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ABSTRACT: High temperature (1 270-1 550 °C) and high pressure (1.0 GPa) experimental studies on
Re-bearing capabilities of pyrite, galena and sphalerite from typical Pb-Zn ore deposits were per-

formed on a six-anvil apparatus. We observed microstructures of the quenched sulfides using scanning

electron microscope (SEM) and analyzed compositions of the run products using both energy disperse

spectroscopy (EDS) and electron probe microanalyzer (EPMA). The results show that pyrite melt can

dissolve much more metallic Re than galena and sphalerite melts, forming scattered acicular ReS, in

the quenched matrix of pyrrhotite (Fe,.S). The quenched matrixes of Fe, S, PbS and ZnS generally

contain less than 1.0 wt.% of Re and their Re-bearing capabilities seem to range as Fe, ,S>PbS>ZnS.

However, Re partition coefficients between them are difficult to estimate, because Re distribution is in-

homogeneous in the quenched sulfide matrixes.
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0 INTRODUCTION

187Re-"¥0s isotope system is an effective tool for geo-
chemical study of the earth and planetary evolution. Both Re
and Os are siderophile elements mostly enriched in alloy and
sulfide phases. As Os is a highly compatible element during
partial melting of mantle and Re is a moderately incompatible
element (Brenan, 2008; Sattari et al., 2002), the crust has much
higher Re/Os ratios (~50; Esser and Turekian, 1993) than the
mantle (<0.4; Meisel et al., 1996). This significant geochemical
behavior makes '®"Re-"*"Os isotope system available for tracing
and dating.

High parent isotope content is essential for establishing a
radioisotope system. Thus, concentration of '¥'Re is a key to
application of '%"Re-'®"Os isotope system. For example, mo-
lybdenite can contain ~4.21 wt.% (Melfos et al., 2001) of Re,
and has a high Re-Os isotopic closure temperature as ~500 °C
(Selby and Creaser, 2004; Barra et al., 2003; Stein et al., 2001;
Suzuki et al., 1996). Thus, molybdenite Re-Os isotope chrono-
metry is successfully utilized to date different hydrothermal ore
deposits (Fu et al., 2016; Hu et al., 2016; Liu et al., 2012; Song
et al., 2012; Zeng et al., 2012; Feng et al., 2011; Li W C et al.,
2011; Liu et al., 2011; Wang et al., 2011; Xie et al., 2011; Lentz
and Suzuki, 2000) and other geological studies (Li N et al.,
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2011; Li W C et al., 2011; Gao et al., 2010; Dai et al., 2009;
Taghipour et al., 2008; Zimmerman et al., 2008; Lu et al., 2006;
Barra et al., 2005; Zeng et al., 2004). However, molybdenites
contain variable contents of Re (Berzina et al., 2005; Mao et al.,
1999), which can be as high as ~4.21 wt.% (Melfos et al.,
2001), or as low as 4.8 ng/g—5.0 pg/g (Chen et al., 2006; Stein,
2006). Other sulfides also have variable concentrations of Re,
which can be as high as 538 ng/g (Li N et al., 2011), or as low
as 0.094 ng/g (Freydier et al., 1997). Previous studies indicate
that the high Re-Os budget in sulfides is not controlled by
microintergrowths of molybdenite (Selby et al., 2009; Berzina
et al., 2005), but related to organic-bearing rocks (Huang et al.,
2013b). However, what controls the wide variation of Re in
sulfides is still unknown.

Paragenetic phenomenon of sulfides is normal in hydro-
thermal and magmatic deposits. Pyrite, pyrrhotite and arseno-
pyrite are always associated with each other in epithermal gold
deposit (Morelli et al., 2010, 2005; Yu et al., 2005; Arne et al.,
2001). Chalcopyrite, bornite, pyrite and molybdenite are also
commonly intergrown in sedimentary rock-hosted stratiform
copper deposits (Huang et al., 2013b; Zhu and Sun, 2013; Chen
and Zhou, 2012). In skarn deposits, sphalerite and galena are
always associated with molybdenite, pyrite, chalcopyrite and
pyrrhotite (Liu et al., 2012; Song et al., 2012; Xie et al., 2011;
Lentz and Suzuki, 2000). In magmatic Ni-Cu sulfide deposits,
pyrrhotite are closely associated with pentlandite and
chalcopyrite (Lii et al., 2011).

Low concentrations (pg/g~ng/g) of Re and Os in sulfide
also can be well determined for Re-Os dating with the
development of analytical methods (Qi et al., 2013, 2010;
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Reisberg and Meisel, 2002; Meisel et al., 2001), which greatly
enlarge the application field of sulfide Re-Os dating (Liu et al.,
2015; Li N et al., 2011; Zhang et al., 2011; Kelley et al., 2010;
Morelli et al., 2010, 2005, 2004; Nozaki et al., 2010; Feng et al.,
2009; Selby et al., 2009; Yu et al., 2005; Mathur et al., 2002,
2000, 1999; Arne et al., 2001; Kirk et al., 2001; Stein et al.,
2000). From previous studies, concentrations of Re are 3-5
orders of magnitude higher in molybdenites than in paragenetic
pyrites (Li N et al., 2011; Barra et al., 2003) or chalcopyrites
(Zhu and Sun, 2013; Chen and Zhou, 2012). In some deposits,
Re is 3-30 times more concentrated in pyrites than in
sphalerites (Morelli et al., 2004; Liu Yingying unpub. data) or
galenas (Stein et al., 2000), and sphalerites have significant
higher concentration of Re than galenas (Liu et al., 2015).
These might be resulted from the distribution coefficients of Re
between different sulfides, which are related to the Re-bearing
capabilities of these sulfides. However, in other deposits the
variation of Re between pyrite, sphalerite and galena is not
obvious (Spry et al., 2014; Levresse et al., 2004). The varied
concentrations of Re, Os and Re/Os ratios in hydrothermal
sulfides is always explained as heterogeneity of Re and Os in
the ore-forming fluid (Huang et al., 2013a; Morelli et al., 2004;
Freydier et al., 1997). In magmatic system, Re and Os contents
are controlled by original Re and Os compositions of the melts
and the distribution coefficients (Righter et al., 1998). This is
also applicable in the hydrothermal system (Huang et al., 2014;
Berzina et al., 2005). Therefore, it is difficult to distinguish
whether the varied concentrations of Re among different sul-
fides result from inhomogenous of the ore-forming fluid or
different distribution coefficients. Re-bearing capability of
different sulfides is key to the problem and has to be studied
further. The distribution pattern of Re among different sulfides
is significant to application of their Re-Os isotope system.
Solubility of Re and Os is previously studied in silicate
melt (Bennett and Brenan, 2013; Ertel et al., 2001), FeS sulfide
melt (Fonseca et al., 2011, 2007), and hydrothermal fluid
(Xiong et al., 2006; Xiong and Wood, 2002, 2001, 1999). Stud-
ies on the distribution coefficients of Re and Os in silicate/
sulfide melts are also ongoing (Buono et al., 2013, Mallmann
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and O’Neill, 2007; Brenan, 2002; Sattari et al., 2002; Righter et
al., 1998). However, the distribution and diffusion characters of
Re and Os between different sulfides (Brenan et al., 2000) so
far have not received any adequate attentions.

Pyrite, galena and sphalerite are the major ore minerals in
Pb-Zn sulfide ore deposits and are usually associated with each
other. Re-Os isotope systems of these sulfides would provide
important information for ore genesis. Therefore, we firstly
choose these three sulfides to conduct high P-T experiments
and compare their Re-bearing capabilities based on SEM ob-
servations of the quenched samples and analytical results of
both energy disperse spectrum (EDS) and electron probe mi-
croanalyzer (EPMA). This study provides theoretical founda-
tion on distribution of Re in Pb-Zn ore deposit and is applicable
to similar studies on solubility of Re and/or other metals (e.g.
platinum group elements) in sulfide melts.

1 EXPERIMENTAL AND ANALYTICAL METHODS
1.1 Starting Materials

Sulfide samples used in this study are selected from typi-
cal Pb-Zn ore deposits and have low concentrations of Re<1.0
ng/g. Pyrite and sphalerite are from the Laochang Pb-Zn de-
posit in Lancang, Yunnan Province (Ye et al., 2012), and galena
is from the Fule Pb-Zn deposit, Yunnan Province (Si, 2006).
The Pb-Zn ore samples were mechanically crushed and washed
by Milli-Q water. After sieved to 2040 meshes, pyrite, galena
and sphalerite separates were sorted by hand-picking under a
binocular microscope with >99% degree of purity. The sepa-
rates were further pulverized in an agate mortar to fine powders
of >200 meshes. The X-ray powder diffraction (XRD; D/max-
2200) analysis results of the separates are shown in Fig. 1. The
pyrite and sphalerite have high degree of purity, while the ga-
lena still contains a little Zn, even though it is pure enough
from the naked eye. The XRD results of the galena have good
reproducibility (Figs. 1c, 1d; Liu et al., 2015).

The metallic slice of Re (99.9%) was made in Germany
with thickness of 0.01 mm and was processed to Re belts in
size of 2 mmx50 mm for the high P-T experiments.
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Figure 1. X-ray diffraction results of sulfide samples. (c) and (d) are replicate determinations of the galena powder.
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1.2 Temperature and Pressure Conditions

Previous studies on solubility of Re and Os in silicate melt
are normally conducted through high temperature (1 400-2 300
°C) and high pressure (0.1 MPa-2 GPa) experiments (Bennett
and Brenan, 2013; Ertel et al., 2001), while studies of sulfide
melt are usually under high temperature (1 200-1 400 °C) and
ordinary pressure experiments (Pruseth et al., 2014; Fonseca et
al., 2011, 2007). Therefore, to ensure attainment of equilibra-
tion, the experimental duration of sulfide melts should be as
long as 24-96 h, which is time-consuming. Regardless of the
high pressure effect, this study merely uses the fast reaction
kinetics in sulfide melts under high pressure conditions to dis-
solve the metallic Re as soon as possible. Therefore, the ex-
perimental pressure is fixed at 1.0 GPa, which is proved avail-
able (Table 1).

Because FeS, would decompose to FeS+S during heating
(Stevens et al., 2005), the composition of the quenched melt
produced by the melting of pyrite is no longer FeS,, but mono-
sulfide of Fe,_,S (pyrrhotite) which is proved by EPMA results
(Table 2). Melting points of pyrrhotite, galena and sphalerite
are separately 1 192, 1 114 and 1 670 °C under ordinary pres-
sure (Sharp, 1969), while melting point of metallic Re is as
high as 3 180 °C. When the pressure increases to 1.0 GPa, the
melting points would also increase. Therefore, the initial ex-
perimental temperatures for pyrite, galena and sphalerite are
separately set at 1 270, 1 350 and 1 480 °C. Detailed conditions
of the experiments are listed in Table 1.

1.3 Experimental Procedure

All the experiments in this paper were performed using the
DS 3600 T/6 six-anvil apparatus equipped at the Key Labora-
tory for High Temperature & High Pressure Study of the
Earth’s Interior, Institute of Geochemistry, Chinese Academy of
Sciences. The upper limit of temperature and pressure was
2 000 °C and 7.0 GPa. The starting materials were loaded in a
graphite capsule with 6 mm in length and 6 mm inner diameter.

The folded Re belt was laid flat in the center of the capsule (Fig.

2a). The sulfide powder was cold-pressed to pressures higher
than 100 MPa. The loaded capsule was set in a thin-walled (1
mm) hexagonal boron nitride (HBN) sleeve, with two HBN
caps at both ends. The HBN sleeve was then placed in a graph-
ite heater, which was sandwiched by two calcined pyrophyllite
disks at both ends. It was then further fixed in the graphite
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heater by two pyrophyllite tapers at both ends. The detailed
sample assemblage for the experiments is shown in Fig. 2b.
The temperature was measured and controlled using
PtRhg-PtRh;, thermocouple which was protected by HBN tubes
(Fig. 2b). The temperature error is within 5 °C. Long-term
monitoring results on the six-anvil apparatus (Fu and Zhu, 1985)
show that the temperature gradient in the sample chamber is
about 6 °C. The pressure error is within 0.2 MPa. In a single
run, the sample was first pressed and then heated to the desired
conditions. After annealing at the experimental conditions, we
quenched the sample by cutting off the power. The recovered
sample was mounted in epoxy, and cut parallel to the heater
axis. EDS and EPMA were used for analysis of Re.

1.4 Sample Analysis

The surface morphology observation and chemistry con-
figuration of the sulfide melt were initially conducted on the
JSM-6460-(LV) type scanning electron microscopy (SEM) with
EDS at the State Key Laboratory of Environmental Geochem-
istry, Institute of Geochemistry, Chinese Academy of Sciences.
The accelerating voltage was 25 kV, and the working distance
was 12 mm. The electron beam diameter was 60 nm (10 pm).
The results are shown in Figs. 3—6 and Table 1.

The Re, Fe, Pb, Zn, S, As and Cu compositions of differ-
ent phases in the run products were measured by a JXA-8100
electron microprobe at the State Key Laboratory of Litho-
spheric Evolution, Institute of Geology and Geophysics, Chi-
nese Academy of Sciences. The instrument was operated at a
beam current of 20 nA and an accelerating voltage of 20 kV.
The beam was defocused to a spot size of 3 um. Well defined
natural sulfide minerals and synthetic metals were used as stan-
dards. Re was measured with Ma lines and the spectral overlap
interferences from Pb were well subtracted. The detection limit
of Re is approximately 250 ppm and all the analytical results
are listed in Table 2.

2 EXPERIMENTAL RESULTS
2.1 High P-T Experimental Results

All the high P-T experiments went well without any ex-
plosions and the recovered samples show good reproducibility
on pyrite, sphalerite and galena (Table 1; Fig. 3). Thus, the
experiments on these sulfides can retain safety under conditions
of 1 480 °C and 1.0 GPa. The representative backscattered
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Figure 2. Diagrams showing the sample assemblage for the experiments in this study. (a) The cylinder samples and Re belt; (b) the assembly of high tempera-

ture and pressure experiment (modified from Zhang et al., 2015).
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Figure 3. Representative photos of run products. (a) BSE image of pyrite melt after heated at 1 270 °C for 0.5 h. Residual metallic Re belt has fallen to the
bottom of cylinder. Scattered ReS, was formed in the quenched melt. (b) BSE image of pyrite melt after heated at 1 380 °C for 0.5 h. Little metallic Re re-
mained and scattered ReS, was formed in the quenched melt. (c)—(e) Microscope photos of pyrite melt after heated at 1 380—1 480 °C for 0.5 h. Undissolved
fine metallic Re remained in the melt. (f) BSE image of pyrite melt after heated at 1 380 °C for 2.0 h. Little metallic Re remained and scattered ReS, was
formed in the quenched melt. (g) BSE image of pyrite melt after heated at 1 380 °C for 4.0 h. Little metallic Re remained in the melt. Cumulates of ReS, was
formed at the bottom of the pyrite cylinder. (h) BSE image of galena melt after heated at 1 350 °C for 0.5 h. Metallic Re belt remained in the melt and has fallen
to the bottom of cylinder. Flow structure consisting of ZnS grains was widely developed in the quenched melt. (i) BSE image of galena melt after heated at
1350 °C for 2.0 h. Metallic Re belt remained in the melt and has fallen to the bottom of cylinder. Flow structure consisting of ZnS grains was widely developed.
(j) BSE image of galena melt after heated at 1 350 °C for 4.0 h. Undissoved metallic Re belt was corroded. (k) BSE image of a mixed matrix consisting of pyrite
(~50%) and galena (~50%) after heated at 1480 °C for 0.5 h. Little metallic Re remained and scattered ReS, was widely distributed in the quenched melt. The
sulfide melt differentiated strongly. The early-formed Fe,.,S was surrounded by the later-formed PbS. (1) BSE image of sphalerite melt after heated at 1 480 °C
for 0.5 h. Metallic Re belt remained in the melt and has fallen to the bottom of cylinder. (m) BSE image of galena melt after heated at 1 480 °C for 2.0 h. Metal-
lic Re belt remained in the melt and has fallen to the bottom of cylinder. (n)—(0) BSE images of galena melt after heated at 1 480 °C for 2.0-4.0 h. Recrystalliza-
tion phenomena are observed at the edge of the Re belt. Py. Pyrite; Gn. galena; Sph. sphalerite.



84

electron (BSE) images are shown in Figs. 3-6. These
SEM-BSE images clearly show typical textures of quenched
eutectic melts (Figs. 3-6).

Abundant acicular thenium sulfides (ReS;) formed in py-
rite melt (Figs. 3a, 3b; Table 2), which is different from galena

Yingying Liu, Zhilong Huang and Chengming Zhu

and sphalerite melts. We initially added metallic Re into the
pyrite matrix, but it turns out to be ReS, (Table 2) after under-
going the high P-T conditions. The sulfur that reacted with Re
should have come from pyrite (FeS,), thus, the pyrite matrix
cannot avoid sulfur (as S,) loss during the experiments and
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composition of the matrix turns to monosulfide (Fe;_,S) which
is proved by EPMA results (Table 2). In Run 1 (Table 1), the
original folded Re belt still could be observed in the Fe;.S
matrix after annealing at 1 270 °C for 0.5 h (Fig. 3 a). In runs
2-3, when the Fe;_ S matrix annealed at 1 380 and 1 480 °C for
0.5 h, the original Re belt nearly disappeared (Figs. 3¢, 3d, 3e).
In runs 4-5, when the duration increased to 2.0-4.0 h, Re was
completely dissolved (Fig. 3f).

As indicated in Run 6, the mixed melt consisting of pyrite
(~50%) and galena (~50%) can also dissolve metallic Re com-
pletely at 1.0 GPa and 1 480 °C after 0.5 h, forming scattered
acicular ReS, in the melt (Fig. 3k). However, the quenched melt
of Run 6 differentiated strongly (Figs. 4k—4n). The void space
among grains of Fe, S is filled with PbS (Figs. 4k—4n).

Quenched galena (runs 7-10) and sphalerite melts (runs 11-14)
also differentiated. The run products of galena were characterized
by presence of graphic textures and quenched melt patches (Figs.
3h-3j). The first-solidified ZnS grains are fine and widely scat-
tered in the PbS matrix. In the quenched sphalerite melt, void
space among grains of ZnS is filled with the residual melt of
Fe,S/PbS (Figs. 61-60; Table 2). In the galena and sphalerite
melts, the metallic Re belt was only partly dissolved under the
varied durations of 0.5—4.0 h, and the residual Re has dropped to
the bottom of the sample cylinder (Figs. 3h, 3i, 31, 3m). Densities
of pyrite, galena and sphalerite are separately 5.0, 7.6 and 4.1
g/em®, while that of metallic Re is 21.0 g/cm’. Therefore, the
fallen Re belt could indicate that the sulfide had reached molten
state during the high P-T conditions. Thus, under 1.0 GPa, the
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powdered pyrite, galena and sphalerite were molten at tempera-
tures of 1 270, 1 350 and 1 480 °C, respectively, after annealing
for 0.5 h. The folded Re belts were conglutinated under high P-T
conditions (Figs. 3a, 3h, 3i, 31, 3m), and were partly broken and
corroded (Figs. 3j, Sa, 6a, 6¢).

2.2 EDS and EPMA Results

Re is detectable in all the quenched matrixes of Fe_S (Fig.
4), galena (Fig. 5) and sphalerite (Fig. 6) by EDS and the re-
sults are shown in Figs. 4-6.

Corrected EPMA results are shown in Table 2. The S/Fe
stoichiometric ratios of pyrite (FeS,) melt are much lower than
2.0 with an average of 1.18, which proves that pyrite melt has
lost some sulfur and turns out to be Fe,,S. The S/Re stoichi-
ometric ratio of the acicular and accumulated rhenium sulfides
formed in pyrite melt is around 1.74, which is close to 2.0.
Thus, the composition is likely to be ReS,. The stoichiometric
ratios of both S/Zn and S/Pb in the ZnS and PbS matrixes are
still around 1.0. In pyrite melt concentration of Re range from
0.32 wt.%—0.69 wt.% in the matrix of Fe,_,S. In the galena melt
the first-solified ZnS grains contain 0.06 wt.%—0.26 wt.% of Re,
while the matrix of PbS contains 0.04 wt.%—0.77 wt.% of Re.
In the sphalerite melt, contents of Re vary between 0.00
wt.%—0.86 wt.% in the matrix of ZnS, while concentrations of
Re in the residual melt is only 0.00 wt.%.

3 DISCUSSION
3.1 Duration

As indicated in runs 2-5, little metallic Re remains in the
pyrite melts of 1 380 and 1 480 °C after annealing for 0.5 h
(Figs. 3c—3e; Table 1), thus, the duration of 0.5 h is long
enough to melt the pyrite matrix. After annealing for 2.0-4.0 h,
the Re belt was dissolved completely, and ReS, crystals began
to accumulate at the bottom of the pyrite cylinder (Fig. 3g). It
seems that if the duration is longer than 4.0 h, there would ac-
cumulate more ReS; at the bottom of pyrite cylinder. However,
as indicated in runs 7—10 and runs 11-14, the concentrations of
Re in the galena and sphalerite melts did not increase with the
longer annealing durations (Figs. 5, 6). In runs 13 and 14, when
the duration reached 2.0-4.0 h, cumulates of metallic Re were
presented at the bottom of sphalerite cylinder (Figs. 3n-30).
Thus, from this set of experiments, duration of 2.0 h is long
enough for the sulfide melts and metallic Re to attain kinetic
equilibrium. The metallic Re might be recrystallized after an-
nealing for 2.0 h. As shown in Fig. 3n, the original smooth Re
belt became rough and crystal edges were observed. In Fig. 3o,
even the crystallized grains of metallic Re are seen at the bot-
tom of sphalerite cylinder.

3.2 Temperature

Under 1.0 GPa, the pyrite melt at 1 270 °C cannot dissolve
metallic Re completely in 0.5 h, leaving some original folded
metallic Re at the bottom (Fig. 3a). However, when the tem-
perature increases to 1 380 and 1 480 °C, the pyrite melts can
dissolve metallic Re completely, forming scattered ReS, in the
matrix (Figs. 3b, 3f). Thus, temperature can influence the solu-
bility of Re in sulfide melt.

As pyrite, galena and sphalerite powders can stably melt at

1 350-1 480 °C and 1.0 GPa without any explosions, the
Re-bearing capabilities of these sulfide melts can be compared
under this condition. At 1 350—1 480 °C and 1.0 GPa, the pyrite
melt (Figs. 3b—3g) can dissolve more Re than galena (Figs. 3h,
3i) and sphalerite (Figs. 31, 3m) melts. Neither galena melt nor
sphalerite melt can dissolve Re completely even when the tem-
perature increased to 1 480 °C at 1.0 GPa (Figs. 31, 3m). Thus,
temperature is not the key factor for dissolving of Re in galena
and sphalerite melts.

From the quantitative data of EPMA shown in Table 2, the
Re-bearing capabilities of the sulfide matrixes can be compared
under the above P-T condition and seem to range as
Fe,..S>PbS>ZnS.

3.3 Fugacity of S, (fS,)

Re is a moderately incompatible element. The high-
temperature geochemical behaviors of Re range from chalco-
phile for reduced MORB-type mantle (Fonseca et al., 2007) to
strongly lithophile for highly oxidized island-arc melts
(Mallmann and O’Neill, 2007). Re is chalcophile in sulfide
melts. The solubility of Re always increases with increasing
fS, (Fonseca et al., 2011, 2007; Brenan, 2008) or sulfur content
(Buono et al., 2013; Fonseca et al., 2009; Sattari et al., 2002).

The experimental results of Run 10 (Table 1) indicated
that once pyrite exists in the matrix, the dissolving of Re in-
crease significantly (Figs. 3k, 4k—4n). As pyrite (FeS,) contains
much more sulfur than galena (PbS) and sphalerite (ZnS), and
breakdown of pyrite (FeS;) to pyrrhotite (Fe,,S) simultane-
ously with the appearance of free sulfur (Sharp, 1969), which
would increase the fugacity of S, (fS,). Dissolving of metallic
Re seems to be affected by fS,, which is very similar to the
previous conclusions (Fonseca et al., 2011, 2007; Brenan,
2008). However, our EPMA results show that concentrations of
Re in quenched matrix of Fe, S are only slightly higher than
PbS and ZnS (Table 2). Thus, the dissolved Re in pyrite melt
might dominantly exist in forms of ReS,, rather than in lattice
of Fe,_,S matrix.

3.4 Differentiation of Sulfide Melt

Published researches have proposed that some metamor-
phosed massive sulfide deposits (including the Broken Hill
deposit, Australia) have partially melted (Spry et al., 2008;
Huston et al., 2006). To verify whether or not the Pb-Zn deposit
has experienced the melting process, researchers studied melt-
ing behavior of the PbS-FeS-ZnS-(S) system (Stevens et al.,
2005; Mavrogenes et al., 2001), finding that at 1 atm the eutec-
tic temperature of system PbS-FeS-ZnS is ~800 °C. Due to the
solidus-lowering effect of additional components (Pruseth et al.,
2014; Frost et al., 2002; Mavrogenes et al., 2001), realistic
volcanogenic massive sulfide or SEDEX sulfide compositions
would melt at a lower temperature (<600 °C). The presence of a
sulfur-rich fluid phase may even promote melting during
high-grade metamorphism (Stevens et al., 2005). If the sulfides
contain proper amount of Re, once the molten sulfide quenched
or differentiated, Re would redistribute among different sulfide
phases.

In this study, from the paragenetic relationship of sulfide
phases in the quenched samples (Figs. 4k—4n, 3h-3j, 61-60),
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ZnS, Fe ;S and PbS solidified successively, which is consistent
with their melting points (1 670, 1 192 and 1 114 °C). In galena
melt, the residual melt of PbS seems to have higher concentra-
tions of Re than the first-solifidied ZnS (Figs. 5a—5e; Table 2).
In sphalerite melt, the first-solidified ZnS is hardly detectable
of Re by EDS, while the residual melt is detectable of Re (Figs.
61-60). However, the quantitative EPMA data showed that
concentrations of Re in the residual melt are even slightly lower
than ZnS in sphalerite melt (Table 2). This might due to the
inhomogeneous distribution of Re in the sulfide matrix. The
inhomogeneous distribution of Re is also supported by the
phenomena that signals of Re are stronger in the spots near
ReS, or metallic Re, the farther the weaker (Figs. 4f-4;j, 6e—6k;
Table 2). Thus, Re partition coefficients between different sul-
fide phases are difficult to estimate in this study.

Pyrite, sphalerite and galena melts can dissolve an appro-
priate amount of Re through high P-T conditions, and Re is
detectable in all matrixes of Fe,_.S, PbS and ZnS. However, the
distribution coefficients of Re between these phases are unde-
termined due to the inhomogeneous distribution of Re in the
sulfide melts even after duration of 4.0 h (Table 2). Thus, the
detailed geochemical manner of Re and whether the differen-
tiation of the quenched sulfide melt would fractionate Re and
influence the distribution of Re still need further investigations.

4 CONCLUSIONS

(1) Under 1.0 GPa, powders of natural pyrite, galena and
sphalerite can reach molten state after separately annealing at
temperatures of 1 270, 1 350 and 1 480 °C for 0.5 h. These
sulfide melts have the ability to dissolve metallic Re.

(2) Pyrite (FeS,) melt can dissolve much more metallic Re
than galena (PbS) and sphalerite (ZnS) melts, forming scattered
acicular ReS, in the quenched matrix. The Re-bearing capabil-
ity of these sulfide minerals seems related to fS,.

(3) Run products of pyrite, galena and sphalerite quenched
from 1.0 GPa & 1 350-1 480 °C after annealing for 2.0-4.0 h
are available for Re-bearing capability study. Re-bearing capa-
bilities of these quenched sulfide matrixes seem to range as
Fe,, S>PbS>ZnS. However, Re differentiation coefficients
between the sulfide phases are undetermined due to the inho-
mogeneous distribution of Re, which remains to be further
studied.
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