 %) and Re (21 %) and averages
agree with the certified values (Govindaraju 1994) and the
values reported by Meisel and Moser (2004) and Peucker-
Ehrenbrink et al. (2003) within error (20).

Gabbro

Nickel, Cu, Re, and PGE concentrations in the gabbro do
not show any clear trend when plotted against MgO
although the compositional variation is only 1.1 wt % MgO
(Fig. 5). MgO had been used as a fractionation factor in
order to distinguish relatively mafic outer granodiorite
from felsic inner granodiorite, which contain similar SiO,
(e.g., Wyborn et al. 2001). On a primitive mantle-nor-
malized diagram (Fig. 6a), two types of the gabbro are
recognized; Type-1 gabbro contains high Pd and Pt con-
centrations with high Pd/Ir ratio (Pd = 5.8-7.9 ppb;
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Pt = 4.0-4.9 ppb; Pd/Ir = 81-224) and Type-2 gabbro
contains low Pd and Pt concentrations with low Pd/Ir ratio
(Pd = 2.7-3.8 ppb; Pt = 2.8-4.6 ppb; Pd/Ir = 30-110).

Granodiorite

Nickel, Cu, Re, and PGE concentrations decrease as MgO
contents decrease in the granodiorite (Fig. 5). The outer
granodiorite contain 2.9-5.0 ppb of Pd, 2.0-2.8 ppb of Pt,
and 0.17-0.18 ppb of Re that are similar to the concen-
trations in the gabbro (Figs. 5d, e, 6a; Table 7). In contrast
Ni, Rh, and Ir concentrations are lower in the outer
granodiorite by a factor of 2-5 times compared with the
gabbro. The similarity in Pd and Pt concentrations between
the granodiorite and the gabbro is significant because the
difference in MgO contents between the gabbro and the
outer granodiorite is 2-3 wt %. Patterns for chalcophile
elements and PGE for the granodiorites are sub-parallel to
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Fig. 4 Time-resolved LA-ICP-MS spectra for sulfide blebs. a A
chalcopyrite grain in a Cu-rich sulfide bleb from a Type-1 gabbro
(BP1). The spectrum can be divided into two segments with different
Ni, Au, and Pt contents. b An Fe-rich sulfide bleb trapped in
magnetite from outer granodiorite (BP40). The peaks of Pt, Ir, and Au
represent the presence of Pt, Ir, and Au bearing inclusions. ¢ A pyrite
grain in an Fe-rich sulfide bleb from a Type-1 gabbro (BP1). The Re
peak corresponds a Re-sulfide inclusion

each other on a mantle-normalized diagram, with high
Pd/Ir ratio ranging from 324 to 381, except for BP7-11
(Figs. 6b, 7b; Table 7).

Granite and aplite

Nickel, Cu, Re, and PGE concentrations show clear nega-
tive correlations with MgO contents in the granite and the
aplite (Fig. 5). It should be noted, however, that there is a
clear discontinuity between the granite and the granodiorite
in the trends for Ni, Rh, and Ir against MgO (Fig. 5b, g, h).
Iridium concentrations in the granite are even higher than
for most of the granodiorite samples (Fig. 5h). Chalcophile
elements patterns for the granite and aplite are sub-parallel
to each other on a mantle-normalized diagram, with low
Pd/Ir ratio ranging from 29 to 53, except for BP19-I
(Fig. 6¢; Table 7).

Discussion

Control of silicate and oxide minerals on the whole
rock Cu, Ni, and Re variations

Copper and Ni show positive correlations with MgO across
all rock types, indicating compatible behavior of these
elements during magma/magma batch evolution (Fig. 5f,
g). Mass balance calculations were carried out to investi-
gate the role of silicate and oxide minerals in the whole
rock Cu and Ni budgets and to constrain the abundance of
sulfide in the BPZP. The calculations were performed using
the average Cu and Ni contents of the silicate and oxide
minerals (Table 1), whole rock Cu and Ni contents
(Table 6) and the modal fraction of each mineral (Wyborn
1983). Copper and Ni contents of the minerals are assumed
to be the same as those from other minerals analyzed in the
same rock type in cases where the data were not obtained
directly. The detection limit (0.5 ppb) was assumed as the
concentration for Ni contents in quartz and orthoclase.
The results show that the amount of Cu held in silicate
and oxide minerals is 0.7-13 wt % of the whole rock Cu
budget (Table 1). Therefore, the Cu that cannot be
accounted for in the budget is attributed to Cu held in the
sulfide blebs. Although we did not consider accessory
minerals, such as apatite and titanite for the mass balance
calculation, the fraction of Cu hosted by these minerals will
be negligible because of their low modal abundance
(0.4-0.7 modal %; Wyborn 1983) and weak affinity for Cu
(Paster et al. 1974). If it is entirely held in chalcopyrite, the
weight fractions of chalcopyrite in the BPZP can be cal-
culated as being between 0.003 and 0.039 wt % (Table 1).
The weight fraction of chalcopyrite declines from the
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Table 5 Trace element concentrations in the BPZP measured by LA-ICP-MS (ppm)

Rock type Type-1 Type-2 Outer granodiorite Inner granodiorite Granite Aplite
Gabbro Gabbro

Sample No. BP5 BP39 BP7 BP24 BP14 BP16 BP18 BP19 BP12
Sc 35.3 34.0 26.0 25.6 25.0 23.5 14.0 12.0 6.3
Cr 244 172 156 140 559 107 89.9 74.0 16.5
Co 29.3 42.8 31.8 19.0 28.9 37.2 344 29.5 30.8
Mn 1,078 1,072 811 781 924 823 508 488 239
Ni 524 437 40.3 294 14.0 22.1 24.2 19.3 6.7
Cu 81.1 69.7 95.8 41.4 44.1 36.8 36.7 13.6 2.8
7Zn 53.6 52.9 48.3 459 62.3 50.4 29.6 25.7 11.3
Ga 13.7 13.8 13.7 13.5 15.5 14.9 13.8 13.4 12.9
Rb 41 35 78 71 67 73 114 141 183
Sr 595 532 606 633 742 620 405 327 182
Y 17.6 17.1 18.6 18.2 19.0 19.3 21.0 21.1 279
Zr 73 83 124 115 130 128 154 149 157
Nb 3.6 32 7.0 6.7 6.3 7.3 9.4 9.8 10.9
Mo 0.91 1.04 1.37 1.21 1.26 1.01 1.69 0.72 1.03
Sn 3.34 2.19 2.52 2.25 2.25 2.36 2.81 291 3.40
Cs 3.28 1.41 3.33 2.95 2.60 2.93 3.78 4.97 6.10
Ba 338 365 698 651 690 591 918 800 740
La 18.3 13.9 29.2 35.6 36.0 35.0 439 64.7 53.9
Ce 35.5 28.1 56.2 59.8 66.8 67.3 79.1 87.3 78.4
Pr 4.34 3.52 6.55 7.18 7.79 7.70 8.57 10.7 10.8
Nd 18.2 15.1 25.8 28.2 31.4 30.2 31.3 35.9 37.9
Sm 3.92 342 5.10 5.31 6.07 5.65 5.72 5.56 6.76
Eu 1.13 0.97 1.21 1.31 1.65 1.36 1.22 1.04 0.90
Gd 3.71 3.47 4.36 4.47 5.08 4.65 4.62 4.43 5.87
Tb 0.55 0.51 0.59 0.59 0.64 0.62 0.65 0.62 0.81
Dy 3.44 3.22 3.62 3.53 3.82 3.69 3.94 3.64 4.85
Ho 0.69 0.66 0.69 0.68 0.72 0.71 0.77 0.75 0.96
Er 2.02 1.94 2.03 1.94 2.10 2.08 2.30 2.27 2.77
Tm 0.29 0.27 0.29 0.28 0.29 0.30 0.32 0.33 0.38
Yb 1.82 1.77 1.92 1.83 1.90 1.98 2.13 2.27 2.59
Lu 0.28 0.26 0.28 0.27 0.28 0.30 0.31 0.34 0.39
Hf 2.23 2.27 3.31 3.13 3.41 3.48 4.21 4.36 4.74
Ta 0.32 0.63 0.96 0.54 0.90 1.21 1.57 1.64 2.25
Pb 6.0 5.5 11.0 10.5 9.1 10.2 10.3 10.6 16.8
Th 5.2 4.1 9.9 9.6 10.0 11.0 16.3 21.0 31.7
U 1.14 0.91 2.14 2.32 2.61 2.60 3.30 4.22 7.76
gabbro to the granite. Note that the Type-1 gabbro contains that the influence of silicate and oxide minerals is

more abundant sulfide (0.025-0.039 wt %) than the Type-2
gabbro (0.019-0.025 wt %) (Table 1). This is consistent
with the observed relative abundance of magmatic sulfide
in the BPZP rocks. The mass balance calculation and the
presence of magmatic sulfide blebs in the BPZP clearly
indicate that the whole rock Cu contents in the BPZP rocks
are controlled by the segregation and distribution of the
immiscible sulfide blebs during magma differentiation and
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negligible.

In contrast, the mass balance calculations show that
most of the Ni is hosted by major silicate minerals (>70
wt %; Table 1), indicating that the compatible behavior of
Ni in the BPZP resulted from fractional crystallization of
mafic silicate minerals which have high Ni contents
(Fig. 5b). This result is consistent with the lack of pent-
landite in magmatic sulfide blebs from the BPZP. The
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Table 6 PGE and Re concentrations in the BPZP (ppb)

b

Sample n’ Ir a Rh a Pt 4 Pd [ Re a Pd/Ir Cu/Pd x 1000
Type-1 Gabbro

BPI1 average 3 0.040 0.181 4.86 7.87 0.048 196 6.1
BP1 (#1) 0.042 0.004 0.180 0.015 5.59 0.18 7.85 0.39 0.049 0.005

BP1 (#2) 0.038 0.005 0.170 0.010 435 0.15 8.23 0.23 0.050 0.010

BP1 (#3) 0.041 0.004 0.194 0.008 4.66 0.08 7.52 0.21 0.045 0.006

BP5-1 average® 2 0.026 0.138 4.04 5.77 0.093 224 14.0
BPS (#1) 0.026 0.004 0.129 0.009 4.10 0.19 4.92 0.26 0.098 0.009

BPS (#2) 0.025 0.002 0.148 0.006 3.99 0.10 6.62 0.15 0.088 0.009

BP5-1I° 1 0.077 0.005 0.100 0.008 4.50 0.16 6.22 0.24 0.109 0.008 81 13.0
Type-2 Gabbro

BP3-I° 1 0.037 0.006 0.186 0.012 3.33 0.09 3.80 0.10 0.136 0.045 101 23.2
BP3-II° 1 0.116 0.009 0.196 0.011 4.58 0.19 3.42 0.10 0.107 0.012 30 25.7
BP39 average 3 0.025 0.126 2.80 2.73 0.203 110 25.7
BP39 (#1) 0.021 0.002 0.132 0.004 3.09 0.08 2.52 0.10 0.267 0.063

BP39 (#2) 0.034 0.007 0.107 0.006 2.80 0.09 2.71 0.07 0.218 0.011

BP39 (#3) 0.020 0.004 0.138 0.009 2.51 0.06 2.96 0.13 0.123 0.010

Outer granodiorite

BP7-1 average® 2 0.015 0.090 2.78 4.96 0.175 324 19.3
BP7 (#1) 0.017 0.004 0.089 0.006 2.94 0.13 5.17 0.11 0.169 0.017

BP7 (#2) 0.014 0.005 0.090 0.005 2.63 0.04 4.76 0.21 0.177 0.020

BP7-II 1 0.045 0.004 0.093 0.006 2.81 0.08 4.73 0.16 0.177 0.020 105 20.3
BP24 average 2 0.008 0.074 1.96 2.88 0.172 358 14.3
BP24 (#1) 0.009 0.002 0.100 0.007 2.06 0.05 2.87 0.07 0.216 0.069

BP24 (#2) 0.007 0.002 0.049 0.004 1.86 0.10 2.88 0.14 0.128 0.016

Inner granodiorite

BP14 average 3 0.004 0.016 0.52 1.42 0.092 381 31.0
BP14 (#1) 0.006 0.001 0.020 0.001 0.52 0.01 1.95 0.06 n.a.

BP14 (#2) 0.003 0.001 0.012 0.001 0.52 0.01 1.16 0.05 0.096 0.004

BP14 (#3) 0.003 0.001 0.016 0.001 0.51 0.03 1.15 0.05 0.089 0.005

BP16 average 3 0.005 0.039 1.38 1.86 0.069 365 19.9
BP16 (#1) 0.005 0.001 0.041 0.003 1.65 0.09 1.85 0.06 0.076 0.009

BP16 (#2) 0.005 0.001 0.040 0.002 1.26 0.02 1.65 0.03 0.079 0.012

BP16 (#3) 0.005 0.0004 0.037 0.002 1.25 0.01 2.07 0.02 0.053 0.003

Granite

BP30 average 3 0.022 0.047 1.02 1.09 3.14 50 31.3
BP30 (#1) 0.025 0.004 0.054 0.002 0.92 0.04 1.21 0.04 n.a.

BP30 (#2) 0.023 0.001 0.044 0.002 1.33 0.02 1.12 0.02 3.14 0.031

BP30 (#3) 0.017 0.003 0.043 0.002 0.81 0.02 0.93 0.03 n.a.

BP18 average 2 0.013 0.039 0.66 0.71 0.017 53 52.5
BP18 (#1) 0.013 0.0023 0.035 0.002 0.61 0.02 0.72 0.02 0.015 0.005

BP18 (#2) 0.013 0.0030 0.044 0.004 0.71 0.03 0.69 0.03 0.019 0.005

BP19-I° 1 0.072 0.010 0.085 0.007 0.63 0.03 0.68 0.03 0.012 0.007 9 20.7
BP19-1I° 1 0.013 0.002 0.021 0.002 0.36 0.01 0.37 0.03 <0.007 0.003 29 38.1
Aplite

BP12 1 0.001 0.0004 0.002 0.001 0.05 0.01 0.05 0.01 0.008 0.006 39 56.1

n.a. not analyzed

a

n represents number of analyses

® Uncertainties are quoted at 1o level

¢ Heterogeneous samples; each represents one or two analyses of individual sample aliquot
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estimates are slightly higher than 100 % in two samples
(Table 1), which we attribute to the combined uncertainties
arising from sampling, modal analyses, and LA-ICP-MS
analyses.

The Re variation mimics that of Cu in Fig. 5 except for
an anomalously high Re value in BP30. The high com-
patibility of Re with sulfide melts (Fonseca et al. 2007) and
the presence of Re-rich inclusions in the sulfide blebs
suggest that the immiscible sulfide phase (Fig. 4b, c) may
be the principal host for Re in the same way that it hosts
Cu. However, mass balance calculations performed using
the average Re concentrations in magnetite and ilmenite
(Table 1), whole rock Re contents (Table 6), and the modal

gabbro samples BP3 and BP39. Although Re may parti-
tioned more readily into sulfides than oxides, our study
shows that oxides, because of their higher abundance, are
the major sink for Re. Fonseca et al. (2007) showed that
partitioning of Re between sulfide melt and silicate melt
decreases with increasing fO, (Fonseca et al. 2007). The
high fO, of the BPZP may have restricted the partitioning
of Re into its sulfides.

Timing and mechanism of sulfide saturation
in the BPZP magma

The sulfide blebs are found in the rims of cumulus
pyroxenes or associated with mafic intercumulus minerals,
which indicates that sulfide saturation occurred late relative
to the growth of the cumulus minerals and that the magma
was not sulfide-saturated before magma differentiation in a
shallow magma chamber, although saturation must have
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Table 7 PGE and Re analyses of TDB-1 (ppb)

Ir Rh Pt Pd Re

TDB-1 (CANMET)

#1 0.060 0.415 4.13 22.7

#® 0.069 0.426 4.18 214

#3 0.081 0.429 4.96 25.0 0.73

#4 0.083 0.408 4.81 24.2 0.81

#5 0.052 0.389 378 22.3 0.53
Average (n = 5) 0.069 + 0.027 0.413 + 0.032 437 + 0.99 231429 0.69 + 0.29
M&M* (n = 7) 0.075 £ 0.018 0.471 £ 0.078 501 £ 0.34 243 £ 34 0.79 £ 0.04
P°(n=8) 0.078 =+ 0.006 4.40 £ 0.30 248 £ 14

Certified" 0.150 0.70 5.80 224

Uncertainties are quoted at 20 level

4 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

been imminent. This is consistent with the high abundances
of PGE in the gabbro. If it were saturated with sulfide at
depth or during magma ascent, the BPZP magma would
have lost a majority of PGE to the segregating immiscible
sulfide melts and PGE contents in the gabbro would be low.
Gabbroic rocks from mafic intrusions that are considered to
have formed after extensive sulfide segregation commonly
contain low total PGE contents less than 3 ppb (e.g., Wang
et al. 2011; Bai et al. 2012), whereas the BPZP gabbros
contain 10-13 ppb total PGE.

The behavior of Cu and Pd in a sulfur-saturated magma
is well understood, and Cu/Pd ratios have been regarded as
a useful tool for identifying sulfide saturation in evolving
magmas (e.g., Campbell and Barnes 1984; Barnes and Naldrett
1985; Vogel and Keays 1997; Philipp et al. 2001). This is
because Pd partitions preferentially into sulfide melt relative
to Cu (DsCuLllﬁdefsilicate melt 103 and Dls)L(lilﬁdefsilicate melt > 104_
10° ; Francis 1990; Bezmen et al. 1994; Peach et al. 1994,
Ripley et al. 2002; Fonseca et al. 2009). Therefore, if a
silicate melt becomes sulfide-saturated, the Cu/Pd ratio will
rapidly increase. In the BPZP, Cu/Pd gradually increases
from 6.1 x 10° to 5.3 x 10* as MgO content decreases
(Fig. 7a). This trend implies that the variation of PGE and
Cu in the BPZP is controlled by the progressive segregation
of an immiscible sulfide melt. The increase is monotonic and
starts from the highest MgO sample, suggesting the sulfide
saturation started early in the gabbroic stage of crystallization
and proceeded continuously. The low Cu/Pd ratios of the
gabbros (6.1 x 10°-1.4 x 10% relative to gabbroic rocks
from mafic intrusions that formed after extensive sulfide
segregation (~2x10%-2 x 10° Wang et al. 2011; Bai et al.
2012) indicate that the BPZP magma did not experience
sulfide saturation at depth.

@ Springer

Crustal contamination may have played an important
role in triggering sulfide saturation in the BPZP. Isotopic
evidence from 6'80-¢Hf-¢Nd; data and the presence of
inherited zircon in the BPZP show that the BPZP magma
has assimilated up to 20 % of crustal materials (Ickert
2010; Ickert et al. 2011). The assimilation of sulfur-rich
sedimentary rocks and metasediments may have increased
the sulfur content of the BPZP magma to near sulfide
saturation; moreover, the addition of SiO, could have
lowered the solubility of sulfide in the silicate melt (e.g.,
Irvine 1975).

Once the BPZP magma was emplaced into the shallow
crust, it started to cool, especially at the margin of the
magma chamber, crystallizing high temperature minerals
such as clinopyroxene and orthopyroxene with minor
ilmenite and magnetite. Crystallization of these Fe-Mg
silicate and Fe-oxide minerals depleted the magma in Fe
and the depletion of Fe is likely to have been most effective
in the vicinity of the growing Fe-bearing minerals. Crys-
tallization of magnetite may also have decreased oxygen
fugacity because it preferentially consumes Fe®" to Fe®"
and decrease Fe’>*/Fe?" ratio in a melt (e.g., Jenner et al.
2010). Sulfur solubility in silicate melts is controlled by
temperature, and Fe content of the melt and oxygen
fugacity (Haughton et al. 1974; Mavrogenes and O’Neill
1999; O’Neill and Mavrogenes 2002; Liu et al. 2007; Jugo
2009). The combined effect of falling temperature and a
decrease in the Fe content and oxygen fugacity are the
probable triggers that led to sulfide saturation during the
late gabbroic stage of fractionation of the BPZP. This
suggestion is consistent with the occurrence of most
magmatic sulfides as inclusions in the rim of cumulus
pyroxene and phenocrysts, and interstitial hornblende and
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biotite, commonly associated with magnetite in the gabbro
(Fig. 3).

PGE variations in the BPZP

Since the onset of the sulfide saturation is during the late
gabbroic stage, the concentrations of PGE in the gabbros are
dominantly controlled by relative proportions of PGE-poor
cumulus mineral and PGE-rich intercumulus melts in the
gabbro, whereas the PGE compositions in the granodiorite,
granite, and aplite reflect magma differentiation by fraction-
ation and accumulation of immiscible cumulus sulfide blebs.

Two types of gabbros are recognized in the BPZP. The
Type-1 gabbros contain more PGE, especially Pd and Pt,
than the Type-2 gabbros. This difference is probably
related to the abundance of intercumulus melt in the gab-
bros. During the formation of the gabbros by liquid—crystal
fractionation, the PGE are incompatible in the cumulus
pyroxene and plagioclase and concentrate in the melt.
Consequently, gabbros with a high percentage of cumulus
minerals and low percentage of intercumulus minerals
should contain lower PGE contents than gabbros that trap a
high percentage of intercumulus melt. This hypothesis is
consistent with the observation that PGE-poor Type-2
gabbros have more pyroxene and plagioclase (81-85
modal %) and less intercumulus hornblende, biotite, and
quartz (14-16 modal %) than Type-1 gabbros, which
have 71 modal % pyroxene and plagioclase, and 27-34
modal % interstitial phases (Wyborn 1983). Type-2 gab-
bros are also depleted in incompatible elements such as Rb,
Th, La, Ce, and Nd compared to the Type-1 gabbros at
similar SiO, and MgO contents (Fig. 8; Table 6), showing
that the Type-2 gabbro traps less intercumulus melt than
Type-1. Finally, the mass balance calculations discussed
earlier show that the Type-2 gabbros contain less chalco-
pyrite and have less Cu-rich sulfide blebs than the Type-1
gabbros (Table 1).

The granodiorite is characterized by complex isotopic
data, which cannot be explained by simple closed system
assimilation and fractional crystallization processes (Ickert
2010). This isotopic heterogeneity in the granodiorite
suggests that it formed from several pulses of magma that
were contaminated by varying amounts of continental
crustal materials (Ickert 2010). Although crustal assimila-
tion significantly disturbed isotopic characteristics of the
granodiorites (Ickert 2010) because of the relatively large
contrast of contaminant endmember composition with the
magma, its influence on PGE geochemistry is likely to be
minor because PGE contents in the crustal rocks are very
low (Park et al. 2012b) and the degree of assimilation is
small (10-20 %; Ickert 2010).

The granodiorite contains Pd and Pt at concentration
levels comparable to those in the gabbro but it is
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significantly depleted in Rh and Ir so that the granodiorite
has a high Pd/Ir relative to the gabbro. From this we infer
that the magma of the granodiorite may have experienced
Ir-rich alloy fractional crystallization, which fractionates
Ir from Pd. Sulfide segregation and distribution cannot
produce such difference between the granodiorite and
the gabbro because all PGE have a similar affinity for
immiscible sulfide melts (Bezmen et al. 1994; Peach et al.
1994).

Duplicate analyses of some gabbro and granodiorite
samples show variations that lie well outside analytical
error, which may reflect a nugget effect (Fig. 5). The
problem is especially apparent for Ir, which shows large
variations relative to other PGE in the gabbro and the
granodiorite, suggesting presence of an Ir-rich alloy during
the early stages of crystallization of the BPZP. Once sulfide
saturation was established, it would have lowered the Ir
content of the melt below that required for Ir saturation
and, as a consequence, the Ir-rich alloy is unlikely to have
persisted beyond the late gabbroic stages of the magma
evolution. The Ir-rich alloy would have sequestered some
of the other PGE, but to a lesser extent. A number of
studies (Barnes et al. 1985; Peck et al. 1992; Philipp et al.
2001; Momme et al. 2002; Barnes and Fiorentini 2008;
Pitcher et al. 2009; Ireland et al. 2009) have suggested that
an Ir-rich alloy may host PGE in ultramafic-mafic magmas.
The Ir-rich alloy may have been entrapped in co-crystal-
lizing phenocrysts or cumulus phases and accumulated in
the gabbro and the granodiorite, producing the observed
nugget effect.

The PGE variations in the granite and the aplite show
typical trends of a sulfide-saturated magma with all of these
elements having positive correlations with MgO (Fig. 5).
However, the magma that formed the granite cannot be the
same as the one that formed the granodiorite because
overall trends of Ni, Rh, and Ir within granodiorite and
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granite are not continuous and Ir content in the granite is
significantly higher than that of most of the granodior-
ites (Fig. 5). Furthermore, the cross-cutting relationship
between the granite and granodiorite (Fig. 1), which differs
from the gradual contact between the gabbro and grano-
diorite, as well as homogeneous isotopic signature of the
granite, suggests the input of a new batch of magma into
the magma chamber after the nearly complete solidification
of the granodiorite (Ickert 2010). The low PGE content and
low Pd/Ir ratio of the granite indicate that the magma from
which the granites formed experienced sulfide saturation at
depth and was not involved with the processes that frac-
tionated Pd from Ir such as fractionation of Ir-rich alloy.
Duplicate analyses of a granite sample (BP19-1 and BP19-
II) show significant heterogeneity in all PGE (Fig. 5),
which we attribute to sulfide nuggets. This variation cannot
be due to an Ir-rich alloy because it also affects the other
PGE including Pd which does not partition into a metal
alloy (e.g., Barnes and Fiorentini 2008; Park et al. 2012a).

Implications to exploration of Cu—Au ore deposits
associated with felsic magmatic systems

The sulfide data, mass balance calculations, and Cu and
PGE geochemistry of the BPZP show that sulfide saturation
occurred at the late gabbroic stage of magma differentia-
tion and that segregation of an immiscible sulfide melt
controlled Cu and PGE variations within the pluton, with
silicate and oxide mineral fractionation having little effect.
The sulfide melt sequestered a significant portion of the
magmatic Cu and PGE, and probably Au, locking them in
the cumulate rocks and restricting the availability of these
metals to ore-forming fluids. Therefore, we suggest that the
roof rocks that overlay the BPZP were not prospective for
magmatic-hydrothermal Cu, Au, or Cu—Au deposits.

The key to distinguish felsic intrusions that give rise to
Cu—Au magmatic-hydrothermal deposits from barren ones
that do not is to identify the onset of sulfide saturation
during the evolution of the intrusion. The BPZP provides an
example of the behavior of Cu and PGE in a barren felsic
system. A decrease of Cu and PGE, associated with an
increase in Cu/Pd, indicates sulfide saturation and can be
applied to all rock types including felsic rocks. Alterna-
tively, in a productive felsic system associated with Cu—Au
mineralization, the Cu/Pd and Au/Pd ratios of the residual
magma are expected to decrease when the magma becomes
saturated with a magmatic fluid because experimental and
thermodynamic studies showed that Cu and Au have
stronger affinity to magmatic fluid than PGE under the same
fluid conditions (Wood 1987; Simon et al. 2006; Simon and
Pettke 2009). In addition, the various PGE are also expected
to partition differently into the magmatic fluid according to
the nature of the fluid phase and the fO, of the melt (Hanley
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et al. 2005). Setiabudi et al. (2007) investigated PGE, Re,
and Au geochemistry of andesitic intrusions of the Kelian
Region, Indonesia, which are associated with the Kelian Au
deposit. They found that a systematic depletion in Au rel-
ative to adjacent PGE on a mantle-normalized diagram and
suggested that a magmatic fluid preferentially stripped Au
from the crystallizing magma to form the Au ore deposit.
More studies on Cu, Au, and PGE geochemistry of pro-
ductive felsic intrusions are required in order to evaluate the
use of these elements as a tool for distinguishing barren
felsic suites from productive felsic suites.

Conclusions

The BPZP provides an example of behavior of Cu and PGE
in a sulfide-saturated barren compositionally diverse mag-
matic system. Whole rock Cu and PGE concentrations
decrease and the Cu/Pd ratios increase with decreasing
MgO contents. These variations are mainly controlled by
the segregation and distribution of magmatic sulfide blebs,
with silicate and oxide minerals accounting for less than
13 % of the budget of these elements. Sulfide saturation
started during the late gabbroic stage of magma evolution
in the shallow magma chamber that host the BPZP rocks as
a consequence of a combination of decreasing temperature,
iron content, and oxygen fugacity, whereas the magma
from which the granites formed experienced initial sulfide
saturation at depth. The discontinuities in the trends for Ni,
Rh, Ir, and Pd/Ir ratio against MgO occur at the contacts
between rock types and are attributed to the entry of new
pulses of magma into the chamber. The granodiorites, and
to a lesser extent the gabbros, experienced fractionation of
Ir-rich alloy, whereas the granites were not involved with
the process. Early sulfide saturation depleted the BPZP
magma in all chalcophile elements, which resulted in a
barren magmatic system that could not produce Cu-Au
hydrothermal deposits.
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