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Abstract

Porphyry copper deposits are currently the world’s largest source of copper and molybdenum, and are also among the
largest reservoirs of gold in the upper crust. Despite the fact that pyrite is a ubiquitous mineral phase in these deposits
and secondary Cu enrichment processes are commonly controlled by the abundance of this sulfide, the major and trace ele-
ment chemistry of pyrite from porphyry systems remains unconstrained. In this study, we report the first comprehensive trace
element database of pyrite from the Dexing deposit, China’s largest porphyry Cu deposit. By combining high-spatial resolu-
tion and X-ray mapping capabilities of electron microprobe analysis (EMPA) with low detection limits and depth-profiling
capabilities of secondary-ion mass spectrometry (SIMS) in a suite of samples from the Dexing deposit, we show that the con-
centrations of precious metals (e.g., Au, Ag), metalloids (e.g., As, Sb, Se, Te) and heavy metals (e.g., Cu, Co, Ni, Zn, Hg) in
pyrite from porphyry systems are more significant than previously thought. Among the elements analyzed, Cu, As, Au and Ni
are the most abundant with concentrations that vary from sub-ppm levels to a few wt.% (i.e., ~6 wt.% Cu, ~3 wt.% As,
~0.25 wt.% Au, and ~0.2 wt.% Ni). Detailed wavelength-dispersive spectrometry (WDS) X-ray maps and SIMS depth vs.
isotope concentration profiles reveal that pyrite from the Dexing deposit is characterized by complex chemical zoning where
the studied elements occur in different mineralogical forms. While As occurs as a structurally bound element in pyrite, Cu and
Au can occur as both solid solution and micro- to nano-sized particles of chalcopyrite and native Au (or Au tellurides),
respectively, indicating that pyrite can control metal speciation and partitioning during porphyry Cu mineralization. The
well-developed oscillatory zoning detected in pyrite, where Cu-rich, As-depleted growth zones alternate with Cu-depleted,
As-rich layers, indicates that Cu is geochemically decoupled from As, suggesting that this selective partitioning of metals into
pyrite is most likely the result of changes in hydrothermal fluid composition.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION mineralization in a wide variety of ore systems, including

porphyry copper deposits, volcanogenic massive sulfide

Pyrite is the most abundant sulfide in the Earth’s deposits, iron-oxide-copper—gold deposits, sedimentary-
crust and is also a major constituent of hydrothermal hosted copper/uranium deposits, Archean to Mesozoic

lode, epithermal and Carlin-type gold deposits, among oth-

_ ers. In hydrothermal systems, pyrite is not only a sink for
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Zn, Co, Ni, As, Sb, Se, Te, Hg, Tl, and Bi (Cook and
Chryssoulis, 1990; Fleet et al., 1993; Huston et al., 1995;
Hannington et al., 1999; Large et al., 1999, 2009; Palenik
et al., 2004; Vaughan and Kyin, 2004; Reich et al., 2005,
2006; Yamaguchi and Ohmoto, 2006; Barker et al., 2009;
Cook et al., 2009a,b; Deditius et al., 2009a,b, 2011; Sung
et al., 2009; Koglin et al., 2010; Ulrich et al., 2011). As
exemplified in the Carlin-type deposits of Nevada, the sec-
ond largest gold concentration in the world, gold can con-
centrate up to 10,000 ppm in arsenian pyrite, Fe(S,As),
(Cline et al., 2005; Muntean et al., 2011). In addition, recent
investigations in pyrite from Carlin-type and epithermal
gold deposits using transmission electron microscopy
(TEM), secondary-ion mass spectrometry (SIMS) and elec-
tron microprobe analysis (EMPA) techniques have docu-
mented the presence of a wide variety of trace metals (i.e.,
Cu, Co, Pb, Sb, As, Ag, Ni, Zn, Se, Te, Hg) that occur in
solid solution and/or cluster into metal nanoparticles or
nano-inclusions (<100 nm size) (Deditius et al., 2008,
2009a, 2011). These findings not only provide constraints
on mineral/fluid partitioning of metals and saturation state
of hydrothermal solutions but also improve our knowledge
about the fate of metals during environmental processes
(Van Geen et al.,, 1997, Hochella et al., 1999; Matlock
et al., 2002; Hough et al., 2008; Ciobanu et al., 2009; Cook
et al., 2009a,b, 2011; Reich et al., 2010, 2011).

Porphyry copper deposits (PCDs) are currently the
world’s largest source of copper, and are characterized by
low-grade copper, with minor gold and/or molybdenum
mineralization developed within and around a porphyry
intrusive complex and associated with pervasive zones of
hydrothermal alteration (Kerrich et al.,, 2000; Sillitoe,
2000, 2010; Richards, 2003). Hydrothermal alteration in
PCDs reflects changes in the host-rock mineralogy in re-
sponse to water/rock interactions that occur after porphyry
intrusion, and is typically zoned from an inner, high tem-
perature potassium-silicate core surrounded by a propylitic
shell, overprinted by phyllic (quartz—sericite) and argillic
alteration (Lowell and Guilbert, 1970; Gustafson and
Hunt, 1975; Seedorff et al., 2005). Although pyrite is abun-
dant in PCDs, the pyrite—ore mineral paragenesis varies
widely within and between deposits. Pyrite can be formed
in the potassic alteration stage by sulfidation of the iron
component of igneous biotite (Eq. (1)), but it is most often
found with sericite and quartz forming phyllic alteration
assemblages, as a result of sulfidation of iron and feldspar
hydrolysis (Eq. (2)) (Beane, 1982; Beane and Bodnar,
1995; Harris and Golding, 2002; Pirajno, 2009):

K (Mg, ¢Fei’,)AlSi;059(OH), + 0.4S,
= 02KMg3A1813010(OH)2 + 04F6S2

+ 0.8KAISi;O5 + 0.8H,0 + 1.20, (1)
3KAISi;O5 + Fe?* + 2H,S + 0, = KALSi;0,0(OH),
+ FeS, + 6Si0, + 2K* + 2H,0 (2)

In PCDs, pyrite commonly occurs in veins associated
with quartz and sericite that cut previous Cu-bearing quartz
veins with potassic alteration, and its abundance increases
from, e.g., zones with <1-0.5 wt.% pyrite in the central part

of the deposit, through a surrounding zone with up to
4 wt.%, to an outer zone with >4 wt.% (Nielsen, 1968; Gus-
tafson and Hunt, 1975; John, 1978; Gustafson and Quirog-
a, 1995; Seedorff et al., 2005; Rusk et al., 2008).

Although several studies have focused on pyrite in the
last decades, the major and trace element chemistry of pyr-
ite from PCDs remains poorly understood. Surprisingly,
microanalytical data of pyrite for PCDs are very limited,
and available data are mostly restricted to precious metals
(Au) and platinum group element (PGE) concentrations
in this mineral. Among these studies, Pasava et al. (2010)
documented Au and PGE in pyrite from the Kalmakyr por-
phyry Cu—Au-Mo deposit in Uzbekistan, and Hanley et al.
(2009, 2010) reported that Co-Ni-bearing pyrite is an
important repository of PGE in alkalic porphyry Cu-Au
deposits from the Canadian Cordillera, with at least 90%
of the bulk Pd and Pt being hosted within this mineral.

In this paper, we report the first comprehensive major
and trace element database of pyrite from a porphyry cop-
per deposit. In situ concentrations of precious metals (e.g.,
Au, Ag), metalloids (e.g., As, Sb, Se, Te) and heavy metals
(e.g., Cu, Co, Ni, Zn, Hg) in a suite of pyrite samples from
the Dexing deposit, China’s largest porphyry Cu deposit,
were determined using a combination of electron micro-
probe analysis (EMPA) and secondary-ion mass spectrom-
etry (SIMS). We show that Cu, As and Au are selectively
partitioned into pyrite as structurally bound metals or min-
eral micro/nano-particles, reaching concentrations of up to
1000 ppm at the top of the ore system. We explore the po-
tential role of pyrite as an efficient scavenger of metals and
as a monitor of changes in fluid composition in porphyry
Cu systems.

2. SAMPLES AND METHODS
2.1. Pyrite samples from the Dexing Cu deposit

The Dexing deposit is the largest porphyry Cu deposit in
China with ~1200 Mt of ore at 0.5% Cu, 0.01% Mo and
0.19 g/t Au (Mao et al., 2011). The deposit is located in
the northeast of the Neoproterozoic Jiangnan orogenic belt
and in the NW margin of the late Mesozoic magmatic belt
that covers a vast area of the Cathaysia Block in SE China
(Wang et al., 2006; Li and Sasaki, 2007; Mao et al., 2011)
(Fig. 1A). The Jiangnan orogenic belt, also known as Jian-
gnan fold belt, resulted from the collision of the Yangtze
Craton and the Cathaysian Block at ca. 830 Ma (Zhao
et al., 2011), and consists of the metamorphic basement
of the Proterozoic Banxi Group underlain by thick Paleo-
zoic marine deposits and Mesozoic terrestrial sequences, in-
truded by Late Permian to Triassic peraluminous granites
and syenites, as well as Jurassic and Cretaceous granitoids.
The Jurassic-Cretaceous magmatism has been interpreted
as a result of the north-westward subduction of the Pa-
leo-Pacific plate beneath the Eastern China continental
margin or within-plate extensional magmatism (Wang
et al., 2006; Zhou et al., 2006).

The Dexing deposit is located within a ENE-trending
ductile shear zone and is composed of three Cu—Mo-Au
mineralized porphyries (Zhushahong, Tongchang, and
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Fig. 1. (A) Location and geologic/tectonic setting of the Dexing porphyry Cu-Mo-Au deposit, southeastern China. (B) Geology of ore
deposits in the Dexing area, including the Zhushahong ore body where pyrite samples for this study were taken. Geologic maps were modified

after Li and Sasaki (2007).

Fujiawu), and mineralization in Proterozoic pelitic schists
surrounding these intrusions (Fig. 1B). These porphyries
occur as isolated stocks emplaced in the intersection of
NWW- and NE-trending faults at ca. 171 Ma (Wang
et al., 2006; Mao et al., 2011). Early alteration and miner-
alization is composed of A veins (quartz + Kspar + sul-
fides) and disseminated potassic alteration assemblages,
followed by transitional B-type veins (quartz + molybde-
nite + chalcopyrite), which are cut by a late D-vein com-
posed of abundant pyrite and minor quartz with or
without sericite (Li and Sasaki, 2007). Primary fluid inclu-
sions in quartz from the phyllic alteration assemblages
(D-veins) include liquid-rich inclusions (7 ~ 115-353 °C;
2-9 wt.% NaCleguiv.), vapor-rich inclusions (near-critical
density; ~6-16 wt.% NaClquiv.), and halite-bearing inclu-
sions (7 ~ 230-430 °C; 35-51 wt.% NaClequiv.). Estimated
pressures for D-vein formation range between 20 and
400 x 10° Pa. More detailed descriptions and data of the
deposit and district can be found in Li and Sasaki (2007)
and Mao et al. (2011).

Samples for this study come from the Zhushahong por-
phyry (Fig. 1B) and were obtained from a subvertical 1 km
drillcore penetrating the orebody, which comprises several
smaller en-echelon ore zones (Mao et al., 2011). Five sets
of massive pyrite samples from the quartz-sericite alter-
ation assemblage (D-veins) were taken at 190, 270, 380,
550 and 800 m below the surface (samples PY-190-PY-
800).

2.2. EMPA and SIMS methods

The chemical composition of pyrite was determined by
electron microprobe analysis (EMPA) using a Jeol
JXA8200 at the Montan University Leoben, Austria. Ele-
ments and X-ray lines used for analysis are Fe (Ka), S
(Ka), As (La), Au (La), Pb (Ma), Bi (M), Se (La), Ag

(La), Hg (La), Zn (Ka), Cu (Ka), Ni (Ka), Co (Ka), Sb
(La), and Te (La). Operating conditions included an accel-
erating voltage of 20 kV and beam current of 20 nA, and
the electron beam was ~1 pm in diameter. In order to im-
prove count rate statistics, counting times were 20s for
Fe and S, 60 s for As, Cu, Ni, Zn, and Co and 100 s for
Pb, Se, Ag, Sb, Te, Au, Hg, and Bi. Standard specimens
used for calibration were FeS, (for Fe and S), GaAs (for
As), Sb,S; (for Sb), HgS (for Hg), PbS (for Pb), ZnS (for
Zn), CuFeS, (for Cu), AuTe, (for Au and Te), AgBiSe,
(for Ag), Bi,Se; (for Bi and Se), (Ni,Fe)oSg (for Ni), and
CoAs; (for Co). All of the standards (natural and synthetic)
were tested for homogeneity before their utilization for
quantitative analysis. Wavelength-dispersive spectrometry
(WDS) X-ray maps were collected using accelerating volt-
age of 20 kV, beam current of 50 nA, and a counting time
of 30 ms/step. The WDS scans were performed against syn-
thetic and natural materials to avoid interference on the
peak and background for (K, L, M)-lines during major
and trace elements analyses. Such an approach is particu-
larly important when analyzing trace elements that require
maximum X-ray counts, and minimum or no interference
to obtain accurate results. Here we report interferences that
may be of broader interest during analyses of Au-bearing
pyrite: Au was analyzed using Au Lo on LIF to avoid inter-
ferences between Au Mo, M lines and Hg M and Te Lo,
respectively, noted on PETH; Hg Lo on LIF crystal instead
of PETH to avoid interference with Au Mf; Te Lo on LLIF
to avoid contribution from Ni Ko on PETH. The Bi M
line was used instead of Bi Ma., to avoid interference with
Pb M. The correction factor for Pb Ma for contribution
from S Ko was applied.

Secondary-ion mass spectrometry (SIMS) analyses of
pyrite were performed at the Advanced Mineral Technol-
ogy Laboratories (AMTEL) in London, Ontario, Canada.
Because of its high accuracy and sub-ppm sensitivity, the
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SIMS method allows the detection of trace elements below
the ~100-300 ppm level, which is the average detection lim-
it of EMPA. Gold, As, Cu, Ag, Sb, Te, Se and Co concen-
trations were obtained using a Cameca IMS-3f ion
microprobe with a 10kV and 10 nA primary Cs* beam
source and a 4.5 kV accelerating voltage for the negative
secondary ions with a 15 um spot size, and a 2.5-5 um
depth of analyses for profiling (1020 cycles). The ions ana-
lyzed were 197Au", SAs—, ©Cu-, 1PAg-, 123§, 128:130T¢~
and 7#8%Se™. In addition, major constituent ions of pyrite
were monitored (34S’ and 56Fe’), and interferences were
eliminated by 180 eV offset with the energy slit fully open.
The minimum detection limits at 2¢ of the background level
were 100 ppb for Au, 0.1 ppm for As, 600 ppb for Cu,
3.8 ppm for Ag, 7.1 ppm for Sb, 300 ppb for Te, 30 ppb
for Se, and 300 ppb for Co. In order to distinguish between
the solid solution and nanoparticulate form of trace metals
in pyrite, depth—concentration-profile analyses were per-
formed on selected grains (Chryssoulis, 1990), where the
pyrite matrix isotopes (*°Fe, **S) and the trace elements
of interest (e.g., 63Cu, 197Au) were monitored as a function
of time.

In this study, EMPA and SIMS are used as complemen-
tary techniques. Along with LA-ICP-MS (e.g., Cook et al.,
2011), SIMS is currently one of the most sensitive tech-
niques for detecting ppm-to-ppb concentrations of trace
metals in sulfides (Chryssoulis et al., 2004). Since SIMS
sputters into the surface, i.e., few angstrom-thick layers,
over the area of few tens of micrometers, and the electron
beam of ~1 um of EMPA excites a few micrometers cubed,
very different volumes of pyrite are analyzed. Therefore,
slightly higher concentrations of metals such as Au have
been reported for EMP analyses compared to SIMS or
LA-ICP-MS (Benzaazoua et al., 2007). However, results
of analyses using both methods are comparable and allow
assessment of quantitative EMPA and SIMS measurements
(e.g., Benzaazoua et al., 2007).

3. RESULTS
3.1. Chemical composition of pyrite

At the uppermost levels of the deposit (i.e., samples PY-
190, PY-270, and PY-380), pyrite is associated with coarse-
grained carbonates that fill fractures between pyrite aggre-
gates, and/or a mixture of carbonates and sericite that
formed after primary plagioclase. The amount of sericite in-
creases with depth. On the other hand, the original miner-
alogy of the host rock (i.e., quartz, pyroxene and olivine)
was identified in samples PY-550 and PY-800. EMP analy-
ses of pyrite from the Dexing deposit are summarized in
Appendix 1A-E, and individual spot analyses using SIMS
are shown in Appendix 2.

Among all the analyzed elements, As and Cu are the
most abundant in pyrite, with concentrations that are highly
variable ranging from ~0.1 ppm to 2.6 wt.% (26,000 ppm),
and from ~0.1 ppm to 5.9 wt.% (59,000 ppm), respectively
(Appendices 1A-D and 2). The highest concentrations of
these elements are found in the uppermost samples, i.e.,
samples PY-190, 270 and 380 (100-1000 ppm As and Cu,

see Appendix 1A-C), whereas deeper samples contain less
than 100 ppm As and Cu (see SIMS data, samples PY-550
and 800, Appendix 2). As shown in Fig. 2A, Cu contents
do not correspond with As, as high amounts of Cu (e.g.,
1000 ppm) are commonly related to low concentrations of
As (e.g., 1 ppm), and vice versa. Arsenic shows a distinctive
negative correlation with S (+* = 0.83, Fig. 2B), while the
plot of Cu vs. Fe displays a nearly vertical distribution, with
no clear correlation between these two elements (r2 =0.12,
Fig. 2C).

Aside from As and Cu, significant Au contents were de-
tected in all pyrite samples (Fig. 2D, Appendices 1A-D and
2). Gold in pyrite is detectable by EMPA, and has concen-
trations as high as ~800 ppm, with one single-spot analysis
reaching 2500 ppm (sample PY-550, Appendix 1D). No evi-
dent relation was observed between high concentrations of
Au (as measured by EMPA) and sample depth, although in
the lower ranges of Au concentrations (<10 ppm, SIMS),
the highest values are observed in the uppermost samples
(e.g., PY-190, up to 10 ppm of Au), whereas deeper samples
always contain ppb-levels of Au (see Appendix 2). There is
a broad correspondence of Au with Cu and As, as shown in
Fig. 2D and E, respectively. In addition, all samples contain
hundreds of ppm levels of Hg and Ni (Appendix 1A-D).
Mercury reaches a maximum content of ~1200 ppm, which
is most likely related to micro-inclusions of HgS or other
Hg-bearing sulfides (PY-270, Appendix 1B), and its concen-
trations do not vary significantly with depth nor correlate
with Au, which rule out Au-Hg amalgam. Relatively high
amounts of Ni were found in the upper portion of the de-
posit (up to 2000 ppm; sample PY-190), whilst the rest of
the samples cluster around 100-200 ppm with no visible
correlation (+* = 0.001, Fig. 3F, Appendix 1D). The con-
centrations of Co, Ag, Sb, Zn, Se, and Te are low in the
analyzed pyrites and range from high ppb-levels to a few
hundreds of ppm (Appendices 1A-D and 2). Among these
elements, Co is the most abundant and varies from sub-
ppm concentrations to ~500 ppm, whereas Ag was barely
detected using EMPA (SIMS concentrations varying be-
tween ~1 and 50 ppm, Appendix 2). Antimony, Zn, Se
and Te occur in low abundance, with maximum concentra-
tions of a few hundred ppm as detected by EMPA, but
commonly between 1 and 50 ppm (Appendix 2). None of
these elements shows a significant correspondence with
depth.

3.2. Textural and chemical features of pyrite

Back-scattered electron (BSE) imaging of the Dexing
samples shows that pyrite is characterized by complex tex-
tural features that are closely related to chemical composi-
tion. Three main generations of pyrite are observed in the
samples: (i) anhedral, trace element-poor (except Ni) pyrite
cores (“Pyrite-1”, Fig. 3G-I); (ii) coarse grained pyrite with
As and Cu zoning (“Pyrite-II", Fig. 3A-F); and (iii) fine-
grained pyrite (“Pyrite-II1", Fig. 3D and E).

Pyrite-1II is the most abundant variety, and has complex
internal textures characterized by chemical zoning, abun-
dant inclusions and variable degrees of porosity. The dom-
inant micro-textures correspond to growth and sector zones
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Fig. 2. Elemental diagrams for pyrite: (A) Cu vs. As, circled analyses correspond to SIMS depth profiles (see Fig. 5A and B); (B) As vs. S; (C)
Cu vs. Fe; (D) Au vs. Cu; (E) Au vs. As, circled analyses correspond to SIMS depth profiles (Fig. 5C and D). The dashed curve represents
solubility limit of Au as a function of As concentrations, as determined by Reich et al. (2005). Data-points above the line contain Au’
(particulate), while samples below the line contain Au™! (solid solution); (F) Ni vs. Fe. Source/s of the data (SIMS, EMPA) is/are indicated.

that are <I1-500 pm thick, enriched with Cu or As (>1000
ppm) and other trace metals (e.g., Au), which alternate with
pyrite zones depleted in these elements (Fig. 3A-F). Wave-
length-dispersive spectrometry (WDS) X-ray maps show
that these finely spaced multiple growth zones are enriched
in either Cu or As, revealing a strong inverse spatial corre-
spondence between these two elements in pyrite (Fig. 3B
and C). For example, the narrow growth zones are enriched
with Cu (max. 1600 ppm), Ni (max. 2000 ppm), and Hg
(max. 800 ppm), but depleted in As and Au (below detec-
tion limit), and vice versa (Fig. 3A-C). Pyrite-I is defined
by trace element-poor porous pyrite cores that are sur-
rounded by inclusions-rich growth zones with variable
porosity (Fig. 3G-I). Some of the growth zones in Pyrite-
I are porous, thicker (up to 500 um), and contain abundant
Cu, occurring between the core of a pyrite grain and its rims
(Fig. 3G-1), with numerous inclusions of chalcopyrite asso-
ciated with porosity. In addition, elongated bleb-like,
10 pm x 50 um chalcopyrite inclusions are recognized,
which form ordered textures that outline the euhedral shape
of pyrite crystals (Fig. 3D-F).

Pyrite-III occurs as aggregates of fine-grained, <I-
100 pm pyrite crystals that grow on the surface of Pyrite-
IT grains, and in the interstices between them (Fig. 3D

and E). The concentrations of trace elements (i.e., Cu, As,
Au, Hg, Ni, etc.) are variable in Pyrite-III, with a few anal-
yses showing Au concentrations of <700 ppm, which most
likely reflect contamination from “invisible” inclusions of
native Au.

4. DISCUSSION

4.1. Speciation and solubility of trace metals: solid solution
vs. mineral inclusions

Pyrite is ubiquitous in most hydrothermal systems, and
its precipitation can effectively control the partitioning of
a wide array of trace elements of economic and environ-
mental importance, such as Au, Ag, As and heavy metals
(Deditius et al., 2008; Large et al., 2009). Recent studies
have documented that they can occur as structurally bound
elements (i.e., in solid solution), and/or as micro- to nano-
sized mineral inclusions (Cline, 2001; Palenik et al., 2004;
Reich et al., 2005; Barker et al., 2009; Deditius et al.,
2009a, 2011). Therefore, a precise determination of the
trace metal speciation in pyrite, either by analytical
observations (EMPA, SIMS, TEM, LA-ICP-MS, Cook
et al.,, 2009a, 2011; Deditius et al., 2011; Reich et al.,
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Low

Fig. 3. Representative BSE images and WDS X-ray elemental maps of pyrite from the Dexing deposit, China. (A-C) Sample PY-270. Coarse-
grained, trace-element-rich zoned pyrite (“Pyrite-II"), showing oscillatory zoning; zones “bright” in BSE are enriched with Cu and/or As.
From core to rim, WDS maps of CuKo and AsLa display multiple Cu-rich growth zones that alternate with As-rich zones and zones of
“barren” pyrite. Horizontal segmented lines show that Cu is decoupled from As, as Cu-rich zones associate with As-depleted zones, and vice
versa (e.g., viii and vii, respectively); see text for detailed description. (D-F) Sample 190. Trace element-rich Pyrite-II followed by fine-grained
Pyrite-111. The elemental map of Cu displays alternate growth and sector zoning of Cu-rich and “barren” pyrite. Copper was sequestered into
the pyrite core as solid solution + few inclusions; subsequently, two generations of chalcopyrite were deposited (E). Note only few inclusions
of As-rich sulfides in the center of the pyrite grain (F). (G-I) Sample 270. Core of Pyrite-I (dark patches represent qtz and feldspars) rimmed
by a thick, porous Cu-growth zone. Note that Cu concentration in solid solution (light blue) increases progressively from the core to the
growth zone that hosts numerous inclusions of chalcopyrite. A new layer of Cu incorporated into solid solution is formed after the
chalcopyrite-bearing zones, with outward decreasing concentrations outwards. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

2010) or spectroscopic determinations (e.g., synchrotron
XANES-EXAFS; Simon et al., 1999; Savage et al., 2000)
has been proved to be critical for understanding the pro-
cesses responsible for metal partitioning during ore forma-
tion, and also to better assess the release of metals during
weathering.

At the Dexing porphyry Cu deposit, As, Cu and Au are
the most abundant metals in pyrite. The studied pyrite can
be classified as “arsenian” in terms of As contents (i.e., up
to wt.% levels), indicating that the concentration of this

element can be significant in porphyry Cu systems. The
scarcity of As-bearing inclusions or nanoparticles, coupled
to a well-defined inverse correlation between As and S
(Fig. 2B), strongly suggests that As in the studied pyrites
is substituting for S in the pyrite structure as anionic
As'™ as previously reported for reducing environments,
and unlike in more oxidized, shallower systems where As
can occur as As>" in pyrite (e.g., epithermal Au deposits)
(Simon et al., 1999; Cline, 2001; Emsbo et al., 2003; Reich
et al., 2005; Deditius et al., 2008, 2009a, 2011; Morey et al.,



48 M. Reich et al./ Geochimica et Cosmochimica Acta 104 (2013) 42-62

2008). Therefore, most of the As in pyrite at Dexing is dis-
tributed in the same oxidation state (1—), and no variations
in As-speciation in pyrite are observed with depth.

Unlike As, very few studies have documented high Cu
concentrations in pyrite, also known as “cuprian pyrite”.
Although it is commonly accepted that most Cu occurs in
pyrite as inclusions of Cu-sulfides (e.g., chalcopyrite), stud-
ies have reported that Cu can be accommodated within the
pyrite structure in significant amounts, in some cases reach-
ing wt.% levels (Frenzel and Ottemann, 1967; Einaudi,
1968; Clark, 1970; Radcliffe and McSween, 1970; Pacevski
et al., 2008). In hypogene Cu deposits, copper is usually
supersaturated with respect to Cu-bearing sulfides forming
chalcopyrite (CuFeS,), bornite (CusFeS,) and chalcocite
(Cu,S). The high contents of Cu reported in pyrites from
the Dexing deposit, which can reach up to ~6 wt.%, indi-
cate that pyrite may act as an important Cu scavenger in
porphyry Cu deposits, and therefore may play an unfore-
seen control on this element during ore system evolution.

At the Dexing deposit, detailed EMPA observations,
WDS X-ray mapping and SIMS depth profiles reveal that
Cu in pyrite occurs in two dominant mineralogical forms:
(1) as structurally bound Cu, and (ii) as micro- to nano-sized
inclusions of chalcopyrite. Both forms of Cu can be ob-
served in Fig. 3B-E and H and in Fig. 4. In Fig. 4, a
~50 pm growth zone is displayed at different magnifications
on BSE images, along with WDS X-ray maps of Cu, Ni, Fe
and S. Structurally bound Cu is distributed homogeneously
forming the light blue-colored bands that define the edge of
the growth zone, contrasting with the dark-blue, low-Cu
background of the pyrite grain (Fig. 4B, CuKa WDS
map). The high-Cu, solid solution light-blue band is related
to the yellow-orange band in Fig. 4D and E (FeKa and
SKao WDS maps), which is characterized by lower Fe and

Cug,,

S than the average pyrite matrix (dark orange high-Fe pyr-
ite background). Although the elemental correlation be-
tween Cu and Fe in Fig. 2C is not fully conclusive to
support a direct Cu®t < Fe*™ substitutional mechanism
in the FeS,-CuS, join (Shimazaki and Clark, 1970; Sch-
mid-Beurmann and Bente, 1995), it is likely that most of
the structurally bound Cu replaces Fe in octahedral sites.
This may be due to considerable distortion of the pyrite
symmetry by the presence of the other elements like As,
Sb or Co (Radcliffe and McSween, 1969; Bayliss, 1989).
On the other hand, micro- to nano-sized Cu-bearing inclu-
sions occur as scattered yellow-to-red-colored discrete par-
ticles and blebs along the growth zones (Fig. 4D). The size
of the particles varies from ~25 pm to <1 um, and they oc-
cur as individual inclusions and/or as aggregates of abun-
dant micrometer to submicrometer-sized particles. Single,
Cu-rich particles and aggregates correlate with lower-
than-background (Fe, S)-depleted spots, indicating that
most of the Cu is contained in the form of chalcopyrite
or other Cu sulfides and sulfosalts. The occurrence of the
two mineralogical forms of Cu in pyrite at Dexing is con-
firmed by SIMS depth profiles, where each successively dee-
per layer of the material is analyzed as a function of time. In
Fig. 5A and B, depth—concentration profiles (time vs. inten-
sity in counts per second) are presented for the pyrite ma-
trix isotopes (*°Fe, **S), and copper (®*Cu). When Cu is
present in solid solution (structurally bound), the depth—
concentration profile of ®*Cu is flat (Fig. 5, 1400 ppm Cu,
see Fig. 2A), whereas at higher concentrations the spiky
®Cu profile confirms the presence of individual particles
or clusters of particles of ~500nm in size (Fig. 5,
4300 ppm Cu, see Fig. 2A).

The previous textural and chemical observations indicate
that the analyzed pyrites can only host a limited amount of

Structurally bound Cu
in pyrite

Cu-rich
micro-to-nano particles

Fig. 4. Back-scattered electron (BSE) images (A and B) and detailed wavelength-dispersive spectrometry (WDS) X-ray elemental maps of a
Cu-rich growth zone (C-F). Elemental mapping shows that Cu occurs in two mineralogical forms, as structurally bound Cu (light blue
fringes) and as individual sub-micrometer particles of chalcopyrite that aggregate to form larger, micrometer-scale irregular and elongate
particles (maps C-E). Note that Ni-rich growth zone and Ni in solid solution pre-date enrichment of pyrite in Cu. Arsenic concentrations are
below the EMPA detection limit in the mapped area. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 5. SIMS depth (um) vs. concentration (counts per second) profiles of selected pyrite grains from Dexing deposit. The flat *Cu profile in
(A) indicates incorporation of Cu in solid solution, while the spiky profile in (B) shows the presence of Cu-rich, micro- and nano-inclusions or
aggregates of smaller particles. '*’Au spiky profiles document micrometer-sized inclusions of native Au (or Au telluride). The analyzed spots

are also shown in Fig. 2A and E.

Cu in solid solution, e.g., roughly 1000-2000 ppm as seen in
Figs. 2A, 4C and 5A. WDS mapping of Cu-growth zones
(Fig. 4C) suggests that when this solubility limit is surpassed
during pyrite growth from a hydrothermal fluid, Cu-bearing
sulfide (chalcopyrite) nanoparticles nucleate in the Cu-satu-
rated fluid at or close to the pyrite—fluid interface. They form
single nanoparticles and/or clusters of nanoparticles that
aggregate to form larger, micrometer-sized Cu-bearing
inclusions (Fig. 4C). Therefore, the highest concentration
of Cu (e.g., >10,000 ppm) measured by EMPA and SIMS
is probably related to the presence of sub-micrometer parti-
cles and nanoparticle aggregates of chalcopyrite or other
Cu-bearing sulfide mineral. These observations are consis-
tent with hydrothermal synthesis studies indicating that
the solid solution of CuS, in FeS, is thermodynamically
unstable in nature unless temperature and pressure exceed
the conditions typical of hydrothermal alteration and pyrite
formation in porphyry systems (i.e., solubility of Cu in FeS,

increases from ~0.6 mol% Cu at 700 °C to 4.5 mol% Cu at
900 °C, at 45 kbar; Shimazaki and Clark, 1970; Schmid-
Beurmann and Bente, 1995). Although the incorporation
of Cu into solid solution at the levels >1000 ppm is not fa-
vored in pyrite from the Dexing deposit, a recent study by
Pacevski et al. (2008) reports high concentrations of solid
solution Cu in pyrite samples from the Coka Marin volcano-
genic massive sulfide deposit in Serbia. These authors ob-
served a relation between increasing Cu contents and
decreasing wave numbers of Raman band positions, and
an increase in the lattice parameter of pyrite as determined
by X-ray diffraction. These structural variations are inter-
preted as the result of incorporation of up to 8 wt.% of Cu
in solid solution, although colloform pyrite with abundant
chalcopyrite inclusions was observed in the studied samples.

Apart from Cu and As, Au concentrations in the studied
pyrite samples are relatively high (ppb to 100 ppm levels),
and display a similar relationship with arsenic to the one re-
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ported for (Au, As)-bearing pyrite from Carlin-type, epi-
thermal, and mesothermal Au deposits (Cook and Chrys-
soulis, 1990; Arehart et al., 1993; Reich et al., 2005;
Deditius et al., 2009b; Large et al. 2009). As shown in
Fig. 2E, most of the Au-As analyses form a wedge-shaped
zone in log-log space, with a few data points that plot
above the segmented/dashed-line, defined by Reich et al.
(2005) as the empirical solubility limit of Au as a function
of As in pyrite. According to Reich et al. (2005), Au-As
points that plot below the solubility line contain Au in solid
solution as Au'", whereas samples that plot above the sol-
ubility line, Au is present as micro- to nano-sized inclu-
sions. Fig. 2E shows that Au-As analyses from Dexing
plot above and below the solubility line, suggesting that
Au occurs in two mineralogical forms, i.e., as structurally
bound ions (Au!") and as free particles of native Au®
and/or Au-tellurides. This is confirmed by the spiky SIMS
depth—concentration profiles that show individual particles
or aggregates of nanoparticulate Au® (or calaverite AuTe,)
of sizes <1 pm (Fig. 5C and D). The results presented here
indicate that most of the Au in pyrite from the Dexing de-
posit is contained in solid solution at concentrations
<10 ppm. Higher concentrations (e.g., 100-1000 ppm Au)
reported are exclusively related to micro- to nano-sized par-
ticles of Au (see Fig. 2E and Appendices 1 and 2). It is
important to note that Au concentrations in pyrite at Dex-
ing are higher than those reported by Kesler et al. (2002) for
Cu—(Fe)-minerals from the Batu Hijau and Skouries por-
phyry Cu deposits, which show sub-ppm average Au con-
tents. Such comparison clearly shows the importance of
pyrite as a gold scavenger in high-temperature porphyry
settings.

Sample PY-190 is characterized by relatively high con-
centrations of Ni, which form a cluster of data between
~1000 and 2000 ppm Ni (Fig. 2F). Despite the lack of cor-
relation between Ni and Fe (Fig. 2F), it is likely that Ni oc-
curs in solid solution in pyrite, with Ni substituting for Fe
in the octahedral sites, as no Ni inclusions were observed
and WDS X-ray mapping shows continuous, homogeneous
Ni-rich zones (Fig. 4F). Nickel contents in pyrite are within
the ranges reported for hydrothermal ore deposits, i.e., be-
tween 100 and ~3000 ppm (Campbell and Ethier, 1984;
Kaneda et al., 1986; Raymond, 1996; Hanley et al., 2010).
All other trace elements reported in this study (e.g., Hg,
Sb, Co, Se, Te, Ag) occur in low amounts (up to a few hun-
dred ppm) and are most likely hosted within the pyrite
structure, with the exception of high concentrations of Hg
(<1200 ppm), that probably reflect contamination from
HgS inclusions.

4.2. Geologic implications: Cu and As decoupling in porphyry
systems

The geochemistry of Cu, As and Au in the magmatic-
hydrothermal environment is largely controlled by the
physico-chemical properties of the fluids, and in porphyry
Cu systems in particular, fluid-phase separation controls
ore-metal partitioning and precipitation of sulfides/ore min-
erals (Heinrich, 2007, and references therein). However, for
most porphyry Cu deposits, it is difficult to determine how

the compositions of hydrothermal fluids change with time
and how those changes affect the distribution of ore miner-
als (Rusk et al., 2008). At the Bajo de la Alumbrera por-
phyry Cu—Au deposit in Argentina, Ulrich and Heinrich
(2002) combined microthermometry with LA-ICP-MS
analyses of single fluid inclusions to determine the evolution
of ore metal concentrations with temperature and pressure.
Cooling and decompression of high-salinity fluids (50—
60 wt.% NaClequiv., 750 °C, P >1kbar, 0.33 wt.% of Cu
and 0.55 ppm of Au) down to ~450 °C caused alteration/
decomposition of K-silicate and magnetite, but no supersat-
uration and precipitation of Au or Cu-sulfides were ob-
served. However, between ~400 and 300 °C, ~85% of the
Cu and Au from the fluid was precipitated as chalcopyrite
and native Au during potassic alteration, followed by feld-
spar-destructive, quartz—sericite alteration with decreasing
fluid salinities and temperatures below 300 °C (Ulrich and
Heinrich, 2002). Besides the large amount of data obtained
from in situ LA-ICP-MS analysis of fluid inclusion assem-
blages in quartz from porphyry systems (Heinrich et al.,
2005; Audétat et al., 2008), recent LA-ICP-MS studies in
fluid inclusions hosted in sulfide ore minerals (e.g.,
Kouzmanov et al., 2010) have reported significant varia-
tions in metal concentrations related to successive pulses
of chemically distinct hydrothermal fluids. Within this con-
text, elemental mapping and microanalysis of pyrite may
provide complementary information about the variation
in chemical composition of hydrothermal fluids during con-
tinuous sulfide growth.

Fig. 3A-C displays an example of complex (Cu, As)-
growth zoning in Pyrite-II from sample PY-270 from Dex-
ing, consisting of tens of Cu and/or As-rich growth zones.
The textural relationships indicate that, at the beginning
of mineral growth, a low Cu, As-depleted pyrite core was
formed (stage-(i)), followed by stage-(ii) that is marked by
Cu and As enrichment (Fig. 3B and C). Subsequently,
stage-(iii), a Cu-rich growth zone containing inclusions of
chalcopyrite, was deposited on the pyrite surface, without
detectable amounts of As. Arsenic was incorporated into
pyrite during the next episode, stage-(iv). Stage-(v) is repre-
sented by a sharp and thick (~1 pm) Cu-rich, As-depleted
gowth zone. Then, stage-(vi) pyrite growth was dominated
by fluids enriched in both Cu and As, and formed a ~1 mm
thick package of growth zones. At stage-(vii), the richest As
zone was deposited, whereas Cu was depleted (<300 ppm).
Finally, stage-(viii) formed two growth zones rich in Cu,
preceded and followed by barren pyrite with As content be-
low EPMA detection limits.

The observed textures at the Dexing deposit represent
the first example of Cu—As oscillatory zoning in a porphyry
Cu system, although similar features have been reported in
pyrites from the Yanacocha and Pueblo Viejo epithermal
Au and Ag-Au high-sulfidation ore deposits, respectively
(Deditius et al., 2009b). Those authors reported the occur-
rence of As-bearing growth zones enriched with Au, Ag,
Te, Sb, Te and Pb that alternated with Cu-rich zones with
significantly lower concentrations of these trace elements,
and “barren” pyrite growth zones. Such texture was inter-
preted to represent changes in the composition of the mag-
matic hydrothermal fluid rather than differences between



Appendix 1A
Representative EMPA analyses (wt.%) of pyrite. b.d., below detection. Detection limits (wt.%) are shown below each element.

Sample PY-190  Cu (0.01)  Fe (0.30) S(0.20) As(0.01) Co (0.008) Ni(0.01) Zn(0.013) Hg(0.04) Se(0.009) Te(0.009) Ag (0.006) Au(0.04) Total

041 b.d. 45.65 53.68 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 0.01 b.d. 99.38
042 b.d. 46.38 53.21 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.05 99.68
044 b.d. 45.71 53.35 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.17
045 b.d. 45.84 53.11 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.00
047 b.d. 46.04 52.70 b.d. 0.01 0.03 b.d. 0.05 b.d. 0.01 b.d. b.d. 98.85
048 b.d. 46.27 52.93 b.d. b.d. b.d. b.d. 0.05 b.d. 0.01 b.d. b.d. 99.28
049 b.d. 46.08 53.04 b.d. 0.01 0.02 b.d. b.d. b.d. b.d. b.d. b.d. 99.23
050 5.89 40.72 50.34 1.61 b.d. b.d. 0.02 0.06 b.d. b.d. b.d. b.d. 98.70
051 b.d. 46.19 52.70 b.d. 0.02 0.02 b.d. b.d. b.d. b.d. b.d. b.d. 98.95
052 b.d. 46.43 52.84 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.31
053 b.d. 46.50 53.03 b.d. 0.01 0.02 b.d. 0.06 b.d. b.d. b.d. b.d. 99.65
054 b.d. 46.25 52.84 b.d. 0.02 b.d. b.d. 0.04 b.d. b.d. b.d. b.d. 99.17
055 b.d. 46.14 53.21 b.d. b.d. b.d. b.d. b.d. 0.02 b.d. b.d. b.d. 99.40
056 b.d. 46.29 53.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 99.40
057 b.d. 46.41 52.69 b.d. 0.02 b.d. b.d. 0.09 b.d. 0.01 b.d. b.d. 99.23
058 b.d. 46.40 52.65 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.11
059 b.d. 46.22 52.41 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 98.67
060 b.d. 45.82 52.80 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 98.66
061 0.04 46.10 53.23 b.d. 0.02 b.d. b.d. 0.05 b.d. b.d. b.d. b.d. 99.47
062 0.08 45.88 53.03 b.d. 0.03 0.02 b.d. b.d. b.d. 0.04 b.d. b.d. 99.12
063 b.d. 45.93 53.04 b.d. 0.009 b.d. b.d. b.d. b.d. b.d. b.d. 0.06 99.05
064 0.04 46.18 53.19 b.d. 0.02 0.01 0.01 0.04 b.d. 0.02 b.d. b.d. 99.52
066 b.d. 46.27 52.98 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.28
069 b.d. 45.68 52.95 b.d. 0.02 b.d. b.d. 0.04 b.d. 0.02 b.d. b.d. 98.72
070 b.d. 45.49 54.02 b.d. 0.02 b.d. b.d. b.d. b.d. 0.02 b.d. 0.05 99.65
071 b.d. 45.99 53.19 b.d. 0.05 0.17 b.d. 0.05 b.d. b.d. b.d. b.d. 99.45
072 0.64 45.87 52.67 b.d. b.d. 0.12 b.d. b.d. b.d. b.d. b.d. b.d. 99.33
073 b.d. 46.30 53.22 b.d. 0.02 0.09 b.d. b.d. b.d. b.d. b.d. b.d. 99.64
074 b.d. 46.69 53.17 b.d. 0.01 0.15 0.01 b.d. b.d. 0.01 b.d. b.d. 100.11
075 b.d. 46.55 53.11 b.d. 0.02 0.14 b.d. b.d. 0.01 b.d. b.d. b.d. 99.87
076 b.d. 46.04 53.25 b.d. b.d. 0.11 0.02 b.d. b.d. b.d. b.d. b.d. 99.47
077 b.d. 45.85 53.13 b.d. 0.01 0.10 b.d. b.d. b.d. b.d. b.d. 0.06 99.16
078 b.d. 46.63 53.17 b.d. 0.03 0.15 b.d. b.d. b.d. b.d. b.d. 0.05 100.07
079 b.d. 46.29 52.99 b.d. 0.02 0.15 0.02 b.d. b.d. b.d. b.d. b.d. 99.49
080 0.16 45.96 52.71 b.d. 0.01 0.14 b.d. 0.08 b.d. b.d. b.d. b.d. 99.08
081 b.d. 46.13 53.17 b.d. 0.02 0.16 b.d. 0.07 b.d. b.d. b.d. 0.07 99.62
083 b.d. 46.57 53.54 b.d. b.d. 0.20 b.d. 0.08 b.d. b.d. 0.006 b.d. 100.40
083a b.d. 46.32 53.08 b.d. 0.02 0.12 0.02 0.10 b.d. b.d. b.d. b.d. 99.68
084 b.d. 45.68 52.97 b.d. 0.009 0.07 b.d. 0.05 b.d. 0.02 b.d. b.d. 98.82
086 b.d. 46.44 53.36 b.d. 0.009 0.01 0.02 b.d. b.d. b.d. b.d. b.d. 99.87
087 b.d. 46.17 53.21 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.45
088 b.d. 45.83 53.43 b.d. b.d. 0.02 b.d. 0.05 b.d. b.d. b.d. b.d. 99.34
089 b.d. 46.55 53.41 b.d. 0.009 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 100.02

(continued on next page)
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Appendix 1A (continued)

Sample PY-190
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0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 98.96

b.d.

46.09 52.80

b.d.

substitutional mechanisms of As and Cu from a fluid of
constant composition. The evidence presented in this study
indicates that the decoupled geochemical behavior of Cu
and As is not exclusively restricted to the epithermal, shal-
lower portions of hydrothermal ore systems but also can be
recognized at deeper, porphyry levels. At the Dexing por-
phyry Cu deposit, the finely spaced multiple growth zones
are representative of changes in trace-element fluid compo-
sition during the continuing deposition of pyrite, which is
ubiquitous during potassic and phyllic (quartz-sericite)
alteration. It is most likely that these abrupt changes in
metalloid, base and precious metal concentrations during
ore formation and wall-rock alteration, which are crypti-
cally recorded in pyrite, represent changes in fluid composi-
tion resulting from mixing between magmatic vapors and
hydrothermal fluids. Analytical and experimental data by
several researchers (Candela and Holland, 1984; Heinrich
et al., 1999, 2004; Kesler et al., 2002; Pokrovski et al.,
2002, 2005; William-Jones and Heinrich, 2005; Klemm
et al.,, 2007; Simon et al., 2007, 2008; Deditius et al.,
2009b) show that vapors of magmatic and hydrothermal
origin that differ in composition/s are common in porphyry
systems, and that despite the fact that Cu and As are parti-
tioned into the vapor phase, they respond differently to
temperature, pressure and ligand (CI, S) concentrations.
Therefore, the geochemical decoupling of Cu and As at
Dexing could be explained as the result of mixing between
pyrite-forming fluids and high-temperature (~600-700 °C)
As (and other trace elements)-rich vapors that invade the
main hydrothermal systems repeatedly and intermittently
with lower-temperature (~300 °C), Cu-rich vapors. Super-
saturation with respect to Cu (chalcopyrite) and native
Au (or Au tellurides) in the hydrothermal fluid close and/
or at the pyrite—fluid interface during these episodic vapor
incursions would result in the precipitation/deposition of
metallic nanoparticles and micrometer-scale aggregates on
the pyrite surface.

Previous studies have proposed that Au might be
scavenged from porphyry Cu systems by high-temperature
vapor phases (600-700 °C) (Kesler et al. 2002). SIMS analyses
of ore and gangue minerals (bornite, chalcopyrite, chalcocite,
covellite and pyrite) at the Kingking, Skouries and Batu Hijau
porphyry Cu deposits revealed that bornite is the most impor-
tant host of Au, containing ~1 ppm Au, whereas chalcopyrite
contains at least an order of magnitude less, in the same range
of average concentrations than pyrite as reported in that study
(e.g., average of 0.19 ppm at Batu Hijau, and 0.5 ppm at
Skouries). Based on SIMS data and phase equilibria studies
in the Cu-Fe-S-Au systems, those authors suggested that a
100 °C temperature drop (e.g., between 800 and 700 °C)
would decrease Au solubility in bornite and chalcopyrite from
800 to 200 ppm, releasing almost 75% of Au from the Cu-Fe
sulfides. Such process may be supported by field evidence that
shows a close spatial connection between the Dexing porphyry
Cu deposits and the several Au ore bodies and veins that are
located in the Dexing district west of the studied deposit
(Fig. 1B), further indicating that Au precipitation in the epi-
thermal environment was the result of an effective scavenging
and redistribution process whereby Au was lost from an
underlying porphyry Cu system.



Appendix 1B

Representative EMPA analyses (wt.%) of pyrite. b.d., below detection. Detection limits (wt,%) are shown below each element.

Sample PY-270  Cu (0.01)  Fe (0.30) S (0.20) As (0.01)  Co (0.008) Ni(0.01) Zn(0.013) Hg(0.04) Se(0.009) Te (0.009) Ag (0.006) Au(0.04) Total

p36 b.d. 46.79 54.17 b.d. b.d. b.d. b.d. 0.12 b.d. b.d. b.d. b.d. 101.10
p37 b.d. 46.44 53.55 0.19 0.01 b.d. b.d. 0.04 b.d. 0.01 b.d. b.d. 100.27
p38 b.d. 46.78 54.02 0.03 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.86
p39 0.42 46.03 53.65 0.03 b.d. 0.01 0.02 0.06 b.d. b.d. b.d. b.d. 100.27
p40 0.12 46.38 53.43 0.20 0.008 b.d. b.d. 0.06 b.d. b.d. 0.006 0.06 100.27
p4l 0.16 46.10 53.82 0.07 0.008 b.d. b.d. b.d. b.d. b.d. 0.01 b.d. 100.18
p42 0.01 46.22 53.74 0.200 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 0.04 100.24
p43 0.02 46.12 53.81 0.11 0.02 b.d. b.d. 0.07 b.d. 0.01 b.d. b.d. 100.18
p44 b.d. 4591 54.11 0.07 0.01 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. 100.18
p4s b.d. 46.00 54.19 b.d. b.d. b.d. b.d. 0.06 b.d. b.d. b.d. b.d. 100.30
p46 b.d. 45.57 53.13 1.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.72
p47 b.d. 46.44 52.93 0.91 b.d. 0.02 0.02 0.07 b.d. b.d. b.d. b.d. 100.38
p48 b.d. 45.52 52.48 1.08 0.01 0.02 b.d. b.d. b.d. b.d. b.d. b.d. 99.15
p49 b.d. 4525 53.12 0.90 0.01 0.02 b.d. b.d. b.d. b.d. b.d. 0.06 99.38
p30 b.d. 46.48 53.22 1.00 b.d. 0.02 0.01 0.05 0.01 b.d. b.d. b.d. 100.82
psl b.d. 46.47 53.58 b.d. 0.01 0.02 b.d. 0.05 b.d. b.d. b.d. b.d. 100.15
ps2 0.31 4521 53.85 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.40
ps3 0.38 45.59 53.73 b.d. 0.01 0.01 0.01 0.05 b.d. b.d. b.d. 0.04 99.83
p54 b.d. 46.80 53.81 b.d. b.d. 0.02 b.d. b.d. 0.01 0.01 b.d. b.d. 100.69
P35 b.d. 46.69 53.74 b.d. 0.008 0.02 b.d. 0.07 b.d. b.d. b.d. b.d. 100.58
ps6 0.11 46.27 53.89 b.d. b.d. b.d. b.d. 0.06 b.d. 0.01 b.d. b.d. 100.39
ps7 0.16 46.35 53.89 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 0.04 100.46
p38 0.28 46.52 53.72 0.13 0.01 b.d. b.d. 0.05 b.d. b.d. b.d. b.d. 100.75
P39 0.13 46.25 53.85 0.10 0.02 b.d. b.d. 0.05 b.d. 0.01 b.d. b.d. 100.44
p60 0.10 46.69 53.83 0.02 b.d. 0.02 b.d. b.d. b.d. 0.01 b.d. b.d. 100.71
p61 0.04 46.95 52.98 b.d. 0.01 0.02 0.02 b.d. b.d. b.d. b.d. b.d. 100.05
p62 b.d. 46.57 53.76 b.d. 0.01 0.02 b.d. b.d. 0.01 0.02 b.d. b.d. 100.46
63 0.03 46.46 53.63 b.d. b.d. 0.02 b.d. 0.04 b.d. b.d. b.d. b.d. 100.22
p64 b.d. 47.55 53.79 b.d. b.d. 0.04 b.d. b.d. b.d. b.d. b.d. 0.04 101.45
p65 b.d. 47.37 53.95 b.d. b.d. 0.01 0.01 b.d. b.d. b.d. b.d. b.d. 101.36
p66 b.d. 46.56 53.98 b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 100.59
p67 b.d. 46.90 54.05 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 101.00
p68 b.d. 46.86 54.41 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 101.30
P69 b.d. 46.81 54.02 b.d. 0.008 b.d. 0.02 0.08 b.d. 0.01 b.d. b.d. 100.96
p70 b.d. 46.49 54.33 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.87
p71 0.54 46.69 54.03 b.d. b.d. b.d. b.d. 0.05 b.d. b.d. b.d. b.d. 101.34
p72 b.d. 46.99 54.14 b.d. b.d. 0.03 0.02 b.d. 0.02 b.d. b.d. b.d. 101.21
P73 0.80 45.50 53.78 b.d. b.d. b.d. 0.02 b.d. b.d. 0.01 b.d. b.d. 100.11
p74 b.d. 46.84 53.96 b.d. b.d. 0.03 b.d. b.d. b.d. 0.01 b.d. 0.04 100.91
p75 b.d. 47.10 54.01 b.d. 0.02 0.02 b.d. 0.06 b.d. 0.01 b.d. b.d. 101.23
p76 0.09 46.19 53.84 b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 100.17
p77 b.d. 46.13 53.81 b.d. 0.03 b.d. 0.01 b.d. b.d. 0.01 b.d. b.d. 100.03
p78 b.d. 47.45 54.00 b.d. b.d. 0.01 b.d. b.d. b.d. 0.02 0.006 b.d. 101.50
p79 b.d. 46.76 54.05 b.d. 0.02 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 100.89
p80 0.01 46.34 5421 b.d. 0.02 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 100.63
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Appendix 1C
Representative EMPA analyses (wt.%) of pyrite. b.d., below detection. Detection limits (wt.%) are shown below each element.

Sample PY-380  Cu (0.01)  Fe (0.30)  S(0.20) As(0.01) Co (0.008) Ni(0.01) Zn(0.013) Hg(0.04) Se (0.009) Te (0.009) Ag(0.006) Au(0.04) Total

pl b.d. 46.31 53.13 0.59 b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 100.07
p2 b.d. 46.84 52.92 0.99 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.80
p3 b.d. 47.07 53.79 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.89
p4 b.d. 46.07 52.78 0.84 b.d. b.d. 0.02 b.d. b.d. 0.01 b.d. b.d. 99.76
ps b.d. 46.03 52.33 1.33 b.d. b.d. 0.02 b.d. b.d. 0.01 b.d. b.d. 99.76
p6 b.d. 46.84 53.31 b.d. b.d. b.d. 0.014 0.04 b.d. b.d. b.d. b.d. 100.22
p7 b.d. 46.42 52.41 1.31 b.d. b.d. 0.015 b.d. b.d. b.d. b.d. b.d. 100.19
p8 b.d. 46.52 53.39 b.d. 0.016 b.d. 0.02 b.d. b.d. 0.01 b.d. b.d. 99.97
po b.d. 47.35 53.48 b.d. 0.008 b.d. 0.020 b.d. b.d. 0.01 b.d. b.d. 100.90
pl0 b.d. 47.24 53.51 0.27 b.d. b.d. b.d. 0.05 b.d. 0.01 b.d. b.d. 101.09
pll b.d. 46.52 53.56 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.006 b.d. 100.12
pl2 b.d. 46.93 53.97 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.93
pl3 b.d. 47.49 53.98 b.d. b.d. b.d. b.d. b.d. 0.009 b.d. b.d. 0.04 101.57
pl4 b.d. 46.39 52.37 1.40 b.d. b.d. b.d. b.d. 0.015 b.d. b.d. 0.07 100.26
pl5 b.d. 46.73 53.56 b.d. b.d. b.d. b.d. 0.08 b.d. 0.01 b.d. b.d. 100.41
plé b.d. 46.8 52.63 1.20 0.009 b.d. b.d. 0.04 b.d. b.d. b.d. b.d. 100.71
pl7 b.d. 46.28 53.23 0.52 0.016 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.08
pl8 b.d. 46.03 52.95 0.86 b.d. b.d. 200 b.d. 0.010 b.d. b.d. b.d. 99.93
p19 b.d. 46.81 52.80 0.88 0.011 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.54
p20 b.d. 47.52 53.63 b.d. b.d. b.d. b.d. 0.04 b.d. 0.02 b.d. b.d. 101.21
p21 b.d. 47.16 53.63 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.83
p22 b.d. 46.24 51.78 2.24 b.d. b.d. b.d. 0.12 b.d. b.d. b.d. b.d. 100.41
p23 b.d. 45.78 51.50 2.45 0.009 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. 99.77
p24 0.04 46.19 51.74 2.02 0.009 b.d. b.d. b.d. 0.015 b.d. b.d. b.d. 100.03
p25 0.02 45.63 51.45 2.58 0.012 b.d. b.d. b.d. 0.016 b.d. b.d. 0.06 99.79
p26 3.32 43.73 53.15 b.d. b.d. b.d. 0.02 b.d. b.d. b.d. 0.008 b.d. 100.26
p27 b.d. 47.07 53.83 0.13 b.d. b.d. 0.02 0.04 b.d. b.d. b.d. b.d. 101.10
p28 b.d. 46.39 53.64 0.33 0.013 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. 100.44
p29 b.d. 46.4 53.72 b.d. b.d. b.d. 0.014 b.d. b.d. b.d. b.d. b.d. 100.17
p30 b.d. 46.97 53.77 b.d. 0.013 b.d. 0.02 0.05 b.d. b.d. b.d. b.d. 100.84
p31 0.04 46.04 51.67 2.51 b.d. b.d. 0.03 b.d. b.d. b.d. b.d. b.d. 100.30
p32 b.d. 45.97 51.80 2.56 b.d. b.d. b.d. b.d. 0.013 0.01 b.d. 0.06 100.43
p33 b.d. 46.26 51.57 2.38 0.012 b.d. b.d. b.d. 0.012 0.01 b.d. b.d. 100.28
p34 b.d. 47.43 53.59 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 101.04

p35 b.d. 47.15 53.82 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.05 101.04
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Appendix 1D
Representative EMPA analyses (wt.%) of pyrite. b.d., below detection. Detection limits (wt.%) are shown below each element.

Sample PY- Cu (0.01)  Fe (0.30) S (0.20) As (0.01)  Co (0.008) Ni(0.01) Zn(0.013) Hg(0.04) Se(0.009) Te (0.009) Ag(0.006) Au(0.04) Total
550

pl b.d. 46.26 53.77 b.d. 0.01 b.d. b.d. b.d. b.d. 0.02 0.01 b.d. 100.07
p2 b.d. 44.81 53.58 b.d. b.d. b.d. 0.02 b.d. b.d. 0.01 b.d. b.d. 98.48
p3 b.d. 45.69 53.60 b.d. b.d. 0.01 b.d. b.d. b.d. 0.02 b.d. b.d. 99.39
p4 b.d. 45.92 54.10 b.d. 0.01 0.02 b.d. 0.10 b.d. 0.01 b.d. b.d. 100.17
ps b.d. 4571 53.85 b.d. 0.01 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. 99.62
p6 b.d. 45.25 53.88 b.d. 0.01 b.d. 0.01 b.d. b.d. 0.01 b.d. 0.04 99.21
p7 b.d. 46.03 53.73 b.d. 0.01 b.d. b.d. b.d. b.d. 0.02 b.d. b.d. 99.83
8 b.d. 45.76 53.97 0.03 0.01 b.d. 0.01 0.07 b.d. b.d. b.d. b.d. 99.85
P9 b.d. 45.77 53.98 b.d. 0.01 b.d. 0.02 b.d. b.d. 0.01 b.d. b.d. 99.82
pl0 b.d. 45.63 53.62 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.28
pll b.d. 46.27 53.23 b.d. 0.01 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. 99.56
pl2 b.d. 45.61 53.83 b.d. b.d. 0.01 0.02 b.d. b.d. b.d. b.d. 0.04 99.54
pl3 b.d. 45.22 53.81 b.d. b.d. b.d. b.d. 0.04 b.d. b.d. b.d. b.d. 99.09
pl4 b.d. 45.83 53.72 0.01 b.d. b.d. 0.01 b.d. b.d. 0.01 b.d. b.d. 99.62
pls b.d. 46.14 53.77 0.01 0.01 0.01 0.02 b.d. b.d. 0.01 b.d. b.d. 100.02
pl6 b.d. 45.46 53.85 b.d. b.d. b.d. b.d. 0.06 b.d. 0.01 b.d. b.d. 99.42
pl7 b.d. 45.95 53.40 b.d. 0.02 0.01 b.d. 0.05 b.d. 0.02 b.d. b.d. 99.45
pl8 b.d. 45.72 53.87 b.d. 0.01 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. 99.65
p19 b.d. 4542 53.57 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.01
p20 b.d. 45.11 53.78 b.d. b.d. b.d. 0.01 b.d. b.d. 0.05 b.d. 0.25 99.25
021 b.d. 46.03 53.49 b.d. 0.01 b.d. 0.01 b.d. b.d. b.d. b.d. 0.04 99.63
022 b.d. 46.31 53.46 b.d. 0.01 b.d. b.d. 0.06 b.d. b.d. b.d. b.d. 99.87
023 b.d. 45.98 53.46 b.d. b.d. b.d. 0.02 b.d. b.d. b.d. b.d. b.d. 99.54
024 b.d. 46.19 53.54 b.d. b.d. 0.03 0.02 b.d. b.d. b.d. b.d. b.d. 99.81
025 b.d. 46.31 53.47 b.d. 0.01 b.d. b.d. 0.05 b.d. 0.01 b.d. b.d. 99.86
026 b.d. 46.19 53.03 b.d. 0.02 0.02 b.d. b.d. 0.01 b.d. b.d. b.d. 99.33
027 b.d. 46.16 53.81 b.d. b.d. 0.01 0.01 b.d. b.d. 0.02 b.d. b.d. 100.10
028 b.d. 46.34 53.30 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.72
029 b.d. 46.75 52.69 b.d. 0.01 b.d. b.d. 0.06 b.d. 0.01 b.d. b.d. 99.53
030 b.d. 46.46 53.39 b.d. 0.02 0.01 b.d. 0.08 b.d. b.d. b.d. b.d. 99.97
031 b.d. 46.92 53.58 0.04 0.01 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 100.63
032 b.d. 46.61 53.44 b.d. b.d. 0.02 b.d. 0.10 0.01 0.01 b.d. b.d. 100.22
033 b.d. 46.44 5321 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.68
034 b.d. 45.87 53.07 b.d. b.d. b.d. 0.01 b.d. b.d. 0.01 b.d. b.d. 99.01
035 b.d. 46.73 53.11 b.d. 0.01 b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 99.91
036 b.d. 46.86 53.52 b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d. 0.08 100.51
037 b.d. 46.73 53.38 b.d. b.d. b.d. 0.01 b.d. b.d. 0.01 b.d. b.d. 100.15
038 b.d. 46.22 53.67 b.d. 0.01 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 99.94
039 b.d. 45.97 53.06 b.d. 0.02 0.02 b.d. 0.11 b.d. b.d. b.d. b.d. 99.19
040 b.d. 46.08 53.63 b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 99.77
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Appendix 1E

Representative EMPA analyses (wt.%) of pyrite. b.d., below detection. Detection limits (wt.%) are shown below each element.

Sample PY-800  Cu (0.01)  Fe (0.30) S (0.20) As(0.01) Co(0.008) Ni(0.01) Zn(0.013) Hg(0.04) Se(0.009) Te(0.009) Ag(0.006) Au(0.04) Total

p81 b.d. 46.82 54.35 b.d. b.d. 0.01 0.02 b.d. b.d. b.d. 0.01 b.d. 101.21
p82 b.d. 46.56 53.95 b.d. 0.01 0.01 b.d. 0.04 b.d. 0.01 b.d. b.d. 100.59
p83 b.d. 46.87 54.17 b.d. b.d. b.d. 0.01 b.d. b.d. 0.01 b.d. b.d. 101.12
p84 b.d. 46.5 54.22 0.01 b.d. 0.01 b.d. 0.06 b.d. 0.01 b.d. 0.05 100.89
P85 b.d. 46.94 53.84 b.d. b.d. b.d. 0.01 b.d. b.d. 0.01 b.d. 0.04 100.89
p86 b.d. 46.54 54.09 b.d. b.d. b.d. 0.01 0.05 b.d. b.d. b.d. b.d. 100.71
p87 b.d. 46.38 54.12 b.d. 0.02 0.02 0.01 0.04 b.d. b.d. b.d. b.d. 100.63
p8s8 b.d. 47.1 54.29 b.d. 0.01 0.02 b.d. 0.05 b.d. 0.02 b.d. 0.05 101.53
p89 b.d. 46.89 54.30 b.d. 0.01 b.d. b.d. 0.08 0.01 0.01 b.d. b.d. 101.31
p90 b.d. 46.07 53.87 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.95
p9l b.d. 4591 54.31 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.05 100.30
p92 b.d. 47.12 53.91 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 101.08
p93 0.03 46.06 54.14 b.d. 0.02 b.d. b.d. 0.06 b.d. b.d. b.d. b.d. 100.33
p94 b.d. 46.05 53.92 b.d. 0.04 b.d. b.d. 0.04 b.d. 0.01 b.d. b.d. 100.09
p95 b.d. 47.29 54.04 b.d. 0.01 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 101.39
p96 b.d. 46.9 54.10 b.d. 0.03 0.09 b.d. b.d. 0.01 b.d. b.d. b.d. 101.17
p97 b.d. 4581 54.10 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 99.94
p98 b.d. 45.88 54.27 b.d. b.d. 0.04 b.d. 0.05 0.01 b.d. b.d. b.d. 100.26
p99 b.d. 46.71 53.90 b.d. b.d. 0.03 b.d. 0.04 b.d. b.d. b.d. b.d. 100.70
p100 b.d. 46.58 54.33 b.d. 0.01 0.03 0.01 0.07 b.d. b.d. b.d. b.d. 101.04
p101 b.d. 45.53 54.49 b.d. 0.07 0.02 b.d. b.d. b.d. b.d. b.d. 0.06 100.18
pl02 b.d. 46.07 54.40 b.d. 0.02 0.02 b.d. b.d. b.d. b.d. b.d. b.d. 100.53
p103 b.d. 46.83 54.18 b.d. b.d. 0.02 b.d. b.d. b.d. 0.01 b.d. 0.04 101.09
pl104 b.d. 46.31 54.19 b.d. 0.03 b.d. 0.01 0.07 b.d. b.d. b.d. b.d. 100.62
p105 b.d. 457 54.20 b.d. 0.08 0.01 0.01 b.d. b.d. b.d. b.d. b.d. 100.02
p106 b.d. 46.87 54.18 b.d. 0.01 0.01 b.d. b.d. b.d. 0.02 b.d. b.d. 101.13
p107 b.d. 46.12 53.72 0.19 0.01 0.01 b.d. 0.05 b.d. b.d. b.d. b.d. 100.12
pl108 b.d. 46.1 54.19 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 100.30
p109 b.d. 46.47 54.21 b.d. 0.14 b.d. b.d. b.d. b.d. 0.01 b.d. 0.05 100.95
pl10 b.d. 46.96 53.90 b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d. b.d. 100.89
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Appendix 2
Secondary ion mass spectrometry (SIMS) analyses of Au, Ag, Cu, As, Sb, Se, Te and Co in pyrite from the Dexing deposit, China.
Sample Au (ppm) Ag (ppm) Cu (ppm) As (ppm) Sb (ppm) Co (ppm) Se (ppm) Te (ppm)
PY-190 0.07 n.d. 4.4 3.07 n.d. 34 2.1 0.27
0.06 n.d. 198 n.d. 0.20 53 11.1 0.52
0.17 n.d. 26 9.87 n.d. 22 34 0.17
0.12 3.97 1.6 0.18 3.70 28 19.3 0.9
0.05 n.d. 17.5 n.d. n.d. 77 6.8 0.20
0.04 n.d. 1.5 0.51 1.02 3.6 3.1 6.10
0.36 n.d. 5.2 8.46 n.d. 34 2 1.25
0.01 n.d. 3.4 0.20 n.d. 167 50 0.27
n.d. n.d. 34 n.d. n.d. 1.3 22 0.20
0.02 n.d. 4.6 0.49 0.02 1.3 1.2 0.45
0.55 n.d. 5.6 65 n.d. 5.1 0.8 16.5
0.04 n.d. 19.8 n.d. n.d. 70 32 0.35
0.02 n.d. 175 18.28 n.d. 0.2 3.9 3.45
0.04 n.d. 5.8 4.87 n.d. 0.7 1.2 3.40
0.08 n.d. 98 0.08 n.d. 33 24 0.60
0.51 n.d. 4427 315 n.d. 1.24 27.8 0.62
1.23 8.6 1177 16.8 20.3 21.8 13.1 274
1.76 4.8 4304* 1.3 n.d. 0.14 3.82 1.25
1.48 23.6 129 41.8 253 6.91 39.9 354
1.64 33 54 121 14.8 7.59 8.88 21.4
1.04 6.7 1504 4.5 229 6.09 3.96 68.7
4.05* 48.5 5505 21.9 46.2 0.40 1.74 15.5
0.91 4.7 849 9.0 6.8 11.3 2.74 10.5
1.90 12.4 5558 0.4 n.d. 0.01 9.82 1.90
1.44 17.7 1792 29 12.5 2.79 9.48 19.4
10.8% 439 15980 45 29.9 3.56 2.68 37.7
1.28 9.9 2956 29 1.2 9.89 6.14 3.67
0.93 n.d. 1847 24 14.1 16.2 1.73 8.40
1.84 10.4 2969 19 5.1 0.21 1.74 8.57
PY-270 0.02 0.77 30 n.d. n.d. 16.7 2.37 n.d.
0.08 n.d. 24 n.d. 4.47 1.5 0.80 0.25
0.19 2.87 0.1 n.d. 2.00 129 159 0.27
0.14 n.d. 10.6 n.d. 6.02 0.2 0.27 1.35
0.25 2.37 1351* 1223 17.9 n.d. n.d. 0.34
0.18 n.d. 1379 1613 114 0.3 n.d. 0.32
0.23 n.d. 42 n.d. 2.82 0.7 0.78 2.85
0.07 n.d. 0.3 n.d. n.d. 7.7 3.76 0.32
0.16 3.50 1105 18 4.75 0.2 0.02 6.55
0.02 n.d. 1046 5.6 n.d. 0.4 13.3 4.17
0.11 225 937 0.3 n.d. 42 2.02 1.65
n.d. n.d. 48 n.d. n.d. n.d. 0.38 0.27
0.13 n.d. 15 17.4 2.30 20 2.76 6.10
0.12 n.d. 0.3 n.d. 2.92 n.d. n.d. 0.50
n.d. n.d. n.d. 2.6 n.d. 10 4.60 n.d.
0.09 n.d. 23 n.d. n.d. 1.3 4.77 n.d.
0.02 n.d. 757 n.d. n.d. 139 13.0 2.87
0.01 n.d. n.d. 1.7 1.50 168 57.2 0.47
0.22 3.30 4.6 n.d. 1.50 1.0 3.41 1.42
0.10 n.d. 1.3 n.d. n.d. 58 0.76 0.27
0.04 n.d. 17 n.d. n.d. 17.8 1.91 0.87
0.12 n.d. 26 n.d. 0.12 8.6 2.24 1.52
0.09 0.82 51 n.d. n.d. 3.7 4.55 0.26
PY-380 0.02 n.d. 7.1 6.0 n.d. 0.5 0.17 n.d.
0.03 n.d. 8.4 15.5 n.d. 0.3 0.29 0.27
0.02 n.d. 11.6 185 0.25 2.8 1.51 0.5
0.02 n.d. 314 30 2.20 1.6 3.42 1.07
0.01 n.d. 11.7 6.5 n.d. 24 2.56 0.25
0.04 n.d. 177 107 n.d. 0.1 0.07 0.65
n.d. n.d. 2.6 n.d. n.d. n.d. 0.14 n.d.
0.28 n.d. 153 114 2.17 n.d. 0.73 3.27
0.12 n.d. 9.6 68 0.35 0.1 0.26 3.87
0.06 n.d. 134 0.3 n.d. 1.3 1.12 0.22
0.08 n.d. 6.1 1.5 1.35 0.1 0.48 3.40
0.02 n.d. 18.6 n.d. 0.50 17 4.57 0.32
0.04 n.d. 10.6 18 n.d. 0.2 0.25 0.10
0.02 n.d. 0.7 1.1 n.d. 24 3.44 n.d.
0.01 n.d. 2.7 n.d. n.d. 82 5.66 n.d.
n.d. n.d. 14.2 n.d. 1.00 0.4 0.47 0.15
0.38 2.85 158 441 4.87 1.3 1.83 2.52
n.d. n.d. 1.8 12.8 n.d. 2.7 0.91 0.10
n.d. n.d. 1.0 n.d. n.d. 34 10.8 0.12
0.66 2.20 67 958 n.d. n.d. 0.28 4.87

(continued on next page)
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Sample Au (ppm) Ag (ppm) Cu (ppm) As (ppm) Sb (ppm) Co (ppm) Se (ppm) Te (ppm)

PY-550 0.04 n.d. 49 117 n.d. 6.7 6.5 0.60
n.d. n.d. 11 1.89 n.d. 10 10.7 0.07
0.01 n.d. 3.2 0.46 n.d. 0.2 1.9 0.30
0.05 n.d. 5.9 38.2 n.d. 8.2 4.0 0.42
0.12 n.d. 17.4 61.1 n.d. 6.2 3.20 0.77
0.07 2.20 15.9 2.06 n.d. 10 4.0 0.87
n.d. 1.65 29 6.92 n.d. 72 67.7 0.45
0.18 3.32 2.7 3.00 16.4 n.d. 8.6 0.10
0.02 0.87 2.1 0.32 n.d. n.d. 1.3 0.02
0.10 3.20 16.7 26.3 n.d. 6.8 10.2 0.17
0.12 12.9 11.6 1.04 7.7 n.d. 0.3 0.80
0.19 n.d. 49 0.65 13.6 33 6.2 0.57
0.03 n.d. 6.3 164 n.d. 3.5 2.4 0.30
0.12 6.87 11.6 9.08 n.d. 5.8 3.1 1.62
0.08 n.d. 6.1 44.9 n.d. 12.5 10.4 0.25
0.11 n.d. 14.9 6.58 5.67 n.d. 1.4 0.27
0.04 n.d. 7.5 0.32 n.d. 1.4 5.5 0.02
n.d. n.d. 46.3 13.3 n.d. 11.3 6.0 0.70
0.01 n.d. 31.0 60.5 1.87 2.7 1.30 1.17
0.15 3.12 24.4 12.3 25.2 42 2.59 3.07
0.18 n.d. 65.2 74.0 3.25 14.3 6.94 9.57
0.59 3.65 26.7 26.5 7.20 19.1 4.42 7.45
0.16 n.d. 142 76.2 11.4 48.7 1.22 3.4
n.d. n.d. 12.7 17.3 1.87 222 1.27 3.05
0.16 n.d. 114 79.0 30.9 100 1.96 14.4
0.15 n.d. 35.0 38.0 9.62 26.6 1.42 8.15
0.13 n.d. 30.2 117 2.35 11.2 0.60 0.82
0.39 225 49.8 114 9.07 10.5 1.45 3.12
0.13 11.3 54.9 61.8 26.1 434 0.62 17.4
0.11 0.17 14.3 23.5 9.50 21.3 2.52 4.07
0.29 8.12 114. 60.8 13.1 28.4 0.73 7.97
0.11 0.35 42.1 10.1 7.70 17.7 5.22 5.57
0.46 13.1 155 65.4 234 29.3 0.98 8.62
n.d. n.d. 23.4 5.50 n.d. 7.8 242 6.95
0.23 1.02 50.1 138 5.30 10.2 1.45 3.50

PY-800 0.05 n.d. 14 10 3.57 67.1 7.88 2.20
0.12 2.60 2.9 637 4.70 322 243 4.50
0.04 n.d. 0.8 0.6 n.d. 57 6.2 0.02
0.30 n.d. 10.6 7.8 2.57 126 19.6 5.00
0.07 n.d. 0.6 15 15.8 221 26.2 28.7
0.19 12.4 9.3 19 12.1 119 10.7 12.3
0.10 n.d. 7.6 23.5 n.d. 8.1 22.0 1.15
0.02 n.d. 1.0 1.3 n.d. 4.0 27.1 0.05
0.01 n.d. 16 45 7.70 23 23.1 11.47
n.d. n.d. 0.8 n.d. n.d. 0.4 7.2 0.07
0.36 n.d. n.d. n.d. n.d. 11.7 2.99 0.17
0.05 n.d. 0.3 n.d. n.d. 15.3 3.67 n.d.
0.08 n.d. 17 n.d. 0.27 3.6 15.9 1.07
0.08 n.d. 305 3.8 0.72 0.2 3.35 0.52
0.15 0.50 7.6 1.4 2.80 1.5 0.05 5.47
0.08 n.d. n.d. n.d. n.d. 22.0 7.47 0.05
n.d. n.d. 0.4 2.4 n.d. 13 15.0 0.95
0.08 n.d. 11.2 5.0 n.d. 0.8 1.22 15.2
n.d. n.d. n.d. n.d. n.d. 142 10.7 0.05
0.04 n.d. 1.6 2.1 n.d. 0.7 2.05 4.55
n.d. n.d. 0.9 n.d. n.d. 13.5 13.1 n.d.
0.08 n.d. 2.0 16.0 n.d. 54.1 2.75 0.70

# Samples (and elements) that were depth-profiled using SIMS.

Finally, it is important to note that the presence of rela-
tively high amounts of Ni (<2000 ppm) in pyrite at Dexing

suggests the influence of a mafic source or Ni-leaching from
wall-rocks and its subsequent redistribution. The occur-
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rence of Ni-rich growth zones in Pyrite-I cores, as seen in
Fig. 4F, is evidence of compositional variations in the fluid
phase during the early phases of pyrite growth, before
introduction of Cu, As and Au. This is consistent with re-
cent observations by Hanley et al. (2010) that documented
enrichment in Ni (and Co) in pyrites from alkalic porphyry
deposits within the Canadian Cordillera during an early,
high-temperature hydrothermal event that pre-dated Cu
and Au deposition. As noted by Hanley et al. (2010), Ni-
rich pyrite is an important repository of platinum-group
elements (PGE), and PGE incorporation into pyrite coin-
cided with Ni and Co enrichment during this early hydro-
thermal stage.

Despite the fact that more studies are needed to increase
our knowledge about metal partitioning in sulfides during
the hydrothermal stages of porphyry emplacement and de-
posit formation, the observations and data presented here
support an important role of pyrite as a record of fluid vari-
ations, and an important host of metalloids (As), precious
(Au) and base (Cu) metal, and potentially PGEs.

5. CONCLUSIONS

The first comprehensive EMPA-SIMS database of
trace metal contents in pyrite from a porphyry Cu system
reveals that significant concentrations of base and heavy
metals (e.g., Cu, Ni, Hg), precious metals (e.g., Au, Ag)
and metalloids (e.g., As, Te, Sb) can be hosted in this
abundant and ubiquitous mineral phase. EMPA-WDS ele-
mental mapping and SIMS depth profiling revealed that
some of these metals occur exclusively in solid solution
in the pyrite structure (e.g., As, Ni) or are present in solid
solution and also in micro- to nano-sized inclusions of
chalcopyrite and native Au. These mineralogical occur-
rences are strongly associated to complex textural and
chemical features, such as oscillatory growth zoning and
sector zoning with variable porosity, where Cu-rich, As-
(precious metals)-poor zones alternate with As-(precious
metals rich)-rich, Cu-poor zones, and with barren pyrite
zones where trace element concentrations are below 10—
100 ppm. These observations point toward a decoupled
behavior of Cu and As in this porphyry system, strongly
suggesting that selective partitioning of metals into pyrite
is most likely the result of changes in fluid composition,
probably caused by fluid mixing and repeated and inter-
mittent pulses of Cu and As-bearing fluids of magmatic/
hydrothermal origin (Audétat et al., 1998; Heinrich
et al., 1999, 2004). Considering the fact that pyrite is ubiq-
uitous and abundant in porphyry Cu deposits and that
mineralized veins represent the main locus of fluid flux
(Seedorff et al., 2005), we conclude that pyrite may play
a significant role as a scavenger of metals and monitor
of fluid changes in hydrothermal systems.
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