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A B S T R A C T

The giant Yulong porphyry Cu (MoeAu) deposit, located in the eastern Tibetan Plateau, is a typical post-sub-
duction porphyry Cu ± Mo ± Au deposit formed in an intracontinental strike-slip fault system, and it is also
one of the largest porphyry Cu deposits in China with reserves of 6.5Mt Cu @ 0.62% and 0.41Mt Mo @ 0.042%,
respectively. In this study, sulfur and lead isotopic compositions of sulfides and ore-related porphyry samples
were determined to constrain the sources of ore-forming materials and ore-forming process. Sulfides (e.g., pyrite,
chalcopyrite and molybdenite) from phyllic alteration zone, where the Cu and Mo mineralization mainly oc-
curred, have uniform δ34S values ranging from −0.6 to +2.1‰ (average + 1.1‰), which indicates a magmatic
origin of the sulfur. In situ Nano-SIMS sulfur isotope analysis further reveals that pyrites formed in potassic
alteration stage have systematically negative δ34S values ranging from −0.2 to −9.7‰ (average − 4.5‰),
whereas pyrites formed in phyllic alteration stage have systematically positive δ34S values ranging from +1.1 to
+3.2‰ (average + 2.1‰). This regular variation is considered to be resulted from disproportionation of
aqueous SO2 and subsequent sulfate reduction, further suggesting a magmatic origin of the sulfur. The sulfides
have initial Pb isotopic compositions ((206Pb/204Pb)i = 18.616–18.812, (207Pb/204Pb)i= 15.670–15.740,
(208Pb/204Pb)i= 38.956–39.080) deviating from those of the ore-related porphyries
((206Pb/204Pb)i= 18.549–18.718, (207Pb/204Pb)i= 15.647–15.662, (208Pb/204Pb)i = 38.794–39.888), but more
close to those of the ore-hosting strata ((206Pb/204Pb)i= 18.423–18.761, (207Pb/204Pb)i= 15.654–15.713,
(208Pb/204Pb)i= 38.867–39.062). The shift of Pb isotopic compositions of sulfide minerals toward those of ore-
hosting strata indicates that the ore-hosting strata had provided a significant amount of Pb for ore formation, and
most probably suggests fluid-rock interaction processes in the hydrothermal system. Our study represents a case
study in which ore-hosting strata had provided a significant amount of ore-forming materials for porphyry
Cu ± Mo ± Au formation in the post-subduction setting.

1. Introduction

Porphyry Cu ± Mo ± Au deposits are defined as large volumes of
hydrothermally altered rocks centered on porphyry Cu stocks with
depth of 2–5 km in the upper crust (Sillitoe, 2010). They are typically
formed in both oceanic slab subduction-related arc-settings and post-
subduction settings (Bi et al., 2002, 2004, 2005, 2009; Cooke et al.,
2005; Hou et al., 2009, 2011, 2013; Richards, 2003, 2009, 2011;
Shafiei et al., 2009; Sillitoe, 2010; Xu et al., 2011, 2012, 2016), and
derive their ore-forming materials (e.g., fluids, S, Cl, and metals)

predominantly from ore-related porphyry magmas (Hou et al., 2013;
Pettke et al., 2010; Richards, 2003, 2011; Sillitoe, 1972, 2010; Xu et al.,
2016).

Nevertheless, there are clear evidences from sulfur and lead isotopes
showing that wall-rocks may have also provided partial ore-forming
materials for porphyry Cu ± Mo ± Au deposits in oceanic slab sub-
duction-related arc-settings (Bouse et al., 1999; Chiaradia, 2004; Cooke
et al., 2014; Dilles et al., 1995; Force, 1998; Mukasa et al., 1990;
Richards et al., 1991), and the examples include the giant Butte por-
phyry CueMo deposit in USA (Field et al., 2005), the Porgera porphyry
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Au deposit in Papua New Guinea (Richards et al., 1991), and the
Miocene porphyry Cu deposits in Ecuador (Chiaradia, 2004). Based on
systematical lead isotope comparison between wall-rocks, ores and
porphyries, Cooke et al. (2014) argued that it is common for porphyry
Cu formation that wall-rocks have contributed the ore-forming mate-
rials to porphyry Cu systems to varying degrees, and that this effect is
clearer where wall rocks have a Pb isotopic contrast to the porphyry
magmas. The abovementioned phenomenon reflects local fluid-rock
interaction between the magmatic fluids and the isotopically different
wall-rocks during hydrothermal circulation in the shallow crust (Cooke
et al., 2014; Mukasa et al., 1990; Richards et al., 1991; Tosdal et al.,
1999). Therefore, sulfur and lead isotope studies allow us to better
understand the ore-related magmatic-hydrothermal processes for por-
phyry Cu ± Mo ± Au deposits.

The giant Yulong porphyry Cu (MoeAu) deposit, located in the
eastern Tethyan metallogenic domain (Richards, 2015), is a typical
post-subduction porphyry Cu deposit that was formed in an in-
tracontinental strike-slip fault system at Eocene (Hou et al., 2003; Xu
et al., 2012, 2016); it is one of the largest porphyry Cu deposits in China
with a reserve of 6.5 Mt. Cu @0.62% and 0.41 Mt. Mo @ 0.042% (Tibet
Yulong Copper Co. Ltd., 2009). Zircon UePb dating (41.0–43.8 Ma;
Chang et al., 2017; Guo et al., 2006; J.X. Li etal., 2012; Liang et al.,
2006; Xu et al., 2012) and molybdenite ReeOs dating (37.15–42.28 Ma;
Chang et al., 2017; Hou et al., 2006; Tang et al., 2009) of the Yulong
deposit indicate a close genetic relationship between the Cu (MoeAu)
mineralization and the ore-bearing monzogranite porphyry. Published
H-O-S (Gu et al., 2003; Hou et al., 2007) and HeeAr (Hu et al., 2004)
isotopes further suggest that the ore-forming fluids and materials are
sourced from the mantle-derived monzogranite porphyry. Nonetheless,
whether the wall-rocks have contributed the ore-forming materials or
not remains unclear due to the lack of relevant data, especially the Pb
isotopes of the sulfides and wall rocks.

In the present study, based on the Pb isotopes of sulfides, ore-related
porphyries and ore-hosting strata, we report the evidence that ore-
hosting strata had provided a certain amount of ore-forming materials
for the formation of the giant Yulong porphyry Cu (MoeAu) deposit.
This represents a case study demonstrating that ore-hosting strata have
contributed some of the ore-forming materials to porphyry
Cu ± Mo ± Au deposits in the post-subduction setting. Furthermore,
through systematic sulfur isotope analysis of sulfides and different
generations of pyrites, a regular variation in the sulfur isotopes from the
early ore-stage to the late ore-stage is observed for the Yulong deposit.
We suggest that such a variation is resulted from disproportionation of
magma SO2 and magma sulfate reduction, which indicates the mag-
matic origin of the sulfur.

2. Geological background

2.1. Regional geology

The Tibetan plateau was formed by aggregation of the Songpan-
Ganzi, Qiangtang, and the Lhasa terranes from north to south (Fig. 1;
Yin and Harrison, 2000). The Qiangtang terrane is bordered by the
Songpan-Ganzi in the north and Lhasa terrane in the south, and these
terranes are separated by the Triassic Jingshajiang-Red river suture to
the north (Zhu et al., 2011; Zi et al., 2012a, 2012b), and Bangonghu-
Nujiang suture to the south (Kapp et al., 2005; Yin and Harrison, 2000;
Fig. 1). The eastern Qiangtang terrane, where the Yulong porphyry
CueMo deposit is located, is composed of the Changdu-Simao block,
and Jiangda-Weixi arc in the east and the Zuogong-Jinghong arc in the
west (Fig. 2a). Formation of the Jiangda-Weixi arc and the Zuogong-
Jinghong arc are related to subduction of the Jinshajiang and Lancan-
jiang Pale-Tethyan oceanic slab, respectively (Tang and Luo, 1995). The
Changdu-Simao block consists of the Proterozoic crystalline basement

and an Early Paleozoic folded basement and cover rocks a continuous,
but badly damaged platform transitional facies (carbonate and clastic
sedimentary rocks) from the Devonian to Cretaceous (Tang and Luo,
1995).

The Cenozoic Indo-Asian collision gave rise to a series of large-scale
strike-slip faults and overthrust systems in the eastern Tibetan Plateau
and its surrounding areas (Hou et al., 2003; Liang et al., 2006; Xu et al.,
2012); During this period, numerous alkaline igneous rocks were em-
placed or erupted along and within these strike-slip fault systems,
forming the over 2000 km long and 50–80 km wide Jinshajiang-Red
river alkaline igneous belt and associated porphyry Cu ± Mo ± Au
deposits (e.g., Yulong, Malasongduo, Duoxiasongduo, Machangqing,
Beiya, Tongchang, etc.; Fig. 1, Wang et al., 2018; Xu et al., 2012, 2015,
2016; Zhang and Xie, 1997; Zhang et al., 1998a, 1998b). Ages of these
alkaline porphyries and associated Cu ± Mo ± Au deposits range
from ~43 to 33 Ma (Hou et al., 2006; Liang et al., 2006; Xu et al.,
2012). The Yulong porphyry Cu deposit is located in the northern
segment of the Jinshajiang-Red river alkaline belt (Hou et al., 2003;
Liang et al., 2006; Tang and Luo, 1995; Figs. 1, 2A). It is the largest
porphyry Cu deposit in the Yulong porphyry Cu belt and the Jin-
shajiang-Red river alkaline belt.

2.2. Ore deposit geology

The ore-related intrusion of the Yulong deposit is the strongly al-
tered monzogranite porphyry intrusion that intruded into the Triassic
limestone and sandstone (T3j Jiapila Formation and T3b Bolila
Formation, Tang and Luo, 1995; Fig. 2b). The barrel-shaped, steeply
dipping Yulong monzogranite porphyry, with outcrop area of 0.64 km2,
have phenocrysts of K-feldspar, plagioclase, quartz, biotite, and am-
phibole, with a cryptocrystalline groundmass composed of quartz, K-
feldspar, plagioclase, biotite, amphibole, and the accessory minerals
mainly include titanite, apatite, zircon, and rutile (Jiang et al., 2006;
Y.S. Li et al., 2012, J.X. Li etal., 2012; Xu et al., 2015, 2016). Geo-
chemically, the Yulong monzogranite porphyry show both adakitic and
shoshonitic affinities (Hou et al., 2003; Jiang et al., 2006; Xu et al.,
2016; Zhang et al., 1998a, 1998b).

The pipe-like ring-shaped ore-body is characterized by inside-out
alteration zoning varying from potassic, phyllic, and argillic zones
(Fig. 2b; Hou et al., 2003; Tang and Luo, 1995). The barren but in-
tensively potassic altered zone, located in the core of the ore-bearing
monzogranite porphyry intrusion (Chang et al., 2017; Hou et al., 2003;
Fig. 2), is characterized by pervasive formation of secondary quartz, K-
feldspar, and biotite, with K-feldspar veins (Fig. 3a), biotite veins
(Fig. 3b, d) and sulfide-free quartz veins (Fig. 3c) observed in this zone
(Hou et al., 2003; Tang and Luo, 1995; Xu et al., 2016). The phyllic
alteration zone is characterized by well-developed quartz-sulfide veins
(Fig. 4), along which secondary sericite and quartz are commonly ob-
served as alteration halos. The argillic alteration zone developed mainly
in the upper and outer part of the Yulong monzogranite porphyry in-
trusion, which is mainly composed of kaolinite group minerals and
quartz (Chang et al., 2017; Tang and Luo, 1995; Xu et al., 2016).
Hornfels and skarn mineralization zones are also present in the Yulong
Cu (MoeAu) deposit, which mainly developed in the surrounding
Triassic clastic rocks (Tang and Luo, 1995). The main metallic sulfides
at Yulong include pyrite, chalcopyrite, molybdenite, and minor ten-
nantite (Fig. 4). The pyrite formed in potassic alteration stage is idio-
morphic and is distributed between rock-forming minerals rather than
in quartz-sulfide veins (Figs. 4e, 5). No altered biotite was found to be
associated with the idiomorphic pyrite. Pyrite formed at phyllic al-
teration stage has various occurrences including sulfide-quartz veins
(Fig. 4f, g), pyrite aggregations, and pyrites coexisting with the altered
biotite and amphibole (Fig. 4h).
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Fig. 1. Simplified geological map showing tectonic framework of the Tibetan plateau and its surrounding areas, and the spatial distribution of Cenozoic porphyry
deposits in the Jinshajiang-Red River alkaline igneous belt (Modified from Wang et al., 2001). (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. 2. (a) Simplified geological map showing distribution of ore-bearing porphyries in the Yulong porphyry Cu belt (Modified from Hou et al., 2003; Jiang et al.,
2006); (b) Simplified geologic map and cross section of the Yulong porphyry Cu (MoeAu) deposit (Modified from Hou et al., 2003; Tang and Luo, 1995).

Fig. 3. Representative thin sections of potassic altered samples from the Yulong porphyry Cu deposit showing that, (a) A K-feldspar vein with biotite halo truncated
by a quartz sulfide vein, (b) Q + Bi veins truncated by Q + Moly + Cpy veins, (c) Sulfide-free quartz veins, and(d) Q + Bi veins truncated by Q + Moly + Cpy veins.
Abbreviations: Bi = biotite, Cpy = chalcopyrite, Kf = K-feldspar, Moly = molybdenite, Py = pyrite, Q = quartz.
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3. Sampling and analytical methods

3.1. Sampling

Seventeen sulfide-bearing ore samples from phyllic alteration zone
and skarn zone, where the CueMo mineralization mainly occurred
(Fig. 4a–c; Chang et al., 2017; Hou et al., 2003), and one sulfide-bearing
sample from potassic alteration zone were collected for sulfur and lead
isotopic analysis. Detailed petrographic observation was carried out on
thin sections of these samples to determine the paragenesis of sulfides.
Our observation shows that the sulfide minerals in the ore samples from
phyllic alteration zone and skarn zone predominantly occur as quartz +
sulfide veins (Fig. 4b, c, g) or sulfide veins (Fig. 4d, f). Some pyrite
grains occur as aggregations beside altered biotite and amphibole
(Fig. 4h). In addition, some chalcopyrite grains were also formed in
close relation to magnetite (Fig. 4i). All the sulfides formed in these
samples are xenomorphic in shape.

The sulfide-bearing sample from potassic alteration zone (YL1511)
was overprinted by phyllic alteration to some extent. Petrographic
observation reveals that it contains at least two types of pyrite (Py1 and
Py2; Fig. 5). Py1 are fine- to medium-grained and appear mostly

idiomorphic. They are distributed between rock-forming minerals ra-
ther than in quartz-sulfide veins, and are considered to be formed
during potassic alteration stage; Py2 have various sizes ranging from
fine- to coarse-grained, and usually occur as pyrite aggregation sur-
rounding Py1. The Py2 were further replaced by tennantite as evi-
denced by mineralogical and textural relationships (Fig. 5). However,
due to the limited sample from potassic alteration zone in this study, we
cannot conclude that there are only two types of pyrites in the potassic
alteration zone.

For the seventeen sulfide-bearing ore samples from phyllic altera-
tion zone and skarn zone (see the host rocks to the sulfide minerals in
Table 1), they were first crushed, and then the sulfide separates were
hand-picked under a binocular microscope for sulfur and lead isotopic
analysis. For one sulfide-bearing sample from the potassic alteration
zone (overprinted by phyllic alteration, YL1511), in situ Nano-SIMS
method was used to analyze the sulfur isotope compositions of pyrites
of different generations. In addition, five least-altered ore-related
monzogranite porphyry samples and six samples from surrounding
wall-rocks including Triassic sandstone, limestone, and mudstone were
collected for whole-rock Pb isotopic analysis.

Fig. 4. (a) Porphyry ore collected from phyllic alteration zone; (b) High grade ore with sheeted Cpy + Py + Q veins; (c) High grade ore with stockwork miner-
alization; (d) skarn ores crosscut by sulfide veins; (e) Reflected light photograph showing idiomorphic pyrites formed in potassic alteration stage; (f) Reflected light
photograph showing Q + Moly vein; (g) Reflected light photograph showing Q + Cpy + Ten vein; (h) Reflected light photograph showing Py formed aside altered Bi;
(i)Co-crystallization of chalcopyrite and magnetite in the samples from phyllic alteration zone. Abbreviations: Bi = biotite, Cpy = chalcopyrite, Kf = K-feldspar,
Moly = molybdenite, Py = pyrite, Q = quartz, Ten = tennantite.
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3.2. Sulfur and Pb isotope analysis

Sulfur isotopes of sulfides were determined with a Finnigan
MAT253 isotope ratio mass spectrometer at the State Key Laboratory of
Ore Deposit (SKLODG), Institute of Geochemistry, Chinese Academy of
Sciences (IGCAS), Guiyang, China. International reference standards of
IAEA-S-1 (−0.22‰), IAEA-S-2 (22.57‰) and IAEA-S-3 (−32.53‰)
are used as the external standards and Canyon Diablo Troilite (CDT) is
used as the reference standard, with the analytical accuracy of ± 0.1‰
(2σ).

Chemical pretreatment of sulfide minerals and whole-rock samples used
for lead isotopic analysis was carried out at the School of Earth and Space
Sciences, University of Science and Technology of China, Hefei, China.
About 150–200mg sample powder was completely decomposed in a mix-
ture of HF-HClO4 at 200 °C for 7 days. Anion exchange resin (AG1-X8) was
used to separate Pb. Lead isotopes were determined at SKLODG, IGCAS with
Thermo Fisher Scientific Neptune Plus MC-ICP-MS. Lead standard NBS 981
was used to monitor thermal fractionation. Our routine Pb isotopic analy-
tical results for the standard NBS 981 are 208Pb/204Pb=36.692 ± 0.001
(2σ, n=7), 207Pb/204Pb=15.486 ± 0.001 (2σ, n=7) and
206Pb/204Pb=16.932 ± 0.001(2σ, n=7), which are in good agreement
with the recommend values (Todt et al., 1993, 1996).

In situ sulfur isotopic analysis and mapping of pyrites was con-
ducted with Nano-SIMS at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS), Beijing, China. The prepared
thin section was first cleaned and then carbon coated for in situ sulfur
isotopic analysis and mapping of pyrites. Detailed operating conditions
for In situ sulfur isotopic analysis and mapping of pyrites follow those
described by Zhang et al. (2014). Most selected pyrite grains were
analyzed twice in order to avoid accidental error.

3.3. Whole-rock trace element analysis

Trace element analysis of ore-related porphyry and wall rocks was
carried out at ALS Chemex, Guangzhou, China, using a Perkin Elmer
Elan 9000 inductively coupled plasma-mass spectrometer (ICP-MS).
0.200 g sample powder was mixed well with lithium metaborate flux
(0.90 g) in a furnace at 1000 °C. The resultant melt was then cooled and
dissolved in 100 mL of 4% HNO3 and 2% HCl solution. Two national
standards (granite GSR-1 and granitic gneiss GSR-3) were used to
monitor the analytical quality. Precisions for most trace elements are
better than ± 10%.

4. Analytical results

4.1. Sulfur isotopes

Sulfur isotopic results of sulfides of 17 sulfide-bearing ore samples
from phyllic alteration zone and skarn zone and previously published
data (Gu et al., 2003) are presented in Table 1, and sulfur isotopes of
pyrites formed in potassic (Py1) and phyllic (Py2) alteration stages are
presented in Table 2.

Of the sulfide minerals analyzed by MAT253, molybdenite has δ34S
values of +1.3 to +2.1‰ (average + 1.8‰) with an outlier of
+0.5‰; pyrite has δ34S values of +1.1 to +2.1‰ with an average of
+1.6‰; chalcopyrite has δ34S values of −0.6 to +0.5‰ with an
average of −0.2‰. All the analyzed sulfides have an average δ34S
value of +1.1‰ (Figs. 6, 7).

In situ Nano-SIMS analysis reveals that pyrite formed in potassic
alteration stage (Py1) has systematically negative δ34S values of −9.7
to −0.2‰ (average = −4.5‰), whereas pyrite formed in phyllic

Fig. 5. Photographs showing the distribution and δ34 S values of Py1 and Py2 from potassic alteration zone (overprinted by phyllic alteration) of the Yulong porphyry
Cu (MoeAu) deposit. Abbreviations: Py = pyrite, Ten = tennantite.
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alteration stage (Py2) has systematically higher δ34S values of +1.1
and + 3.2‰ (average = +2.1‰) (Fig. 5).

4.2. Lead isotopes

Lead isotopic compositions and analytical uncertainty of sulfides
and ore-related rocks are listed in Tables 3 and 4, and are plotted in
Fig. 8.

Twenty-one hand-picked sulfides samples that were previously
analyzed for sulfur isotopes have 206Pb/204Pb ratios of
18.616–18.812,207Pb/204Pb ratios of 15.670–15.740,and 208Pb/204Pb

ratios of 38.956–39.067. Five least-altered whole-rock samples from the
ore-related porphyries have 206Pb/204Pb ratios of
18.783–18.885,207Pb/204Pb ratios of 15.661–15.668,and 208Pb/204Pb
ratios of 38.992–39.010. Six fresh whole-rock samples from the ore-
hosting sedimentary rocks have 206Pb/204Pb ratios of
18.731–19.028,207Pb/204Pb ratios of 15.656–15.719,and 208Pb/204Pb
ratios of 38.940–39.252. Initial Pb isotopic compositions of the ore-
related porphyries and ore-hosting sedimentary rocks were calculated
based on the whole-rock Pb isotopic ratios, and U, Th and Pb contents,
and mineralization age (~41 Ma; Chang et al., 2017; Hou et al., 2006;
Tang et al., 2009). Calculated initial Pb isotopic results show that the
ore-related porphyries have (206Pb/204Pb)i of 18.549–18.718,
(207Pb/204Pb)i of 15.647–15.662, and (208Pb/204Pb)i ratios of
38.794–38.888, and the ore-hosting sedimentary rocks have
(206Pb/204Pb)i of 18.423–18.761, (207Pb/204Pb)i of 15.654–15.713, and
(208Pb/204Pb)i ratios of 38.867–39.062.

5. Discussion

5.1. Sulfur sources

Sulfides crystallized under highly oxidized fluid environments will
have sulfur isotopic compositions remarkably different from their par-
ental fluids (Ohmoto, 1972). A case study of this would be the Butte
porphyry CueMo deposit in USA. At Butte, the sulfide δ34S values
(+1.0 to +2.0‰) suggest a magmatic origin of the sulfur; however, the
high modal mineral ratios of sulfate/sulfide (Fig. 7) indicate that the
δ34SΣS values of the ore-forming fluids were heavy (δ34SΣS = ~
+10‰), and an evaporitic crustal component was proposed to have
contributed sulfur to the ore-forming fluids (Field et al., 2005). In ad-
dition, the Far Southeast porphyry CueAu deposit and Ampucao por-
phyry CueAu deposit in Philippine also have elevated δ34SΣS values
than the normal magmatic sulfur (Fig. 7). They were interpreted to
represent a seawater sulfur contribution to the hydrothermal fluids
(Sasaki et al., 1984). These studies suggest that the sulfide δ34S values
alone should be used with care when indicating the sulfur sources.

At Yulong, anhydrite was found to occur as daughter mineral in the
primary fluid inclusion in quartz phenocryst of the ore-related mon-
zogranite porphyry (Liang et al., 2009). Nonetheless, the absence of
sulfates coexisting with abundant sulfides in ores suggests that the ore-
forming fluids responsible for metal deposition at Yulong are primarily
reduced, with S2− being the main sulfur species (Ohmoto, 1972).
Therefore, the δ34S values of sulfides can approximately represent the
δ34S value of bulk fluid (Ohmoto and Rye, 1979; Yang, 2012). The
sulfides from Yulong have uniform and near zero δ34S values
(δ34S = −1.3 ~ +2.9‰, average + 1.2‰; Figs. 6, 7; Table 1), in-
dicating a magmatic origin of the sulfur (δ34S = 0 ± 3‰; Chaussidon
et al., 1989).

In situ Nano-SIMS analysis revealed that pyrite formed in potassic
alteration stage (Py1) have negative δ34S values (δ34S = −9.7 to
−0.2‰, average = −4.5‰; Figs. 5, 6). These values are different from
the sulfur isotope values of sulfide minerals analyzed by a conventional
method (Fig. 6; Gu et al., 2003). We consider that this is because these
sulfide minerals were formed at different alteration stages. The pyrite
analyzed by Nano-SIMS was formed during the potassic alteration
stage, whereas the sulfide minerals analyzed by a conventional method
(Fig. 6; Gu et al., 2003) were formed in the phyllic alteration stage.
During the potassic alteration stage, the SO2 dissolved in the ore-
forming fluids progressively disproportionate to H2S and H2SO4 as the
fluids cools to < 400 °C(Richards, 2011; Rye, 1993; Seal, 2006):

4SO 4H O H S 3H SO2 2 2 2 4+ = + (1)

The resultant H2S initiates precipitation of sulfides in the potassic
alteration stage. Due to the equilibrium with sulfate minerals, the re-
sultant sulfides in this stage would have relatively low and negative
δ34S values. Pyrites formed during the phyllic alteration stage (Py2)

Table 1
δ34S values of the sulfides in different types of ores from the Yulong porphyry
Cu(MoeAu) deposit (δ34SV-CDT/‰).

Sample no. Ore type Py Cpy Moly T (°C) References

YL914 Porphyritic 1.1 −0.5 257 This study
YL915 Porphyritic 1.6 This study
YL916 Porphyritic 1.1 −0.6 241 This study
YL920 Porphyritic 1.8 0.5 315 This study
YL923 Porphyritic 1.6 This study
YL924 Porphyritic 1.7 2.1 This study
YL927 Porphyritic 1.7 −0.5 179 This study
YL929 Porphyritic 1.8 0.4 294 This study
YL930 Porphyritic 1.9 This study
YL935 Porphyritic 1.3 −0.5 227 This study
YL936 Porphyritic 1.4 −0.4 2.0 227 This study
YL1510 Porphyritic 1.3 This study
YL1525–7 Porphyritic 1.5 This study
YL1552–3 Porphyritic 2.1 0.5 This study
ZK44–6 Hornfels 1.1 Gu et al.,2003
YL1537–1 Hornfels 1.3 2.3 This study
ZK59–14 Hornfels 2.3 Gu et al.,2003

Hornfels 0.1(14) Gu et al.,2003
YL1518 Skarn 1.1 This study
YL1527 Skarn 2.0 This study
ZK1808–14 Skarn 1.4 Gu et al.,2003
ZK1808–41 Skarn 1.4 Gu et al.,2003
ZK55–9 Skarn 1.5 Gu et al.,2003
ZK51–8 Skarn 1.8 Gu et al.,2003
ZK59–10 Skarn 1.4 Gu et al.,2003
ZK32–11 Skarn 2.1 Gu et al.,2003
ZK32-W5 Skarn 2.3 Gu et al.,2003
ZK51–10 Skarn 2.4 Gu et al.,2003
ZK36–5 Skarn 2.9 Gu et al.,2003
ZK59-W1 Skarn −1.3 Gu et al.,2003
ZK34–10 Skarn 6.0 Gu et al.,2003

T (°C) was calculated by the equation:103 ln(δ34SPy - δ34SCpy) = 0.45 × 106/
T2(Ohmoto and Rye, 1979).

Table 2
δ34S values of pyrites formed in potassic alteration stage (Py1) and phyllic al-
teration stage (Py2) from the Yulong porphyry Cu(MoeAu) deposit.

Stage Spot no. δ34SV-CDT‰ 2σ

Py1 1 −5.4 0.8
2 −9.7 0.9
3 −2.7 0.7
4 −0.2 0.7
5 −6.0 0.8
6 −4.9 0.9
7 −3.0 0.9
8 −5.1 0.8
9 −3.3 0.8

Py2 1 2.0 0.7
2 2.9 0.7
3 1.6 0.7
4 1.7 0.7
5 1.1 0.7
6 1.4 0.7
7 3.2 0.8
8 2.9 0.8
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have uniform positive δ34S values (δ34S = +1.1 to +3.2‰, ave.
+2.1‰; Figs. 5, 6; Table 2), which are similar to sulfide minerals
analyzed by conventional method. We attribute this to reservoir effect
due to reduction of the preformed SO4

2− [Eq. (1)], which was probably
promoted by magnetite crystallization (Liang et al., 2009).

12FeO H SO 4Fe O H S2 4 3 4 2+ = + (2)

This reaction [Eq. (2)] is reflects the co-crystallization of chalco-
pyrite with magnetite at Yulong (Fig. 4i). The reduction and con-
sumption of the SO4

2− with relatively higher δ34S values would gra-
dually increase the δ34S values of the sulfides formed afterwards.
Similar situations also have been reported in other porphyry or por-
phyry-like deposits (e.g., porphyry-epithermal CueAu deposits in Ba-
guio district, Philippines, Cooke et al., 2011; Wangjiazhuang CueMo
deposit, north China, Lan et al., 2017). Therefore the disproportiona-
tion of aqueous SO2 and subsequent sulfate reduction processes further
suggest the magmatic origin of the sulfur.

5.2. Lead sources

Similar to the post-Eocene porphyry Cu ± Mo ± Au deposit sys-
tems in the Andes belt (Chiaradia, 2004; Cooke et al., 2014), sulfide
minerals from ores of the Yulong deposit have initial Pb isotopic
compositions deviating from those of the spatially and genetically re-
lated monzogranite porphyry, but more close to those of the ore-hosting
strata (Fig. 8a–b). This allows the interpretation that both ore-related
monzogranite porphyry and ore-hosting strata have provided ore-
forming materials (e.g., Pb) for the Yulong porphyry Cu (MoeAu) de-
posit. The Pb isotopic compositions of the country rocks present a range
of compositions at 41 Ma. A few sulfide minerals have higher Pb iso-
topic compositions than the country rocks and porphyry intrusion
(Fig. 8a). This might have resulted from another source of Pb other than
the ore-related porphyry and the ore-hosting strata. Nonetheless, the
sulfides have initial Pb isotopic compositions that mainly overlap those
of the ore-hosting strata, suggesting a significant amount of the Pb
budget was provided by the ore-hosting strata.

Previous studies about post-subduction porphyry Cu-Mo-Au de-
posits generally suggest identical sources of Pb between sulfides and
ore-bearing porphyries (Qulong, Jiama, Nanmu and Chongjiang in
Gangdese belt, Southern Tibet, Meng et al., 2006; Qu et al., 2002; The

giant Beiya porphyry-skarn Au-polymetallic deposit, SW China, He,
2014) or insignificant contributions from external sources in the late
stage sulfides (e.g. Porphyry Cu deposits in the Kerman belt, SE Iran,
Shafiei, 2010). Therefore this study represents a case in which ore-
hosting strata have significantly contributed to the ore-forming mate-
rials in post-subduction porphyry deposit systems. Furthermore, our
study reinforces the conclusion of Cooke et al. (2014) that Pb isotope
compositions of the ore-minerals in porphyry Cu deposits could be
strongly influenced by the wall-rocks that were encountered during
hydrothermal circulation, and that fluid-rock interaction is probably a
normal process in porphyry-type mineralization.

5.3. Implication for metal precipitation

δ34S values of sulfides from phyllic alteration zones of Yulong por-
phyry Cu (MoeAu) deposit in this study increase regularly from chal-
copyrite to pyrite and then to molybdenite. This is best shown in sample
YL936 where these minerals co-exist (Table 1). Such regular variations
in δ34S values probably indicate equilibrium fractionation of S isotopes
between different sulfide phases in the magmatic-hydrothermal system
(Ohmoto and Rye, 1979; Zheng and Chen, 2000). Therefore, δ34S values
of different mineral pairs could be used to constrain the ore-formation
temperatures based on sulfur isotope thermometry studies compiled by
Ohmoto and Rye (1979).

Seven pyrite-chalcopyrite pairs yielded equilibrium temperatures of
179° to 315 °C (average = 245 °C). These temperatures are consistent
with published homogenization temperature data of fluid inclusions of
the argillic alteration stage, but lower than the fluid inclusion homo-
genization temperatures of phyllic and potassic alteration stages (Gu
et al., 2003; Hou et al., 2007; Li et al., 1981; Wang et al., 2018). In
addition, these calculated temperatures are also lower than the tem-
peratures of CueFe sulfides precipitation in porphyry systems
(> 300 °C; Hemley et al., 1992; Klemmet al., 2007; Landtwing et al.,
2005). This probably suggests re-equilibration during later, lower
temperature alteration (intermediate argillic stage < 300 °C). Nano-
SIMS mapping, together with the microscope observation, show that
Py2 (phyllic alteration stage) contain much higher concentrations of Au
and As than Py1 (potassic alteration stage; Figs. 4g, 9), suggesting that
Au mineralization, which is closely related to As-rich fluids, mainly
occurred in the phyllic alteration stage. The tight relation between Au

Fig. 6. Histogram of δ34 S values for sulfides from the Yulong porphyry Cu deposit.
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mineralization and the As-rich fluids was also reported in other por-
phyry-epithermal CueAu deposits (e.g., the Yanacocha and Pueblo
Viejo high-sulfidation epithermal Au deposits, Deditius et al., 2009; The
giant Dexing porphyry CueAu deposit, China, Reich et al., 2013). The
above-mentioned studies reveal that large-scaled precipitation of ore-
forming metals Cu, Mo, and Au at Yulong occurred in the phyllic al-
teration stage with temperatures of > 300 °C.

5.4. Implication for magmatic-hydrothermal process

The discrepancy between porphyry and sulfide Pb isotopes could
also put constraints on the ore-forming process at Yulong. The high-
temperature magma genesis process will ultimately homogenize the Pb
isotope of the magma and the rocks the magma assimilated when rising
to shallow crust (Cooke et al., 2014). Therefore, the hydrothermal fluids
derived from the homogenized magma are expected to have the same
Pb isotopic composition as the magma. As such, the discrepancy

between porphyry and sulfide Pb isotopes indicates that the in-
corporation of wall-rock Pb occurred after the exsolution of the mag-
matic fluid. Furthermore, the narrow range of sulfide Pb isotopes in-
dicates that the ore-forming fluids were isotopically homogeneous,
which further suggests the mixing of porphyry- and wall-rock derived
Pb must have happened prior to ore deposition (e.g., Dilles et al., 1995;
Force, 1998; Mukasa et al., 1990; Tosdal et al., 1999). But nonetheless,
further work would be needed to see if there is a change of Pb isotopes
from the potassic zone to phyllic zone.

Fluid-wall rock interaction during the ascent of magmatic fluids has
been proposed to be responsible for the mixed Pb isotope features of
sulfide minerals in porphyry Cu systems (Bouse et al., 1999; Richards
et al., 1991; Tosdal and Munizaga, 2003). During ascent, the magma-
tically derived fluids reacted with the country rocks (Richards et al.,
1991), scavenged the radiogenic Pb from these rocks and then became
homogenous due to high temperature mixing. The radiogenic Pb was
finally incorporated into the sulfide minerals.

Fig. 7. δ34 S values for sulfides and sulfates from selected porphyry Cu deposits around the world (Modified from Cooke et al., 2014; Wilson et al., 2007). Data of the
Yulong deposit are from Table 1; data of the Qulong deposit are from Qin et al. (2014) and Qu et al. (2002); data of the Jiama deposit are from Y.S. Li et al., 2012 and
Zheng (2017); data of the Duobuza deposit are from He et al. (2016); data of the Dexing deposit are from Zhou et al. (2012) and references therein; data of other
deposits are from Cooke et al. (2014) and references therein.

Table 3
Lead isotopic compositions of sulfides, ore-related porphyries, feldspar from ore-related porphyries, and ore-hosting strata for the Yulong porphyry Cu (MoeAu)
deposit.

Sample Mineral/rock 206Pb/204Pb ± 2σ 207Pb/204Pb ± 2σ 208Pb/204Pb ± 2σ Data sources

YL914 Pyrite 18.755 0.003 15.696 0.003 39.053 0.007 This study
YL914 Chalcopyrite 18.755 0.002 15.693 0.002 39.046 0.006
YL915 Pyrite 18.730 0.003 15.670 0.003 38.967 0.008
YL916 Pyrite 18.691 0.002 15.725 0.002 39.025 0.004
YL920 Pyrite 18.750 0.002 15.697 0.002 39.050 0.004
YL920 Chalcopyrite 18.753 0.002 15.690 0.002 39.052 0.005
YL923 Pyrite 18.716 0.002 15.700 0.002 39.009 0.005
YL924 Pyrite 18.705 0.003 15.712 0.002 39.016 0.006
YL927 Pyrite 18.616 0.002 15.740 0.002 38.956 0.004
YL927 Chalcopyrite 18.630 0.003 15.736 0.003 38.980 0.008
YL929 Pyrite 18.750 0.002 15.696 0.002 39.045 0.006
YL929 Chalcopyrite 18.737 0.003 15.685 0.003 39.002 0.008
YL930 Pyrite 18.742 0.007 15.683 0.006 39.010 0.014
YL935 Pyrite 18.750 0.002 15.687 0.002 39.023 0.004
YL935 Chalcopyrite 18.771 0.004 15.693 0.004 39.053 0.009
YL936 Pyrite 18.694 0.002 15.708 0.002 38.996 0.005
YL936 Chalcopyrite 18.673 0.004 15.721 0.003 38.999 0.009
YL1518 Pyrite 18.731 0.004 15.689 0.004 38.986 0.005
YL1525–7 Pyrite 18.812 0.005 15.719 0.004 39.067 0.010
YL1537–1 Pyrite 18.755 0.006 15.706 0.005 39.045 0.011
YL1552–3 Pyrite 18.733 0.003 15.683 0.002 39.004 0.013
YL909 Monzogranite porphyry 18.707 0.003 15.656 0.003 38.888 0.007 This study
YL919 Monzogranite porphyry 18.718 0.003 15.658 0.003 38.887 0.008
YL1525–7 Monzogranite porphyry 18.682 0.005 15.658 0.005 38.794 0.014
YL1528–1 Monzogranite porphyry 18.703 0.005 15.662 0.004 38.864 0.012
YL1528–2 Monzogranite porphyry 18.549 0.004 15.647 0.003 38.800 0.009
YL-J-1 Feldspar 18.714 0.006 15.658 0.006 38.895 0.014 Jiang et al.,2006
YL-J-2 Feldspar 18.751 0.008 15.673 0.010 38.963 0.034
YL-J-3 Feldspar 18.736 0.006 15.661 0.006 38.937 0.018
YL-J-4 Feldspar 18.713 0.006 15.646 0.006 38.867 0.022
YL-J-5 Feldspar 18.824 0.006 15.665 0.004 38.999 0.012
YL-J-6 Feldspar 18.731 0.016 15.661 0.020 38.924 0.066
YL-J-7 Feldspar 18.718 0.014 15.652 0.012 38.895 0.028
YL-J-8 Feldspar 18.720 0.008 15.654 0.006 38.894 0.016
YL-J-9 Feldspar 18.718 0.008 15.646 0.008 38.874 0.018
YL-J-10 Feldspar 18.735 0.006 15.663 0.004 38.933 0.012
YL1526 Marble 18.761 0.001 15.672 0.001 38.985 0.004 This study
YL1537–2 Sandstone 18.696 0.001 15.691 0.001 38.977 0.003
YL1541–2 Sandstone 18.423 0.002 15.669 0.001 38.906 0.004
YL1554 Mudstone 18.553 0.001 15.654 0.001 38.867 0.003
YL1555 Marble 18.726 0.001 15.664 0.001 38.935 0.002
ZK1213–390 Mudstone 18.731 0.001 15.713 0.001 39.062 0.003
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Table 4
Caculated initial Pb isotopic compositions of ore-related porphyries and ore-hosting strata for the Yulong porphyry Cu (MoeAu) deposit.

Sample Rock type 206Pb
204Pb

207Pb
204Pb

208Pb
204Pb

Pb
(ppm)

Th
(ppm)

U
(ppm)

t
(Ma)

(206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i

YL909 Monzogranite porphyry 18.837 15.662 39.009 23.3 20.8 7.4 41 18.707 15.656 38.888
YL919 Monzogranite porphyry 18.783 15.661 38.992 20.7 16.1 3.3 41 18.718 15.658 38.887
YL1525–7 Monzogranite porphyry 18.837 15.665 38.995 15.1 22.5 5.7 41 18.682 15.658 38.794
YL1528–1 Monzogranite porphyry 18.821 15.668 38.997 27.1 26.6 7.8 41 18.703 15.662 38.864
YL1528–2 Monzogranite porphyry 18.885 15.663 39.010 15.8 24.5 12.9 41 18.549 15.647 38.800
YL1526 Marble 18.843 15.675 39.089 13.2 10.1 2.63 41 18.761 15.672 38.985
YL1537–2 Sandstone 18.836 15.698 39.088 11.5 9.39 3.91 41 18.696 15.691 38.977
YL1541–2 Sandstone 19.028 15.697 39.252 3.63 9.17 5.31 41 18.423 15.669 38.906
YL1554 Mudstone 18.598 15.656 38.943 28 15.6 3.11 41 18.553 15.654 38.867
YL1555 Marble 18.731 15.664 38.940 149 4.91 1.83 41 18.726 15.664 38.935
ZK1213–390 Mudstone 18.850 15.719 39.178 11.3 9.66 3.26 41 18.731 15.713 39.062

Note: 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb represent the analytical values, (206Pb/204Pb)i, (207Pb/204Pb)i and (208Pb/204Pb)i represent the initial values cal-
culated back to 41 Ma using the computer program of Lu (2004) and the listed concentrations of U, Th and Pb; t (Ma) represent the age of Monzogranite porphyry.
The decay constant values of 1.55125 × 10−10 for 238U, 9.8485 × 10−10 for 235U and 4.9475 × 10−11 for 232Th were used (Steiger and Jäger, 1977).

Fig. 8. (a) (207Pb/204Pb)i vs (206Pb/204Pb)i, and (b) (208Pb/204Pb)i vs (206Pb/204Pb)i plots of sulfides, ore-related porphyries and ore-hosting strata for the Yulong
porphyry Cu(MoeAu) deposit. The upper-crust (UC) and orogen (OR) evolution curves are from Zartman and Doe (1981). All data are provided in Tables 2 and 3.
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6. Conclusions

1. Uniform sulfur isotopic compositions of sulfides suggest a magmatic
origin of the sulfur at the Yulong deposit. In situ Nano-SIMS analysis
further reveals that pyrite formed in the potassic alteration stage
have systematically negative δ34S values, whereas pyrite formed in
the phyllic alteration stage have systematically positive δ34S values;
This regular variation is considered to have resulted from dis-
proportionation of aqueous SO2 and subsequent reduction of SO4

2−.
2. Pb isotopic compositions suggest that Pb of ores was provided by

both the ore-related porphyry and ore-hosting strata. Mixing of
porphyry- and wall-rock Pb was probably caused by fluid-wall rock
interaction during fluid ascent.

3. Sulfur isotope geothermometry and Nano-SIMS mapping, together
with published homogenization temperature data of fluid inclu-
sions, reveal that large-scale precipitation of ore-forming metals
(e.g., Cu, Mo and Au) primarily occurred at temperatures > 300 °C.
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Fig. 9. Nano-SIMS mapping of Py1 and Py2 (location shown in Fig. 5b) from the Yulong porphyry Cu (MoeAu) deposit, showing the relatively high As and Au
contents in Py2. Abbreviations: Py = pyrite, Ten = tennantite.
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