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A new model of porphyry Cu system, which involves pre-enrichment of Cu through sulfide accumulation near the
mantle-crust boundary, has been recently proposed to account for variations of Cu endowment in different mag-
matic arcs. To test this model and explore the possible controlling factors of porphyry Cu metallogeny, we studied
the mineralogy and platinum-group elements (PGE) geochemistry of the giant Pulang porphyry Cu-Au system in
the Sanjiang Region, SW China. The Late Triassic Pulang intrusive complex comprises five phase of porphyrtic
stocks and dikes (ca. 217-212 Ma), which intruded a slightly older (ca. 230-218 Ma) volcanic-sedimentary se-
quence of the Tumugou Formation. Both the intrusive complex and the related volcanic wall rocks have similar
PGE concentrations, Pd/Pt ratios and primitive mantle-normalized PGE patterns, indicating that no discernible
sulfide cumulates were lost or gained during magmatic differentiation. The variation in PGE concentrations be-
tween different types of rocks at Pulang is probably ascribed to magma mixing between mafic and felsic end-
members.
Two types of amphibole, i.e., high-Al (Al,O3 = 9.4-11.8 wt%) and low-Al (5.9-7.3 wt%) types, have been identi-
fied in the Pulang complex. It is estimated that the magma equilibrated with the high-Al amphibole may have
contained up to 6.2 wt% H,0, and was formed under 334-538 MPa (ca. 11-18 km deep eqv.) with oxygen fugac-
ity (fO,) between NNO + 0.2 and NNO + 1.5. In contrast, the magma that equilibrated with the low-Al amphi-
bole was likely formed at a much shallower depth (89-202 MPa, ca. 3-7 km eqv.), and was more oxidized
(NNO + 1.0-NNO + 1.7) with a low H,0 content (4.2-4.9 wt%). High fO, would increase sulfur solubility in
the magma, thus prohibiting early removal of metals via sulfide precipitation. In addition, the higher H,O content
may have enhanced volatile exsolution from the evolving magmas at Pulang. We suggest that oxygen fugacity
and H,0 content of the magma are two critical factors that controlled the Pulang porphyry Cu-Au metallogeny.
© 2018 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Porphyry Cu (-Mo-Au) deposits are mainly formed in subduction-
related magmatic arcs (e.g., Sillitoe, 1972, 2010; Richards, 2003), yet it
is still unclear why some magmatic arcs (or sections of a magmatic
arc) are more Cu-endowed (e.g., Andes; Sillitoe, 2012). It has been sug-
gested that compressive arc settings, notably those led by aseismic ridge
or flat-slab subduction, are favorable for producing large and high-grade
porphyry Cu deposits (e.g., Sillitoe, 1998; Cooke et al., 2005; Tosdal et al.,
2009). Some studies also argued that the reason for this heterogeneity
of Cu endowment may lie deeper in the crust, e.g., a recent model pro-
posed that high Cu endowment in some magmatic arcs may have led
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by the accumulation of cupriferous sulfides at the base of continental
arcs (e.g., Lee et al., 2012; Chiaradia, 2013; Hou et al., 2017). The
model predicted that approximately 2/3 of the Cu budget of primary
arc magmas is possibly stripped by sulfides near the lithospheric man-
tle-crust boundary. Consequently, large amounts of Cu-rich sulfides ac-
cumulated there may have been remobilized and contributed to later
porphyry-related metallogenic event(s) (e.g., Hou et al., 2017). How-
ever, this hypothesis was challenged by Richards (2015), who argued
that the volume of sulfide accumulations is too small to significantly af-
fect the Cu budget of primary arc magmas. Sun et al. (2017) also sug-
gested that such Cu pre-enrichment through sulfide saturation is not a
prerequisite for generating large porphyry Cu deposits. Therefore, the
importance of early accumulation of Cu-rich sulfides in later porphyry
mineralization remains unclear.

Many recent studies, based largely on the platinum-group elements
(PGE) geochemistry, were conducted to elucidate the sulfide saturation
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history in porphyry deposits (e.g., Gao et al.,, 2015; Park et al., 2015;
Cocker et al., 2016; Hao et al., 2017). This is because PGE, as highly-
chalcophile elements, have Dsu!fide liquidssilicate melt (3 tiion coefficient
between immiscible sulfide liquid and silicate melt) values at least
two orders of magnitude above those of Cu and Au (e.g., Botcharnikov
etal, 2011, 2013; Mungall and Brenan, 2014), making them a good in-
dicator of sulfide saturation. Previous studies demonstrated that the
timing and extent of sulfide accumulation exert an important influence
on the tenor of the associated porphyry mineralization. For instance,
Park et al. (2015) suggested that late sulfide saturation leads to at
least two-fold enrichments of Cu and Au in the Niuatahi-Motutahi
dacite (Tonga Rear Arc), and consequently controlled the Cu-Au miner-
alization. Meanwhile, a different sulfide saturation history is revealed at
the El Abra porphyry Cu deposit (northern Chile; Cocker et al., 2016):
Early removal of small amounts of sulfides may have resulted in PGE-
and Au-depleted Cu mineralization at El Abra. Gao et al. (2015) sug-
gested that early sulfide saturation may have removed most of the Cu
and PGE from the magmas and inhibited important porphyry Cu miner-
alization at Tuwu. On the contrary, Economou-Eliopoulos and
Eliopoulos (2000) reported high Pd and Pt contents (up to 490 ppb) in
porphyry Cu deposits in Greece, which may have contributed by early
sulfide accumulation during the magma emplacement. Thus, PGE geo-
chemistry of porphyries can shed light on the timing and role of sulfide
saturation in Cu mineralization.

In the Sanjiang Region, eastern margin of the Tibetan Plateau (SW
China), a large number of porphyry Cu-Au deposits constitute an impor-
tant mineralization belt (Fig. 1). The Pulang porphyry Cu-Au deposit,
one of the largest deposits in the belt, is closely related to the Pulang
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intrusive complex that intruded the upper Triassic clastic and volcanic
rocks of the Tumugou Formation (Fig. 2). Previous studies suggested
that the intrusive complex and the Tumugou Formation volcanic rocks
were likely co-genetic and formed at different stages of the magmatic
evolution (e.g., Wang et al.,2011; Leng et al., 2012), and thus these igne-
ous rocks provide an excellent opportunity to evaluate the magmatic
ore-forming processes. In this study, we present new zircon U-Pb age
and Hf-O isotope data to clarify the temporal-genetic correlations be-
tween the porphyries and volcanic rocks. Mineralogical, whole-rock
major/trace/PGE elements data for these rocks are also presented. We
aim to 1) better understand the magmatic evolution of the Pulang por-
phyry system, (2) determine if there was early sulfide removal or accu-
mulation in the lower crust, and if present (3) evaluate the degree of
such accumulation, as well as (4) explore other potential favorable fac-
tors for the ore formation.

2. Geological background
2.1. Zhongdian region

A large number of porphyry Cu-Au deposits are distributed in the
Zhongdian district (NW Yunnan), forming an important copper belt in
the Sanjiang Region (Fig. 1b; Zeng et al., 2006; Hou et al., 2007; Li et
al,, 2011; Leng et al,, 2012; Deng et al., 2014, 2017). Exposed stratigra-
phy in the district comprises mainly upper Triassic volcanic and sedi-
mentary rocks (Fig. 1), including mafic to intermediate lavas, and
intercalated fossiliferous limestone, clastic and pyroclastic rocks. These
rocks were interpreted to have produced by the late Triassic west-
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Fig. 1. (a) Tectonic framework of the Eastern Tibetan Plateau, highlighting the location of the study area (modified after Reid et al., 2005; Hou et al., 2007), and (b) simplified geological map
of the Zhongdian district (modified after Leng et al., 2012). Abbreviation in a: ASZ = Ayimaqin-Kunlun suture zone; BSZ = Bangong-Nujiang suture zone; GSZ = Ganzi-Litang suture

zone; ISZ = Indus-Yarlung suture zone; JSZ = Jinsha suture zone.
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Fig. 2. Simplified geological map of the Pulang porphyry Cu-Au deposit (modified after Li et al., 2011), highlighting the sampling locations.

dipping subduction of the Ganzi-Litang ocean basin (e.g., Leng et al.,
2012, 2014; Chen et al,, 2014), followed by late Triassic to early Jurassic
low-grade regional metamorphism (Reid et al., 2005). The mafic to in-
termediate lavas comprise trachyandesite with minor alkali basalt and
dacite (Leng et al., 2014). These lavas were dated to be 230-218 Ma,
and were suggested to be derived from partial melting of the litho-
spheric mantle that was metasomatised by subduction melts and/or
fluids (e.g., Leng et al., 2012, 2014).

In the Zhongdian district, a large number of late Triassic felsic to in-
termediate stocks/dikes and the related porphyry and skarn deposits
were emplaced into the volcanic-sedimentary sequence, probably
along the NW-trending regional crustal-scale faults (Fig. 1b). These por-
phyritic stocks are andesitic to dacitic, and are composed of diorite,

quartz diorite, quartz monzonite and granodiorite. There are also a
few Mesozoic-Cenozoic W-Mo ore-bearing granitic batholiths in the
district (Fig. 1b; Qu et al., 2002; X.S. Wang et al., 2014a), which were
probably formed by the partial melting of Mesoproterozoic crustal ma-
terials in an intraplate extensional setting (X.S. Wang et al., 2014b).

2.2. Pulang Cu-Au deposit

Pulang is the largest porphyry deposit in the Zhongdian district, and
contains proven reserves of ~4.31 million t (Mt) of Cu and 113 t of Au
with an average grade of 0.34% and 0.09 g/t, respectively (Li et al.,
2011). The deposit has been mined since 2017 under a designed annual
production of ~50 kt Cu.
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The Cu-Au mineralization is mainly hosted in the Pulang intrusive quartz diorite porphyry (QDP), syn-mineralized monzodiorite porphyry
complex (16 km?), which is composed of five porphyry stock/dike gen- (MP) and quartz monzonite porphyry (QMP), and post-mineralized
erations (Fig. 2) including (from oldest to youngest): pre-mineralized granodiorite porphyry (GP) and andesite porphyry (AP). The QDP is

Fig. 3. Photographs (a-d) and microphotographs (e-h) of some representative porphyries from the Pulang mine. (a) Quartz diorite porphyry (QDP, drill hole ZKE002, depth 3.5 m); (b)
quartz monzonite porphyry (QMP, drill hole ZK0409, depth 996-997 m); (c) a gradational boundary between QDP and QMP stocks; (d) chalcopyrite-quartz stockwork veins in the QMP;
(e) amphibole and biotite phenocrysts (QDP sample PLZK0416-821 m, plane polarized light), slightly altered; (f) plagioclase phenocrysts with Carlsbad twinning (QDP sample P112-32,
cross polarized light); (g) amphibole and biotite phenocrysts locally replaced by actinolite and chlorite (QDP sample P112-8, BSE image); (h) normally-zoned plagioclase phenocrysts (QDP
sample PLZK0416-821 m, BSE image). Abbreviations: Am = amphibole; Ap = apatite; Bt = biotite; Cpy = chalcopyrite; Kf = K-feldspar; Pl = plagioclase; Qtz = quartz.
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fine- to medium-grained, and comprises plagioclase, hornblende, bio-
tite, quartz, and minor K-feldspar phenocrysts in a microcrystalline
groundmass (Fig. 33, e, f). Phenocrysts are partially altered to actinolite,
sericite, calcite and chlorite (Fig. 3e, g). The MP is fine-grained, and com-
prises plagioclase, K-feldspar, quartz, and minor biotite phenocrysts in a
felsic groundmass, and experienced local chlorite and/or sericite alter-
ations. The QMP is medium-grained, comprising K-feldspar, quartz
and biotite phenocrysts in a felsic groundmass (Fig. 3b). The rocks
have undergone potassic, phyllic and silicic alterations. These rocks
are in gradational contact with QDP (Fig. 3¢), indicating that the two
rock types are largely coeval. GP (crosscutting the QDP and QMP stocks)
has similar mineral assemblage to QDP, but is slightly altered. AP is
mainly documented in drill cores, and crosscut all the above-mentioned
porphyries. AP contains biotite, minor plagioclase and hornblende phe-
nocrysts in an intermediate groundmass. Zircon, apatite, sphene, rutile
and magnetite are common accessory minerals in the above-mentioned
Pulang porphyries.

Many styles of hydrothermal alteration, including potassic, sericite,
and propylitic, were extensively developed at Pulang (Zeng et al.,
2006; Li et al., 2011). Alteration zonation is well developed in the de-
posit, with a potassic alteration core rimmed by propylitic alteration.
Both alteration styles are locally overprinted by late sericite alteration.
Veinlet, stockwork and/or disseminated Cu-Au ores are mainly hosted
within the potassic core zone of the QMP stock, and are featured by an
assemblage of chalcopyrite + pyrite 4+ molybdenite + bornite (Fig.
3d). A molybdenite Re-Os age of 213 + 3.8 Ma has been reported to
constrain the timing of mineralization (Zeng et al., 2006). Several K-Ar
and Ar-Ar plateau ages (216-210 Ma; Zeng et al., 2006; Wang, 2008;
Li et al,, 2011) were also obtained from the hydrothermal hornblende
and biotite from the Pulang porphyries.

3. Analytical methods
3.1. Zircon U-Pb dating

Zircon grains were separated from the host rocks using conventional
heavy liquid and magnetic separation techniques, and then hand-
picked under a binocular microscope. Representative zircons were
mounted in epoxy and then polished to about half their thickness for
analysis. The zircons were observed using transmitted and reflected
light microscopy and cathodoluminescence (CL) imaging to reveal
their internal structures. Zircon U-Pb dating was performed on an
Agilent 7500cs quadrupole ICPMS coupled with a 193 nm Coherent
Ar-F gas laser at the University of Tasmania (Australia). Down-hole frac-
tionation, instrument drift and mass bias correction factors for U-Pb ra-
tios were calculated using two analyses of the primary standard 91500
(Wiedenbeck et al., 1995) and one analysis on each of the secondary
standard zircons (Temora; Black et al., 2003; and GJ-1; Jackson et al.,
2004) at the beginning of the session and every 15 zircon samples,
using the same spot size and analytical conditions. The correction factor
for the 2°”Pb/2°®Pb ratio was calculated using large spots of NIST610 an-
alyzed every 30 unknowns and corrected using the values recom-
mended by Baker et al. (2004). Each analysis on the zircon grains
began with a 30 s blank gas measurement followed by a further 30 s
of analysis with the laser on. Zircons were sampled using 32 pm spots
using a frequency of 5 Hz and an energy density (measured at the sam-
ple surface) of approximately 2 ]/cm?. A flow of He carrier gas at a rate of
0.35 I/min carried particles ablated by the laser out of the chamber to be
mixed with Ar gas and carried to the ICP-MS plasma torch. Isotopes
measured were “°Ti, °Fe, 9°Zr, 78Hf, 202Hg, 2°4Pb, 206Pb, 207Ph, 298pb,
232Th and 238U with each element being measured every 0.16 s with
longer counting time on the Pb isotopes compared to the other ele-
ments. Data was reduced using methods described in Meffre et al.
(2008) and Sack et al. (2011). Element abundances on zircons were cal-
culated using Zr as the internal standard element, assuming stoichio-
metric proportions (43.14% Zr in zircon) and using the NIST610 to

correct for mass bias and drift. In addition, the titanium-in-zircon ther-
mometry (Watson et al., 2006) is used to determine the zircon crystal-
lization temperatures in the magmas.

3.2. In-situ zircon Hf-0 isotopic analyses

Zircon oxygen isotopes were measured using the Cameca IMS-1280
SIMS at the Institute of Geology and Geophysics, Chinses Academy of
Sciences. The detailed analytical procedures were described in Li et al.
(2009). Cs™* primary ion beam was used as the ion source, and the
spot size is about 20 um in diameter. Oxygen isotopes were measured
using the multi-collection model on two off-axis Faraday cups. One
analysis takes ~4 min. Uncertainties on individual analyses are usually
better than 0.2%. (10) (Li et al., 2010). The instrumental mass fraction-
ation factor is corrected using the Penglai and Qinghu zircon standards
with §'80 values of 5.31%. & 0.10%. (2SD) and 5.4%. & 0.2%. (2SD), re-
spectively (Li et al,, 2010, 2013).

Lu-Hf isotopes were analyzed on the same spots of the ion micro-
probe analysis, using a Neptune Plus MC-ICP-MS (Thermo Fisher Scien-
tific) in combination with a Geolas 2005 excimer ArF laser ablation
system (Lambda Physik) at the State Key Laboratory of Geological Pro-
cesses and Mineral Resources, China University of Geosciences
(Wuhan). All data were acquired on zircon in a single spot ablation
mode at a spot size of 44 pum in this study. Detailed operating conditions
of the laser ablation system and the MC-ICP-MS instrument and analyt-
ical method are the same as description by Hu et al. (2012). Off-line se-
lection and integration of analytic signals, and mass bias calibrations
were performed using ICPMSDataCal (Liu et al., 2010).

3.3. Whole-rock major, trace and platinum-group elements analyses

Major oxides of the samples were measured using X-ray fluores-
cence spectrometer (XRF) on fused glass beads at the ALS Chemex
(Guangzhou) Co. Ltd. Trace elements were analyzed using ICP-MS at
the State Key Laboratory of Ore Deposit Geochemistry (SKLODG), Insti-
tute of Geochemistry, Chinese Academy of Sciences, following the pro-
cedures of Qi et al. (2000). The analytical precision and accuracy for
most major and trace elements measured are better than 5%.

PGE contents were determined using isotope dilution ICP-MS (ID-
ICP-MS) at SKLODG, with a Carius tube technique (Qi et al., 2007,
2010). Approximately 10 g of sample powders was used in the analyti-
cal procedure. Ir, Ry, Pd, and Pt were measured with ID-ICP-MS and Rh
was determined using '°*Pt as the internal standard (Qi et al., 2004).
The analyses were monitored using a standard reference of WGB-1

Table 1

Summary of LA-ICP-MS zircon U-Pb dating results for the Pulang complex.
Sample ID Lithology  2*®U/?%Pb age® (Ma) 420 Ti°(°C) =0
PL12-6 QDP 216.8 14 706 19
PL12-9 216.9 2.0 699 22
PL12-15 216.1 1.7 685 31
PL12-27 MP 215.9 13 695 20
PLZK0406-132.2m QMP 2171 1.8 676 42
PLZK0406-401.8 m 216.0 12 682 27
PLZK0406-925.6 m 215.1 13 698 25
PL302-1 GP 214.2 1.7 731 21
PL12-1 AP 212.3 13 732 22
HN11-4¢ TA 219.1 32 796 34

Abbreviation of lithology: AP = andesite porphyry, GP = granodiorite porphyry, MP =
monzodiorite porphyry, QDP = quartz diorite porphyry, QMP = quartz monzonite por-
phyry, TA = trachyandesite.

a 238J206p} age was obtained by plots of 207Pb/2%Pb vs. 233U/2%°Pb using the Isoplot
package (Ludwig, 2012), except for PL12-15 which a weighted mean age is used (Fig. 4).

b Ty, refers to titanium-in-zircon temperature of zircon, and is calculated based on the
equation of Trj = 4800 / (5.711 — Logasio, + Logatrio, — LogTi) — 273 (Watson et al.,
2006), where aisio, and ario, are assumed as 1.0 and 0.75, considering quartz and rutile ex-
ist in the rocks.

¢ Data of HN11-4 from Leng et al. (2014) are shown for comparison.
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Fig. 4. Terra-Wasserburg plots of the zircon U-Pb data for the Pulang complex. Blue spots are excluded in the age calculation.
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(gabbro). The total procedural blanks were lower than 0.002 ppb for Ir,
0.003 ppb for Rh, 0.002 ppb for Ru, 0.012 ppb for Pd, and 0.020 ppb for
Pt, respectively. The detection limits are 0.0016 ppb for Ir, 0.0015 ppb
for Rh; 0.0014 ppb for Ru; 0.018 ppb for Pd; 0.011 ppb for Pt, respec-
tively. Analytical precision is estimated to be better than 15% from the
replication of standard materials.

3.4. EMPA mineral geochemical analysis

EMPA analysis of plagioclase and amphibole was undertaken using
wavelength-dispersive X-rays analysis on a JEOL JXA-8100 electron mi-
croprobe at the Shandong Bureau Testing Center of China Metallurgical
Geology Bureau (Jinan). The analyses were performed with a voltage of
15 keV and a sample beam of 20 nA focused on a spot of ~2 pum in diam-
eter. Peak and background counting times were set at 20 and 10 s, re-
spectively. The limits of detection are typically lower than 500 ppm,
and analytical precision for major elements is better than 5%. In addi-
tion, The Probe-AMPH Excel spreadsheet (Tindle and Webb, 1994)
was used to recalculate the amphibole compositions, and the Al-in-
hornblende barometer of Johnson and Rutherford (1989) was used for
pressure estimation. The methods of Ridolfi et al. (2010) were applied
to calculate the temperature and oxygen fugacity (fO,) of the magmas
equilibrated with the amphibole.

4. Results
4.1. Zircon U-Pb age and titanium-in-zircon temperature

Nine porphyry samples (including 3 QDP, 3 QMP, 1 MP, 1 GP and 1
AP) were collected from the Pulang complex for the zircon U-Pb isotope
analysis, and the whole dataset is presented in Supplemental Table 1
and summarized in Table 1. Most of zircon grains are colorless, transpar-
ent and euhedral, with clear concentric and oscillatory growth zoning
under CL images. No inherited zircons or relict zircons cores were de-
tected in this study.

Three nearly identical U-Pb ages (216.1 £+ 1.7 to 216.9 £ 2.0 Ma)
were obtained for the QDP samples (Table 1; Fig. 4a-c), representing
the maximum age of the QDP stock emplacement. These samples have
similar titanium-in-zircon temperatures (Tr;) of 685 + 31-706 + 19
°C. Similarly, three QMP samples also have indistinguishable U-Pb
ages (215.1 4+ 1.3 t0 217.1 & 1.8 Ma; Fig. 4d-g) and consistent Tr; tem-
peratures (676 & 42 to 698 & 25 °C). In addition, one MP sample
(PL12-27) yielded an age of 215.9 4 1.3 Ma (Fig. 4h), and a Tr; temper-
ature of 695 + 20 °C, broadly consistent with those of QDP and QMP.
Zircons from the samples PL302-1 (GP) and PL12-1 (AP) are slightly
younger (i.e., 214.2 4+ 1.7 Ma, and 212.3 + 1.3 Ma, respectively) (Table
1; Fig. 4i, j), but contain higher Tr; temperatures (~730 °C) (Table 1;
Fig. 5).

4.2. In-situ zircon Hf-0 isotopes

Seven representative porphyry samples were collected from the
Pulang complex for zircon Hf-O isotopes analyses. A trachyandesite
sample (i.e. HN11-4) previously dated by Leng et al. (2014) was also an-
alyzed for comparison. Twenty spots analyses were performed for each
sample, and thus a total of 160 suites of zircon Hf-O isotope data were
obtained (Supplemental Table 2).

In general, all the analyzed zircons from different samples have uni-
form 6'80 ratios (mean = 6.1 to 6.4%.) (Table 2, Fig. 6a—c). These zir-
cons also have a limited ey¢(t) range (—0.8 & 0.3 to 0.1 4 0.3) (Table
2, Fig. 6e-g). In contrast, the trachyandesite sample exhibits a slightly
lower 680 value (5.8 + 0.2%o; Fig. 6d) but a higher ey(t) ratio (3.7 +
0.3; Fig. 6h).
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Fig. 5. Plot of U-Pb age vs. titanium-in-zircon temperature for zircons from the Pulang
porphyries and volcanic wall rocks in the Zhongdian district.

4.3. Mineral chemistry

4.3.1. Plagioclase

Plagioclase is the dominant phenocryst type of the Pulang complex
(Fig. 3a). Plagioclase phenocrysts are tabular, subhedral and 0.2 to 20
mm (mostly 1 to 10 mm) long. Most plagioclase phenocrysts are
zoned (Fig. 3f), with CaO content gradually increasing from the crystal
center to margin. The plagioclase compositions are highly variable
(Ang to Ango; Supplemental Table 3), but mostly around Ansg_so (Fig.
7), similar to those of the plagioclase from the trachyandesite wall
rocks (Leng et al.,, 2014).

4.3.2. Amphibole

Amphibole is another common phenocryst type for the Pulang QDP,
GP and AP. Some course-grained amphibole phenocrysts (>0.1 mm) are
locally replaced by actinolite and tremolite (Fig. 3e, g). All the analyzed
grains belong to calcic amphiboles, and are mostly magnesiohornblende
and minor tschermakite (Fig. 8). Based on the Al,O5 content, these am-
phiboles can be divided into high-Al (Al,03 = 9.4-11.8 wt%) and low-
Al (Al,03 = 5.9-7.3 wt%) types (Fig. 9), although they are indistinguish-
able under BSE images (Fig. 3g). In general, the low-Al amphibole has
lower TiO, and Na,O concentrations than the high-Al type (Fig. 9; Sup-
plemental Table 4).

4.4. Whole-rock elemental compositions
4.4.1. Major and trace elements

Thirty-five least-altered whole-rock samples from the Pulang com-
plex have been analyzed (Supplemental Table 5). Compared to the

Table 2

Summary of zircon Hf-0 isotopes of the Pulang porphyries and volcanic wall rocks.
Sample Lithology  5'80 (%) ene(t)

Range Mean + 20 Range Mean + 20

PL12-6 QDP 5.6-6.6 6.1+0.1 —1.0-1.2 —04+03
PL12-15 5.7-6.5 6.3+ 0.1 —1.4-05 —0.6+03
PLD0104 5.7-6.7 6.2+ 0.1 —3.7-0.5 —03+03
PL12-27 MP 5.9-6.9 6.1+0.1 —0.9-0.8 00+03
PL12-34 QMP 5.6-6.9 6.3+ 0.1 —0.9-1.5 01+£03
PL302-1 GP 5.9-6.5 6.1+ 0.1 —-1.3-09 —03+03
PL12-1 AP 6.0-6.8 6.4 +0.1 —-2.1-1.0 —08+03
HN11-4 TA 5.0-6.6 58 £0.2 1.9-6.2 37+£03

Note: abbreviations of lithology are as in Table 1.



Counts(N)

C.-B. Leng et al. / Gondwana Research 62 (2018) 163-177

50 50
(a) #PLD0104
40 4 oPL12-15 40 -
3 8PL12-6
o 301 30
-
c
g 20 20 -
o
10 10
0
30

(b) mPL12-27
mPL12-34

Counts (N)

PL12-1
BPL302-1

(c)

20 -
15 4

10 4

Counts (N)

(d) mHN11-4

Counts (N)
(=2

w
L

o
>
o

5.0 6.0 7.0 8.0 4.0 2.0 0.0 2.0 4.0 6.0
8"°0 (%) &,(t)

Fig. 6. Histogram of 5'0 (a-d) and ey(t) values (e-h) for the Pulang porphyries and volcanic wall rocks in the Zhongdian district.

O Quartz diorite porphyry M Granodiorite porphyry

1.0
B Quartz monzonite porphyryl Andesite porphyry ]
50 tremolite
magnesiohornblende m tschermakite
0.8} ®
® ° L]
Kg actinolite m A. ‘1“.
w 06}
+
o)
=
< 04 f :
o)) errohornblende ferrotschermakite
= ferroacti-
0.2 nolite B Trachyandesite
. @ Quartz diorite porphyry
A Granodiorite porphyry
0.0 .
8.0 7.5 7.0 6.5 6.0 5.5

0 10 20 30 40 50 60 70
Anin plagioclase

Siin the amphibole formula

Fig. 8. Classification diagram of the amphiboles from the Pulang complex (after Leake et
Fig. 7. Histogram of Xa, of the plagioclase phenocrysts from the Pulang complex. al.,, 1997). Data of the trachyandesite (Leng et al., 2014) are shown for comparison.



C.-B. Leng et al. / Gondwana Research 62 (2018) 163-177 171

13 4
11t 3| High-Al
e Sl
g -—
2 2o
5 e High-Al =2
y B O Low-Al
< Low-Al = |
7t % 1t
18 3
F High-Al
e . Low-Al —
2 2 | Low-Al
o O 7
=] o . [
s 127 =1t
| | ® Trachyandesite
: ® Quartz diorite porphyry
| | A Granodiorite porphyry

40 42 44 46 48 50

SiO, (wt.%)

40 42 44 46 48 50
Si0, (wt.%)

Fig. 9. Major elements variation diagram for the amphibole from the Pulang complex. Data of the trachyandesite (Leng et al., 2014) are shown for comparison.

volcanic wall rocks (e.g., Wang et al., 2011; Leng et al., 2014), these por-
phyries have a limited variation of SiO, (55.4 to 68.4 wt%), Al,03 (12.4
to 16.2 wt%), MgO (1.7 to 4.9 wt%), Fe,05 (2.4 to 8.3 wt%), Ca0 (1.02
to 5.38 wt%), and TiO, (0.46 to 1.06 wt%). These elements do not show
clear correlations with SiO, in the Harker diagrams (Fig. 10a-f).

Although the trace element contents are highly variable in different
rocks, their primitive mantle-normalized patterns are broadly subparal-
lel (Fig. 11a). They are enriched in large ion lithophile elements (such as
Rb, Ba, Sr, Th, and U), and depleted in Nb, Ta and Ti, resembling typical
arc-type magmas (Tatsumi et al., 1986). Similarly, most samples show
subparallel chondrite-normalized rare earth elements (REE) patterns
(Fig. 11b). They are commonly characterized by strong enrichments of
light REE (LREE), high (La/Yb)y ratios (15-35) and weak Eu anomalies
(Fig. 11b).

4.4.2. Platinum-group elements

A total of twenty-four samples, including eight volcanic rock sam-
ples and 16 porphyry samples, were analyzed for their PGE and Au con-
tents (Table 3). Duplicate analysis of a sample was conducted to reveal
possible nugget effect.

The volcanic rocks contain 1.2-5.9 ppb of Pd (mean = 2.3 4+ 1.5
ppb), 1.0-5.4 ppb of Pt (1.9 4 1.4 ppb), and 0.1-0.8 ppb of Au (0.6 +
0.3 ppb), with the Pd/Pt ratios of 1.0-1.6 (1.3 £ 0.3). Additionally, the
sample DSG11-15 (alkaline basalt; Leng et al., 2014), one of the most
mafic rocks in the study, contains the highest PGE contents (e.g., Pd
= 5.9 ppb, and Pt = 5.4 ppb). Meanwhile, the porphyries exhibit a
wide range of PGE concentrations, with those of Pd and Pt varying
from 0.6 to 7.4 ppb (2.2 4 1.7 ppb) and from 0.3 to 4.7 ppb (1.6 + 1.1
ppb), respectively. Moreover, they contain much higher Au concentra-
tions (mostly 1 to 20 ppb, up to 188 ppb) than the volcanic rocks, imply-
ing that Au is mobile and was probably added to the porphyries during
the hydrothermal alteration at Pulang.

Overall, both volcanic and porphyritic rocks show similar primitive
mantle-normalized PGE patterns (Fig. 12a, b). They are enriched in

Pd-group PGE (PPGE: Pt, Pd), and depleted in Ir-group PGE (IPGE: Ir,
Ru), with Pt/Ir ratios of 22 to 452.

5. Discussion
5.1. Timing and duration of the Pulang intrusive activity

At Pulang, the pre-mineralized QDP has zircon U-Pb ages of ca. 216-
217 Ma and titanium-in-zircon temperatures of 685-706 °C, indistin-
guishable from those of the syn-mineralized MP and QMP (215.9 Ma
and 695 4 20 °C, and 215.1-217.1 Ma and 676-698 °C, respectively)
(Table 1; Fig. 5). The QMP has a gradational contact with the QDP, sug-
gesting that the QDP and QMP (possibly also MP) were formed in a
short timespan that cannot be distinguished by LA-ICP-MS dating
method. They are slightly older than the potassic alteration and the re-
lated mineralization (ca. 213-210 Ma) (Zeng et al., 2006; Wang, 2008;
Liet al, 2011). The post-mineralized GP and AP dikes are slightly youn-
ger (214 Ma and 212 Ma, respectively) (Table 1). Zircons from these
two slightly younger dikes yielded an elevated titanium-in-zircon tem-
perature (~730 °C; Fig. 5), indicating that the late dike emplacements
were likely triggered by brief injection of hotter magmas, which pro-
moted the incremental growth of the Pulang complex.

In summary, the duration of the Pulang complex may last only sev-
eral millions of years, rather than tens of million years as previously con-
sidered (e.g., Zeng et al.,, 2006; Pang et al., 2009).

5.2. Genetic link between porphyries and volcanic rocks at Pulang

Porphyry stocks, as by-products of subduction-related magmas, are
commonly emplaced in a subvolcanic environment covered by a volca-
nic edifice of pyroclastic rocks and/or lava flows (e.g., Sillitoe, 1973,
2010), which is also documented at Pulang. However, the genetic link
between the intrusive and extrusive rocks is not always clear. Three
models have been proposed to interpret this linkage: (1) fractional
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comparison.

crystallization from a common parental magma (e.g., Sisson and Grove,
1993; Sisson et al., 2005; Feig et al., 2006; Ulmer, 2007), (2) mixing and
hybridization of two end-member melts (e.g., Grove et al., 2005; Reubi
and Blundy, 2009), and (3) the melt expulsion model (especially for
rhyolite, Bachmann and Bergantz, 2004; Bachmann et al., 2007;
Bachmann and Huber, 2016), in which the volcanic rocks are regarded
as erupted melt-rich regions, while the crystal mush crystallized to
form the plutons (mostly intermediate in composition). At Pulang, the
extrusive rocks are more mafic than the intrusive rocks (Fig. 10), pre-
cluding the third model.

The Pulang complex is mainly andesitic to dacitic, broadly lying on
the fractional crystallization trends defined by the lavas (Fig. 10a-f).
This, however, does not support a co-magmatic origin, because no en-
richments in incompatible elements were found in the volcanic rocks
over the intrusive rocks, and both rock types are depleted in incompat-
ible and compatible elements (Fig. 10e, f). In addition, the volcanic rocks
have more positive gu¢(t) (3.7 & 0.3) and mantle-like 5'®0 signatures
(5.8%o) than those of the intrusive rocks (ey(t) = —0.8-0.1; 6'%0 ratios
<6.4%.), indicative of different origins. Thus, the whole-rock trace ele-
ments and zircon Hf-O isotopes do not support a common magmatic
source between the intrusive and extrusive rocks at Pulang.

The consistent zircon Hf-O isotopes, together with the deficiency
of inherited zircons in the Pulang complex (Fig. 4), suggest that
crustal assimilation was likely minimal. Therefore, we propose that
the parental magmas of the Pulang complex may have formed by
mixing of two magmas, as supported by the wide variation range of

plagioclase phenocryst (Ang-Angg; Fig. 7) and amphibole (Fig. 9)
compositions.

The covariant gu¢(t) vs. 8'80 zircon arrays of the analyzed rocks ex-
hibit a negative linear relationship (Fig. 13), implying a trend of
magma mixing between two end-members (e.g., Kemp et al., 2007; Li
et al., 2009). Our petrological modeling demonstrates that most zircons
from the Pulang complex crystallized from a melt containing up to 40—
50% crustal materials, and around 10-20% for the volcanic lavas (Fig.
13). On the other hand, the geometry (i.e., curvature) of the gy¢(t) vs.
5180 arrays can be used to constrain the relative Hf isotope composi-
tions of the end-members (e.g., Kemp et al., 2007; Li et al., 2009). As
shown in Fig. 13, the two end-members are expected to have similar
Hf concentrations, which are substantiated by previous studies (He et
al,, 2013; Leng et al,, 2014). Furthermore, the PGE variations in the stud-
ied rocks can also be explained by the mixing of two melt end-members.
If the sample DSG11-15 (with the lowest SiO, and the highest PGE con-
tents) is taken as the mafic end-member and the Upper Continental
Crust (Rudnick and Gao, 2014) as the felsic end-member, most of the
PGE data of the Pulang intrusive and extrusive rocks can be reproduced
by mixing between the two end-members with various ratios (not
shown).

To summarize, this study confirms that magma mixing is a plausible
mechanism to produce the PGE variation observed at Pulang. A similar
conclusion has also been reached in the study on the Kelian Au deposit
(Setiabudi et al., 2007), implying that magma mixing may have been a
common yet often underestimated phenomenon.
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5.3. Oxidized parental magma of the Pulang complex

As mentioned above, two types of amphibole, namely high-Al and
low-Al amphiboles, were identified at the Pulang complex. Mineralogi-
cal compositions of different amphiboles can be used to evaluate the
physicochemical conditions (e.g., pressure, temperature, oxygen fugac-
ity and water content) of the parental magma from which the amphi-
bole crystallized (Fig. 14), using the amphibole thermobarometers
(e.g., Johnson and Rutherford, 1989; Ridolfi et al., 2010). The results
show that the magmas equilibrated with the high-Al amphibole may
have contained 4.8-6.2 wt% H,0, and formed at a depth of 11-18 km
at 858-935 °C, and an oxygen fugacity of NNO + 0.2-NNO + 1.5 (Fig.
14). Meanwhile, the melts equilibrated with the low-Al amphibole
were likely more oxidized (NNO + 1.0-NNO + 1.7) but with lower
H,0 content (4.2-4.9 wt%). They were likely formed at shallower
depths (3-7 km) at low temperatures (770-810 °C). Although these
two amphibole types contain different water contents (Fig. 14c), both
were crystallized from oxidized magmas (>NNO + 0.2), as also sup-
ported by the large amount of magnetite observed. High fO, can signif-
icantly increase sulfur solubility in magmas (e.g., Jugo et al., 2005; Jugo,
2009; Hou and Zhang, 2015), and thus prohibit early sulfide saturation
(e.g., Sun et al,, 2015, 2017).

5.4. Removal and accumulation of sulfides during magma emplacement

Previous studies demonstrated that the PGE abundance in primary
basaltic magmas are controlled largely by the degree of partial melting
and the oxidization state of the mantle peridotite (Keays, 1995; Arndt
et al., 2005; Naldrett, 2010; Gao et al., 2012, 2013). This is because
PGE are extremely chalcophile, and are predominantly hosted by sulfide
and/or alloy phases in the mantle. Therefore, either high-degree (>18-
25%) of partial melting, or moderate-degree of melting (>11%) of an ox-
idized source (where sulfide phases are unstable), can significantly in-
crease the PGE concentrations in the magmas (Arndt et al., 2005, and
references therein).

In this study, the most mafic rocks (i.e., alkaline basalt) contain high
PPGE concentrations (Pd = 5.9 ppb, Pt = 5.4 ppb), comparable to those

Table 3
Whole-rock PGE and Au concentrations (ppb) for the Pulang porphyries and volcanic wall rocks.
Sample Lithology Ir Ru Rh Pt Pd Au Pd/Pt Pt/Ir
DSG07-8 TA 0.026 0.077 0.137 1.859 1.871 0.367 1.0 72
DSG10-1 TA 0.009 0.065 0.018 1.564 2.887 0.803 1.8 173
DSG10-7 TA 0.006 0.060 0.026 1.669 1.992 0.771 1.2 260
DSG10-15 AB 0.012 0.089 0.070 5.406 5.853 0.500 1.1 452
HN11-2 AB 0.019 0.102 0.010 1177 1.160 0.844 1.0 62
HN11-5 AB 0.005 0.060 0.013 1.012 1.177 0.602 1.2 196
HN11-8 AB 0.005 0.056 0.004 1.204 1.964 0.415 1.6 248
PL12-16 AB 0.044 0.120 0.059 1.049 1.163 0.112 1.1 24
PL12-2 AP 0.058 0.107 0.181 4,676 3.855 0.297 0.8 81
PL12-1 AP 0.014 0.087 0.019 0.298 7.449 0.128 25.0 22
PLZKE004-373.4 QDP 0.020 0.072 0.030 2371 2.128 4451 0.9 119
PL12-23 QDP 0.017 0.090 0.061 1.918 1.892 0.086 1.0 116
PL12-9 QDP 0.027 0.095 0.070 2.749 3.409 2.068 1.2 103
PLZK5620-175 QDP 0.014 0.078 0.008 0.844 1.018 1.286 1.2 62
PLZK6628-504.8 MP 0.019 0.067 0.028 1.780 0.844 10.916 0.5 92
PLZK6628-273.5 MP 0.024 0.071 0.030 2.618 2.966 50.709 1.1 111
PLZKE004-135.3 GP 0.012 0.063 0.003 0.474 0.627 1.498 13 39
PLZK0416-835 GP 0.013 0.074 0.005 0.684 0.867 1.045 13 55
PL302-5 QMP 0.015 0.048 0.013 1.514 2.618 188.597 1.7 104
PLZK0406-132.2 QMP 0.008 0.067 0.000 0.351 0.729 2.799 2.1 47
PLZK0409-515 QMP 0.015 0.063 0.017 1.137 1.127 6.202 1.0 77
PLZK0406-297.5 QMP 0.019 0.079 0.011 0.998 0.869 13.927 0.9 53
PLZK0406-522 QMP 0.014 0.047 0.012 1.657 1.768 17.214 1.1 122
PLZK1208-872.7 QMP 0.104 0.046 0.022 1.593 2.073 16.079 13 15
PLZK1208-872.7 duplicate QMP 0.017 0.048 0.013 1.289 3.455 17.919 2.7 77

Note: AB = alkaline basalt, other abbreviations of lithology are as in Table 1.
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of the typical arc basalts (e.g., basalts from the Tonga Rear Arc; Park et
al., 2015), and higher than those of basalts from the Cameroon Line
suite, which were suggested to have formed from low-degree (<8%)
partial melting of mantle peridotite (Rehkdmper et al., 1999). The oxi-
dized nature of the parental magmas at Pulang indicates that sulfides
may not have saturated during the magma emplacement, so that the
PGE contents in the silicate melts remain unchanged. Due to the higher
partition coefficients between the sulfide and silicate melts of Pt against
Pd (Fleet et al,, 1999), sulfide crystallization would increase the Pd/Pt ra-
tios in the residual magmas (>1). At Pulang, most of the volcanic rocks
have consistent Pd/Pt ratios of ~1 (Fig. 12; Table 3), indicating that the
lavas may not have fractionated Pt-alloys or sulfides. Therefore, IPGE-
depleted signatures of the Pulang intrusive and extrusive rocks suggest
that the parental magmas may have formed by low-degree (<11%) par-
tial melting of a PGE-depleted mantle source. Nonetheless, the IPGE de-
pletions could also be led by the presence of certain IPGE-rich phases
(e.g., alloy, Cr spinel and chromite; Barnes and Lightfoot, 2005) in the
melt residue.

We propose that the Pulang magma did not undergo early sulfide re-
moval, and that the magma was likely sulfide-unsaturated during its
emplacement. Although the Pulang intrusive complex and the volcanic
wall rocks contain slightly varying PGE concentrations (Table 3), all the
rocks do not show PGE enrichments relative to OIB (Fig. 12). The sul-
fide-unsaturated magma would dissolve sulfides, if any, in the crust
and elevate its PGE contents due to extremely high PGE budget in
such sulfides. Thus, the relatively low PGE contents of the Pulang mag-
matic rocks preclude the existence of early Cu-rich sulfide accumulation
at depth.

5.5. Ore-forming controls of the Pulang Cu-Au deposit

This study concludes that both the intrusive and extrusive rocks at
Pulang have not experienced early sulfide removal or addition, and
thus the parental magmas were likely sulfide-unsaturated prior to
their emplacement. Although these magmas were oxidized, which is fa-
vorable for ore metal transport, they may have different physicochemi-
cal properties as indicated by the varying amphibole compositions (Fig.
14). Volatile (mainly water) contents were likely increased in the resid-
ual melts via magmatic differentiation and/or via mafic magma replen-
ishments. Furthermore, as reflected by the low-Al amphibole
compositions (Fig. 14), the inferred H,Opec content decreases (<4.9
wt%) with increasing oxygen fugacity (>NNO + 1.0). This may have oc-
curred during the onset of volatile exsolution at shallow depths, and
represents another factor that promoted ore formation (Cline, 2003).
High water contents promote the exsolution of aqueous fluids (e.g.,
Richards, 2011; R. Wang et al., 2014), and substantially increase the ef-
ficiency of metal extraction from the silicate melts (or crystal mush).
Thus, both high oxygen fugacity and water contents are critical ore-
forming factors for the Pulang porphyry Cu-Au deposit.

6. Conclusions

Both the Pulang complex and the mafic-intermediate volcanic wall
rocks have similar PGE abundances and mantle-normalized PGE pat-
terns, implying that no appreciable sulfide cumulates were lost or
gained during the magma fractionation in the upper crust.

The Pulang complex was likely formed in a long-lived (~5 m.y.) open
magmatic system, and has experienced complex processes of magma
mixing and replenishment.

Two kinds of amphibole with different Al,03 contents are identified
at Pulang, which were likely crystallized in the deeper (11-18 km) and
shallower (3-7 km) parts of the magma chambers, respectively.

High oxygen fugacity and high water contents were two critical ore-
forming factors for the Pulang porphyry Cu-Au deposit.
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Fig. 14. Plots of pressure (a), log fo, (b) and HyOpeir () versus temperature estimated from the Pulang amphiboles. All the diagrams were from the spreadsheet of Ridolfi et al. (2010). The
pressure was calculated based on the Al-in-hornblende barometer of Johnson and Rutherford (1989). Error bars represent the expected rest (22 °C) and maximum logfO, errors (0.4 log
unit). Abbreviations: NNO = nickel nickel oxide buffer curve (O'Neill and Pownceby, 1993), others are the same as in Fig. 12.
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