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A B S T R A C T

The concentration of Cu is crucial to the formation of porphyry Cu deposits. However, key petrologic evidence
for the origin of Cu-rich magmas is scarce. Here, we describe newly discovered Cu-rich mafic porphyritic en-
claves (CMPEs) with accumulated phenocrysts, porphyritic textures and disseminated sulfide minerals in a
Carboniferous tonalite pluton in the Sangnan area, East Junggar. These CMPEs have diagnostic petrologic,
geochronologic and geochemical signatures that indicate they are intruded globules of Cu-rich mafic magma.
These signatures include microgranular elongated laths of zoned plagioclase, needle-shaped zircon, poikilitic K-
feldspar, skeletal intergrowths of chalcopyrite and epidote, sharp contacts and different geochemical composi-
tions than the host tonalite. They also display slight younger zircon U-Pb age but similar hornblende formation
depths with their host tonalites. The host tonalites are calc-alkaline and adakitic, whereas the CMPEs are high-K
calc-alkaline and dioritic and have the geochemical signature of normal arc rocks.

The CMPEs contain groundmass magnetite in the carapace and Cu-Fe sulfide minerals in the core. Most Cu-Fe
sulfide minerals are interstitial. The interstitial pyrite and chalcopyrite display late magmatic-hydrothermal
textures, including intergrowths of chalcopyrite with magmatic oligoclase, K-feldspar and quartz, poikilitic
chalcopyrite, skeletal and myrmekite-like intergrowths of chalcopyrite and epidote and sulfide-bearing miaro-
litic cavities. The interstitial sulfide minerals formed closely following the crystallization of the groundmass K-
feldspar and quartz, and contemporary with albite and epidote. The CMPE magmas may be related to the for-
mation of porphyry Cu deposits. The CMPE magmas are likely to have been produced by fractional crystal-
lization of oxidized fertile basaltic magmas in a subcrustal chamber below the host tonalite chamber. The oxi-
dized basaltic magmas were derived from metasomatised mantle wedges. The adakitic tonalite magmas are
probably formed by the partial melting of mafic lower crust, that was triggered by the intrusion of the hot
basaltic magmas.

1. Introduction

Porphyry Cu deposits (PCDs) supply nearly three-quarters of the
world’s Cu (Sillitoe, 2010). They are characterized by disseminated ore
minerals and vein-, stockwork- and breccia-hosted copper, mo-
lybdenum and gold minerals associated with intermediate to felsic
porphyritic intrusions, mostly at convergent plate margins (Lowell and
Guilbert, 1970; Titley and Beane, 1981; Seedorff et al., 2005; Cooke
et al., 2005; Richards, 2011). Additionally, they typically form by the

precipitation of hydrothermal minerals from aqueous solutions, and are
magmatic hydrothermal deposits (Hedenquist and Lowenstern, 1994;
Halter et al., 2002). The ore fluids of PCDs are magmatic (Lowenstern
et al., 1991;Harris et al., 2003, 2004; Heinrich et al., 2004), and are
proposed to be exsolved from associated porphyry magmas on the basis
of their close spatial-temporal association with mineralization and al-
teration zoning (Hedenquist and Lowenstern, 1994; Halter et al., 2002;
Harris et al., 2003; Nadeau, 2015). The concentration of Cu by frac-
tional crystallization of magmas is a key condition for the formation of
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PCDs (Candela and Holland, 1986; Hedenquist and Lowenstern, 1994;
Cloos, 2001; Audétat and Pettke, 2006; Wilkinson, 2013). Therefore,
the existence of Cu-rich magmas is crucial to the formation of PCDs
(Core et al., 2006), which may be produced in magma chambers (Core
et al., 2006; Xu et al., 2009, 2012; Sillitoe, 2010). However, the pet-
rological evidence for the Cu-rich porphyry magmas that are produced
by fractional crystallization in such magma chambers is scarce.

Recently, we discovered some Cu-rich mafic porphyritic enclaves
(CMPEs) that contain accumulated phenocrysts, have porphyritic tex-
tures and also contain disseminated interstitial sulfide minerals within a
tonalite pluton in the Sangnan area, East Junggar. The CMPEs provide
petrologic evidence for the igneous origin of Cu-rich porphyry magmas.

2. Regional geological and tectonic setting

The CMPEs were observed in a tonalite pluton in the Sangnan area,
in the Qiongheba porphyry Cu district in East Junggar, China (Fig. 1).
The Qiongheba district lies within the eastern segment of the Paleozoic
Yemaquan arc of the East Junggar terrane in the Central Asian Orogenic
Belt between the Siberia and Tarim-North China cratons (Fig. 1a; Jahn
et al., 2000, Jahn et al., 2004; Dong et al., 2009; Xiao et al., 2009; Xu
et al., 2013b, Xu et al., 2015b). The Central Asian Orogenic Belt con-
tains a number of world class PCDs, such as Oyu Tolgoi, Erdenet, Ak-
togai-Aiderly, Boschekul, Kounrad and Kal’makyr (Fig. 1a; Cooke et al.,
2005; Shen et al., 2015). The East Junggar terrane, east of the Junggar

Fig. 1. Location (a) and tectonic units (b) of East Junggar and geological map (c) of the Qiongheba area with an enlargement of the Sangnan area (d). Figures a, b and c are after Xu et al.
(2013b) and Xu et al. (2014). S1: Irtysh–South Mongolia suture, S2: Kelameili-Zhifang-Daheishan Suture. SIA: Sawuer island arc, YCA: Yemaquan continental arc.
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basin, is bounded by the Irtysh-South Mongolia suture in the north and
by the Kelameili-Zhifang-Daheishan Devonian–Carboniferous ophiolite
belt in the south (Fig. 1b). The East Junggar terrane consists from north
to south of the NW-trending Sawuer Devonian oceanic island arc (SIA),
the Armantai Cambrian–Ordovician ophiolite belt and the Yemaquan
Paleozoic continental arc (YCA, Fig. 1b; Xu et al., 2013b). The Irtysh-
South Mongolia suture that formed in the early Carboniferous re-
presents the final closure of the Paleo-Asian Ocean between the peri-
Siberia and Kazakhstan tectonic domains (e.g., Khain et al., 2003; Tong
et al., 2012; Hong et al., 2015, 2017). The Yemaquan continental arc
was formed by the southward subduction of the Paleo-Asian oceanic
plate under the Junggar continent along the Armantai ophiolite belt in
the Early Paleozoic, whereas the Sawuer oceanic island arc was related
to the southward intra-oceanic subduction of the Paleo-Asian oceanic
plate in the Devonian (Xu et al., 2013b). Closure of the Junggar Ocean
represented by the Kelameili-Zhifang-Daheishan ophiolite belt and
tectonic collision between the Yemaquan arc and Junggar block are
inferred to have taken place at approximately 343 Ma in the Kelameili-
Zhifang area (Zhang et al., 2013; Xu et al., 2015a).

3. Geological feature in the Qiongheba area

The intrusive bodies in the Qiongheba district are calc-alkaline and
exhibit the geochemical signatures of continental arc rocks; rock types
include quartz-diorite, tonalite, monzonite, granite, and granitic por-
phyry (Fig. 1c). The quartz-diorite and tonalite bodies in the Qiongheba
area (Fig. 1c) are late Paleozoic and have adakite-like geochemical
signatures, such as high Sr/Y ratios (> 20), high concentrations of Sr
(> 400 ppm) and low concentrations of Y (< 18 ppm) and Yb
(< 1.8 ppm) (Qu et al., 2009; Du et al., 2010). In the last five years,
many new porphyry copper deposits and occurrences have been dis-
covered in the Qiongheba area, such as those at Hersai, Tonghualin,
Mengxi, Livshi, Sangnan and Qiongheba areas (Fig. 1c; Xu et al., 2014).
The Mengxi, Tonghualin and Hersai PCDs are characterized by vein-,
stockwork- and breccia-hosted mineralization (Qu et al., 2009; Du
et al., 2010; Zhang et al., 2010; Xu et al., 2014), whereas the Qiongheba
PCD is slightly different and is characterized more by disseminated
chalcopyrite and bornite in granitic porphyry. Disseminated sulfide
minerals also are prevalent in many other newly discovered PCDs in the
Qiongheba district (Xu et al., 2013a). The 418 Ma albite porphyry dikes
that are spatially associated with the Hersai PCD contain disseminated
miarolitic, cavity-hosted chalcopyrite-sphalerite intergrowth from solid
solution processes (Xu et al., 2014). The Sangnan Cu occurrence is
characterized by vein-hosted mineralization associated with dioritic
porphyries intruded into a tonalite stock (Fig. 2a), and by an abundance
of CMPEs within the tonalite stock. These dioritic porphyries also
contain some interstitial sulfide mineralization. The tonalite was em-
placed into a 347 Ma granite stock adjacent to a 414 Ma quartz diorite
stock (Fig. 1d).

4. Sample selection

The abundant CMPEs range in size from 0.5 to 20 cm and may be as
large as 50 cm in diameter. They are randomly distributed in the to-
nalite and have variable shapes, such as rounded, ellipsoidal, discoidal,
elongated, lenticular or tabular, but have sharp contacts with their host
rocks (Fig. 2b and 3a and b). They are usually finer grained and darker
than the tonalite host rock. They are only seen in the Sangnan area.

After petrographic examination, a total of eight CMPEs (numbered
with a suffixal letter E) and eight peripheral and adjointing tonalites
(numbered with a suffixal letter G), i.e. 16 samples, were selected from
the drill cores in drill holes zk3406 and zk4001 for whole rock geo-
chemistry and for Sr-Nd-Pb isotopic analysis. All the tonalite samples
are unaltered. One pair (sample 6-4E and 6-4G) was selected for in situ
zircon U–Pb dating and Hf isotopic analysis, 6 thin sections of the se-
lected samples were selected for electron microprobe analysis, and 11
sulfide-bearing samples from the eight CMPEs were selected for sulfur
isotopic analysis. Pairs 1-1, 1-2 and 1-3 were collected from the drill
core zk4001 at depths of 118 m, 248 m and 340 m, respectively, and
pairs 6-1, 6-2, 6-3, 6-4 and 6-5 were collected from the drill core
zk3406 at depths of 180 m, 283 m, 420 m, 480 m and 560 m, respec-
tively. Additionally, two dioritic porphyry samples were selected for
whole rock geochemistry and Sr-Nd-Pb isotopic analysis for comparison
to the CMPEs. All the analyses were conducted at the Institute of
Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). The
analytical techniques are described in APPENDIX A. The analytical data
are summarized in Tables 1 and 2 and Supplementary Tables 1–6.

5. Petrologic, geochemical and geochronologic features of the
host tonalites

5.1. Petrology and mineralogy

The host tonalites with granitic texture (Fig. 3c) consist of medium-
grained euhedral plagioclase (35–40 vol%), quartz (25–30 vol%), bio-
tite (15–22 vol%), K-feldspar (5–10 vol%), hornblende (2–12 vol%),
with accessory magnetite, zircon and apatite. Most plagioclases are
andesine, but a few are labradorite (Supplementary Table 1, Fig. 4a).
The andesine crystals are short rectangular prisms approximately 0.8-
to 2.0 mm-long. The hornblendes are magnesiohornblende
(Supplementary Table 2, Fig. 4b). The zircon crystals are stubby with
lengths ranging from 68 to 161 μm. Some en echelon S-shaped micro-
fractures are present in zones adjacent to the CMPEs (Fig. 3c). The host
tonalites are unaltered throughout, excepting for a few replacements of
hornblende by actinolite, and biotite by chlorite and/or microcrystal-
line anhydrite along microfractures within the andesine crystals in the
narrow peripheries of the CMPEs. The Al-in-hornblende barometer of
Schmidt (1992) indicates that the tonalite formed at pressures from 1.9
to 2.2 kbar (± 0.6 kbar) at depths ranging from 6.9 to 8.0 km
(±2.2 km).

Fig. 2. Field photographs showing alteration and miner-
alization along a contact zone between a dioritic porphyry
dike and tonalites (a) and distribution of CMPEs in tonalites
(b) in the Sangnan area.
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5.2. Whole rock geochemistry

The host tonalites all have similar geochemical signatures (Tables 1
and 2). They have a lot of Cu (119–358 ppm). They contain
392–464 ppm Sr, 11.13–16.28 ppm Y and 1.48–2.27 ppm Yb. They are
calc-alkaline (Fig. 8a).

5.3. Zircon U-Pb ages and Lu-Hf isotopes

Stubby zircons from tonalite 6-4G (the peripheral of the CMPE 6-4E)

have 206Pb/238U ages ranging from 324.5 ± 5.4 Ma to
354.9 ± 5.2 Ma, 176Hf/177Hf values from 0.282864 to 0.282996, εHf (t)
values from +10.9 to +15.4 with a weighted average of 12.72 ± 0.37
(Fig. 9b), and depleted-mantle model age (TDM2(Hf)) from 658 Ma to
364 Ma for 30 analyzed grains (Supplementary Tables 5 and 6). Grain
10 has a much older 206Pb/238U age of 354.9 ± 5.2 Ma than others
and is possibly an antecryst; the other 29 grains have a concordia age of
338.3 ± 0.95 Ma (MSWD = 0.38; Fig. 9a).

Table 1
Major (wt%) and trace element (ppm) concentration and Sm-Nd-Rb-Sr isotope composition for the CMPE, tonalite (T) and dioritic porphyry (DP) from the Sangnan area, East Junggar.

Number 1-1G 1-1E 1-2G 1-2E 1-3G 1-3E 6-1G 6-1E 6-2G 6-2E 6-3G 6-3E 6-4G 6-4E 6-5G 6-5E SNDP-1 SNDP-2
Rock type T CMPE T CMPE T CMPE T CMPE T CMPE T CMPE T CMPE T CMPE DP DP

Location Drilling hole zk4001, 44°09′22.2″N, 95°15′54.4″E Drilling hole zk3406, 44°09′18.4″N, 95°15′49.0″E 44°09′26.78″N,
95°15′53.08″E

118m 248m 340m 180m 283m 420m 480m 560m

SiO2 65.86 57.66 66.36 55.09 65.76 55.99 66.2 57.28 66.24 55.94 64.61 56.46 64.27 56.25 64.45 56.35 55.02 56.18
TiO2 0.4 0.62 0.39 0.67 0.37 0.69 0.38 0.63 0.4 0.53 0.45 0.65 0.38 0.71 0.43 0.69 0.68 0.71
Al2O3 16.03 18.02 15.74 17.58 15.43 17.33 15.95 18.04 15.52 17.34 15.53 17.04 15.54 16.05 15.52 16.02 17.97 16.98
TFe2O3 4.64 6.78 4.66 7.98 5.18 8.03 4.58 7.12 4.93 7.27 5.75 8.24 6.08 8.99 6.02 9.12 7.66 9.14
MnO 0.08 0.11 0.08 0.19 0.05 0.11 0.09 0.12 0.09 0.15 0.09 0.15 0.09 0.18 0.10 0.17 0.20 0.16
MgO 1.81 3.24 1.89 4.25 1.81 4.58 1.76 3.16 1.99 3.48 2.24 3.35 2.44 4.06 2.47 3.84 3.35 3.77
CaO 4.3 4.85 4.09 4.88 3.94 4.9 4.48 4.88 4.22 4.96 4.67 5.34 4.68 5.97 4.54 6.04 5.63 5.22
Na2O 3.86 4.29 3.83 4.43 3.71 4.59 3.88 4.52 3.71 4.43 3.77 4.24 3.51 3.76 3.51 3.79 4.27 4.29
K2O 1.82 2.36 1.93 2.65 2.04 2.49 1.63 2.24 1.86 2.38 1.94 2.46 2.05 2.12 2.08 2.1 2.26 2.48
P2O5 0.09 0.14 0.11 0.13 0.10 0.15 0.10 0.14 0.11 0.14 0.12 0.15 0.10 0.12 0.11 0.11 0.13 0.10
LOI 1.04 1.6 1.14 2.22 1.76 1.23 1.10 1.90 1.12 2.72 0.98 1.34 1.08 2.34 1.18 2.3 2.48 0.74
Total 99.74 99.24 99.96 99.51 99.88 99.58 99.94 99.58 99.9 98.89 99.85 98.91 99.9 99.99 100.1 99.96 99.65 99.76
FeO 1.73 3.9 2.36 4.98 2.43 4.62 1.85 3.98 2.64 4.08 2.68 4.52 2.87 5.11 2.76 5.12 4.89 5.11
K2O/Na2O 0.47 0.55 0.5 0.6 0.55 0.54 0.42 0.5 0.5 0.54 0.51 0.58 0.58 0.56 0.59 0.55 0.53 0.58
Mg no.♣ 0.44 0.49 0.45 0.51 0.41 0.53 0.43 0.47 0.44 0.49 0.44 0.45 0.44 0.47 0.45 0.45 0.51 0.45
S 130 2722 153 3550 352 9504 361 2912 226 4620 70 10076 72 6461 233 7192 1351 1178
Sc 8.75 12.96 7.9 12.01 9.22 13.1 7.2 11.78 7.67 14.95 7.79 22.68 6.6 14.81 6 13.53 14.27 28.60
V 107.3 175 88.5 179.5 78.8 185.6 98.4 184.6 97.5 133.3 119.7 184.7 95.7 142.9 100 138.8 179.74 156.47
Cr 6.52 4.63 29.31 53.5 22.99 49.55 96.94 33.62 10.28 16.52 4.96 18.13 51.44 24.19 6.68 7.11 37.98 39.80
Ni 2.77 5.48 5.12 10.18 8.38 7.94 10.81 5.28 5.65 9.55 3.77 10.76 5.08 8.22 5.23 9.47 7.50 10.10
Co 11.41 21.04 11.05 23.11 13.97 27.21 10.82 22.87 11.36 25.86 12.43 16.57 13.33 28.53 13.12 29.74 14.04 23.85
Cu 128 2698 158 3351 349 6408 119 2887 231 4361 270 6793 358 6404 355 7128 1227 1153
Ga 14.85 18.5 15.24 16.92 14.59 26.77 15.08 18.31 15.07 16.28 15.79 18.29 15.59 18.7 15.68 18.2 17.26 17.78
Rb 42.91 67.71 38.35 85.08 52.31 50.35 33.86 61.36 41.49 62.31 41.79 55.71 47.49 29.89 38.24 49.69 63.86 58.01
Sr 408 410 464 377 451 428 427 385 441 403 413 451 404 151 392 236 452 431
Y 13.38 27.66 11.13 24.01 11.57 24.63 13.28 29.7 12.32 22.59 16.28 30.47 13.18 20.87 12.18 20.42 23.09 26.04
Zr 98 115 99 47 100 39 100 73 97 54 133 48 95 45 111 38 70 84
Nb 3.89 4.95 3.31 4.31 3.77 6.16 3.52 5.1 3.63 4.38 3.88 5.01 3.3 4.73 3.9 4.61 4.79 4.32
Cs 2.58 2.77 2.99 4.21 2.52 4.38 1.55 2.51 2.71 3.33 2.44 3.49 2.13 2.93 1.71 2.92 4.16 3.23
Ba 692 507 689 801 717 679 628 513 644 659 683 707 509 253 477 400 317 849
La 10.25 14.58 8.44 8.16 6.65 7.28 12.63 9.12 8.49 8.48 12.73 14.99 8.23 12.98 9.26 23.38 10.82 17.83
Ce 20.21 29.48 16.95 18.89 18.99 16.19 24.05 19.89 17.12 18.27 25.62 35.22 16.74 18.99 19.27 33.24 23.04 31.09
Pr 2.59 3.9 2.2 2.91 1.62 2.45 2.99 2.97 2.3 2.82 3.47 5.2 2.26 3.75 2.51 5.83 2.97 5.11
Nd 9.95 16.11 9.02 13.51 6.39 11.32 11.2 13.7 9.41 13.02 13.62 22.9 8.88 15.63 9.94 23.59 12.27 22.81
Sm 2.4 3.85 2.01 3.55 1.54 3.23 2.32 3.78 2.31 3.34 3.11 5.25 2.06 3.58 2.37 4.52 3.74 5.15
Eu 0.77 0.88 0.78 0.91 0.7 0.91 0.8 0.88 0.76 0.83 0.89 1.3 0.75 0.79 0.75 0.85 0.99 1.02
Gd 2.33 4.06 2.06 3.87 1.79 3.43 2.31 4.15 2.27 3.63 3.1 5.07 2.16 3.56 2.23 4.15 4.32 5.07
Tb 0.38 0.75 0.34 0.69 0.29 0.67 0.35 0.82 0.36 0.66 0.48 0.86 0.36 0.63 0.36 0.65 0.68 0.84
Dy 2.32 4.93 2.06 4.63 1.93 4.59 2.21 5.47 2.17 4.17 3.03 5.44 2.26 3.9 2.22 3.78 4.36 5.38
Ho 0.51 1.09 0.44 1.01 0.44 1.07 0.47 1.23 0.47 0.91 0.68 1.18 0.49 0.84 0.48 0.78 0.99 1.15
Er 1.52 3.27 1.31 3.02 1.4 3.19 1.42 3.59 1.38 2.67 2 3.51 1.49 2.45 1.43 2.35 3.03 3.49
Tm 0.24 0.54 0.21 0.5 0.24 0.53 0.23 0.58 0.22 0.42 0.32 0.57 0.26 0.41 0.23 0.39 0.50 0.54
Yb 1.76 3.77 1.48 3.45 1.72 3.77 1.65 4.03 1.55 2.96 2.27 3.96 1.81 2.84 1.61 2.66 3.30 3.80
Lu 0.3 0.6 0.24 0.56 0.29 0.61 0.27 0.63 0.26 0.47 0.36 0.63 0.3 0.45 0.27 0.43 0.51 0.62
Hf 3.03 3.76 2.98 1.90 2.98 1.58 2.92 2.56 2.93 2.11 3.96 1.92 2.78 1.77 3.20 1.54 1.98 4.04
Ta 0.39 0.52 0.27 0.36 0.34 0.47 0.33 0.54 0.31 0.39 0.33 0.36 0.30 0.40 0.33 0.39 0.48 0.26
Pb 5.79 5.39 5.59 5.47 4.37 4.22 5.58 5.67 4.97 6.22 5.22 5.09 5.08 6.42 4.79 6.85 6.44 8.04
Th 2.98 4.31 2.21 1.67 2.82 2.80 2.74 3.82 2.34 2.33 3.64 4.31 3.12 3.41 2.91 4.43 1.50 3.18
U 1.38 2.48 1.17 1.28 1 1.36 1.05 3.23 1.1 1.74 1.19 2 1.25 1.64 1.29 1.57 1.89 1.05
REE 55.55 87.82 47.52 65.65 37.98 59.22 62.89 70.83 49.06 62.66 71.68 106.07 48.02 70.79 52.95 106.59 71.52 103.89
Eu/Eu* 1 0.68 1.17 0.75 1.28 0.84 1.06 0.68 1.02 0.73 0.88 0.77 1.09 0.67 1.0 0.6 0.75 0.61
LaN/YbN 3.94 2.61 3.85 1.6 2.61 1.3 5.17 1.53 3.7 1.94 3.78 2.55 3.07 3.08 3.89 5.92 2.21 4.3
Sr/Y 30.53 14.82 41.64 15.68 38.95 17.38 32.15 12.97 35.79 17.86 25.38 14.8 30.62 7.24 32.19 11.54 19.59 16.56
Zr/Sm 40.83 29.87 49.25 13.24 64.94 12.07 43.10 19.31 41.99 16.17 42.77 9.14 46.12 12.57 46.84 8.41 18.62 16.22

♣ Mg no. = Mg/(Mg+Fe), where Mg and Fe are atomic proportions.
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6. Petrologic, geochemical and geochronologic features of the
CMPEs

6.1. Petrology and mineralogy

The CMPEs are characterized by porphyritic texture and by dis-
seminated sulfide minerals (Fig. 3d and e). They contain mainly
medium-grained andesine (20–30 vol%), biotite (3–10 vol%) and

hornblende (2–5 vol%) phenocrysts in a fine-grained groundmass of
euhedral zoned oligoclase (30–40 vol%), hornblende (5–20 vol%),
biotite (5–10 vol%), K-feldspar, quartz, albite, magnetite (0.5–2 vol%),
pyrite, chalcopyrite (1–5 vol%), bornite, and minor zircon, calcite,
epidote and titanite. Compositional variation of earlier-formed ande-
sine to later formed oligoclase, albite and K–feldspar is continuous
(Supplementary Table 1, Fig. 4a).

The mineral content varies among the CMPEs. The andesine and

Fig. 3. Two scanning images (an and b) with four enlarged polarized microscopic images (c-e, g), a CL image (f) and a back scattered electron image (h) showing the shape, boundary,
texture and structure of the CMPEs 1-5E and 6-4E that were collected at 260 m-depth from the drill core zk4001 and 480 m-depth from the drill core zk3406, respectively, in the Sangnan
area. The episcopic illumination was superimposed for images c-e. Panels a and b show shape of two CMPEs and their relation with host tonalites in thinner section. Panel c displays
contact boundary between CMPE 6-4E (lower part) and its host tonalite (upper part). Panels d, e, f, g and h show some representive textures and structrues of CMPEs. A- Ans: altered
andesine, Act: actinolite, Anh: anhydrite, Ans: andesine, AP: accumulated phenocryst, Bi: biotite, Chi-Bi: chlorite transformed from biotite, CP: chalcopyrite, FGB: fractured grain
boundary, GD: tonalite, Hb: hornblende, IF: intragranular or intra-glomerophyric fracture, Kf: K-feldspar, Mt: magnetite, Olg: oligoclase, RS: resorption surface. Black rectangles in panel b
represent locations of panels c, d, e, g and h, whereas yellow rectangle in panel e for location of panel f. The red lines in panels c, d and e outline the represent microfractures in both the
phenocrysts and ambient rocks, and the red arrow in panel c shows the shear direction. The white dot lines in panel g shows boundary of a poikilitic K-feldspar with inclusions of
oligoclase, hornblende, biotite and magnetite crystals.
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oligoclase have distinct green and red luminescence, respectively,
whereas the apatite, K-feldspar, quartz and albite have bright yellow,
blue, violet and sienna luminescence, respectively (Figs. 3f, 5a and c).
Most andesine phenocrysts have intensive intragranular microfractures
(Fig. 3e and f), along which andesine is altered and replaced by an-
hydrite and magnetite. Some andesine phenocrysts are glomerophyric
and form phenocryst accumulations with intensive intra-glomerophyric
microfractures and with fractured grain boundaries (Fig. 3e). Both the
fractured and altered andesine phenocrysts are enclosed by oligoclase
or by K-feldspar rims that contain magnetite inclusions (Fig. 3d and f).

Groundmass oligoclase in the CMPEs consists of elongate rectan-
gular prisms that are approximately 145- to 420- μm long. Some
groundmass oligoclase crystals contain andesine cores with irregular
leached voids, into which anhydrite and chalcopyrite were deposited
(Fig. 5); however, these andesine cores contain additional leached voids
and alteration anhydrite, which commonly is more voids than in their
oligoclase rims (Fig. 5a and c). There are two types of K-feldspar in the
CMPEs, including 1) magmatic poikilitic K-feldspar grains which con-
tain enclosures of oligoclase, hornblende, biotite and magnetite
(Fig. 3 g); and 2) groundmass K-feldspar that is intergrown with oli-
goclase, quartz and interstitial pyrite and chalcopyrite (Fig. 5a and c).
Most quartz in the CMPEs is present as interstitial fillings within the
groundmass oligoclase/K-feldspar (Fig. 3f), and also as additional in-
tergrowths with oligoclase, K-feldspar and chalcopyrite (Fig. 5b). The
sienna-colored, luminescing albite is present overprinting the ground-
mass oligoclase with interstitial chalcopyrite (Fig. 5a and c).

Both phenocryst and groundmass hornblendes in the CMPEs are
magnesiohornblende, and some are altered to actinolite and ferro-ac-
tinolite (Supplementary Table 2, Fig. 4b). Zircon is present as two
distinct species: a stubby variety with average elongation ratios of ap-
proximately 1.43, and a needle-shaped variety with elongation ra-
tios> 2.0 and up to 5.2. Some stubby zircon crystals contain corroded
boundaries with intragranular fractures enclosed by overgrowth rims.

Epidote in the CMPEs occurs in three patterns: 1) epidote included
within coarse-grained interstitial chalcopyrite (Fig. 6a), but some epi-
dote contains inclusions of chalcopyrite as dots and also displays
myrmekite-like chalcopyrite-epidote intergrowth textures
(Fig. 6b and c). In addition, there are a few skeletal chalcopyrite-epi-
dote intergrowths (Fig. 6d); 2) interstitial epidote is also present in-
between groundmass biotite minerals (Fig. 6e); and 3) in miarolitic
intergrowths with chalcopyrite (Fig. 7b and c). The epidote minerals
show overall chemical variation from 24.95 to 27.53 mol% pistacite
(Ps) (Supplementary Table 3).

The CMPEs always have narrow margins that are mainly composed
of elongated laths of oligoclase, hornblende, biotite and magnetite. In
some contact zones, some groundmass oligoclase laths are overgrown
onto partial resorption surfaces of euhedral medium-grained andesine
from the ambient tonalite (Fig. 3c). Some CMPE phenocryst andesine,
biotite and hornblende are altered and replaced by anhydrite, chlorite
and actinolite or ferro-actinolite, respectively. Spongy andesine phe-
nocrysts are enclosed by oligoclase rims with magnetite inclusions
(Fig. 3d). Most K-feldspar is unaltered and has blue luminescence,
whereas a few K-feldspar crystals adjacent to chalcopyrite replacements
are altered and have dark-olive-green luminescence (Fig. 7e and f).
Biotite and hornblende within the CMPE margins (Fig. 3d) and the
poikilitic K-feldspar (Fig. 3g) are unaltered. The Al-in-hornblende bar-
ometer of Schmidt (1992) suggests that the groundmass hornblendes
formed at pressures ranging from 1.8 to 2.1 kbar (± 0.6 kbar) and
depths ranging from 6.5 to 7.7 km (± 2.2 km) (Supplementary
Table 2).

Most magnetite in the CMPEs is euhedral and fine grained (30–80-
μm) and is located within the CMPE margin (Fig. 3c), oligoclase rims
(Fig. 3d) and poikilitic K-feldspar (Fig. 3g). A few random, coarser,
angular magnetite crystals (> 200 μm and up to 450 μm) contain cor-
roded boundaries and intragranular fractures, some of which are filled
by hornblende (Fig. 3 g).

Sulfide minerals are restricted within the sulfide cores of the CMPEs
that are surrounded by weakly altered or unaltered, fine-grained mag-
netite-oligoclase margins or carapaces.> 90 vol% of the pyrite and
chalcopyrite is interstitial and lies among elongated laths of oligoclase,
K-feldspar and albite (Figs. 3d, 5a and c). About 5 vol% of chalcopyrite
and all bornite grains are present within miarolitic cavities that contain
sulfide-epidote vugs and voids (Fig. 7a–c). Moreover, less than 5 vol%
chalcopyrite is present as dot-like inclusions within epidote and calcite
grains (Fig. 6d), or is also present along cleavages of actinolite and
ferro-actinolite (Fig. 7d) or is associated with hydrothermal chlorite
(Fig. 7e).

Fine-grained interstitial pyrite and chalcopyrite grains always are
intergrown with K-feldspar and quartz (Fig. 5b). Some coarse inter-
stitial chalcopyrite grains also have poikilitic texture and contain in-
clusions of hornblende, oligoclase, albite and epidote (Fig. 5d and a).
Spaces for the interstitial anhedral chalcopyrite mostly are angular and
irregular (Fig. 5b, 5d and 6a). The miarolitic chalcopyrite and bornite
grains are spatially associated with apatite and albite (Fig. 7a and b)
and are intergrown with blade-like epidote and voids (Fig. 7c). Volume
of the Cu-Fe sulfide minerals is much larger than that of the volume of

Fig. 4. Composition of the feldspar plotted on the Anorthite-Albite-Orthoclase diagram (a) and hornblende plotted in the nomenclature diagram after Leake et al. (1997) (b) for the
CMPEs and their host tonalites in the Sangnan area.
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the voids in the CPMEs. The CMPE sulfide minerals (chalcopyrite and
pyrite) have sulfur compositions with δ34S close to 0‰, in a limited
range from +0.455 to +2.422 (Supplementary Table 4).

Crystallization of groundmass minerals within the CMPEs is con-
tinuous and orderly from andesine, hornblende, magnetite, biotite,
oligoclase to interstitial apatite, K-feldspar and quartz, to albite mem-
brane, and this includes discrete or interstitial pyrite, chalcopyrite and
epidote. Precipitation of the minerals in the miarolitic cavities is also
continuous starting with apatite, albite, and trending paragenetically to
epidote-chalcopyrite-bornite and hydrothermal calcite and chlorite.
Anhydrite, actinolite and ferro-actinolite alteration was associated with
the precipitations of some chalcopyrite minerals.

6.2. Whole rock geochemistry

The CMPEs have similar geochemical signatures (Tables 1 and 2).
They have high Cu concentrations (2698–7128 ppm). They are dioritic,
and high-K calc-alkaline (Fig. 8a).

6.3. Zircon U-Pb ages and Lu-Hf isotopes

Needle-shaped zircons from the CMPE 6-4E have 206Pb/238U ages
ranging from 320.8 ± 4.7 Ma to 347.1 ± 5.4 Ma with a concordia
age of 336.7 ± 2.2 Ma (MSWD = 1.2; Fig. 9c), 176Hf/177Hf values
from 0.282898 to 0.282999, εHf (t) values from +11.8 to +15.1 with a
weighted average of 13.80 ± 0.41 (Fig. 9d), and TDM2(Hf) from 503 Ma
to 365 Ma for 26 analyzed grains. The stubby zircons from the same
CMPE 6-4E have 206Pb/238U ages ranging from 328.8 ± 5.4 Ma to
346.8 ± 5.1 Ma with a concordia age of 335.9 ± 3.0 Ma

(MSWD = 0.99; Fig. 9e), 176Hf/177Hf values from 0.282889 to
0.282996, εHf (t) values from +11.5 to +15.2 with a weighted average
of 12.89 ± 0.73 (Fig. 9f), and TDM2(Hf) from 608 Ma to 367 Ma for 11
analyzed grains (Supplementary Tables 5 and 6).

7. Discussion: Origin of the CMPEs and their host tonalites

7.1. Nature of the CMPEs and their host tonalites

The host tonalites in the Sangnan area, East Junggar have similar
geochemical signatures to adakites (Fig. 8b), including 64.27–66.36 wt
% SiO2 (> 56 wt%), 1.76–2.47 wt% MgO (<3 wt%), 3.51–3.88 wt%
Na2O (> 3.5 wt%), 392–464 ppm Sr (mostly > 400 ppm),
11.13–16.28 ppm Y (<18 ppm), 1.48–2.27 ppm Yb (mostly less than
1.8 ppm), an Sr/Y ratio of 25.38 to 41.64 (> 20), K2O/Na2O of
0.42–0.59 (equal or close to 0.42) and (87Sr/86Sr)i of 0.70401–0.7045
(≤0.7045) (Defant and Drummond, 1990, 1993; Martin, 1999; Martin
et al., 2005).

However, compared with type-adakites that are slab-derived melts
in the western Aleutians Islands, in southernmost Chile and in Batan
island in the northern Philippines (Kay, 1978; Kay et al., 1993; Schiano
et al., 1995; Yogodzinski et al., 1995), the Sangnan tonalites have lower
(La/Yb)N (< 10) and Ni (< 20 ppm), and lower (143Nd/144Nd)i and
higher (87Sr/86Sr)i. They also plot outside the field of the Middle Ocean
Ridge Basalt (MORB) and of adakite in the εNd (t) versus (87Sr/86Sr)i
diagram (Fig. 10a), implying that the Sangnan tonalites were not de-
rived from slab melts. This conclusion was consistent with known evi-
dence that the tonalites have older Nd- and Hf-model ages (TDM (Nd) up
to 1232 Ma) than the oldest ophiolite in the area (514–481 Ma; Jian

Fig. 5. Two CL images (a and c) with two back scattered electron images (b and d) showing the feature and distribution of interstitial apatite, K-feldspar, quartz and chalcopyrite from the
CMPEs from the Sangnan area. Panel a is from the thin section 6-3E, whereas panel c from the thin section 6-2E. Red rectangles in panels a and c represent locations of panels b and d,
respectively. A-AP: altered andesine phenocryst, Ab: albite, AM: albite membrane, Anh: anhydrite, Ans: andesine, Ap: apatite, Bi: biotite, CP: chalcopyrite, Hb: hornblende, Kf: K-feldspar,
Olg: oligoclase, Q: quartz, S-Ans: spongy andesine.
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et al., 2003; Xiao et al., 2009; Zhang and Guo, 2010; Zeng et al., 2015;
Liu et al., 2016) in East Junggar (Fig. 10c and d). Moreover, compared
to adakites that were generated through fractional crystallization of
parental arc basaltic magmas in Philippines (Castillo et al., 1999;
Macpherson et al., 2006), most Sangnan tonalites have positive Eu/Eu∗
value. In addition, all the Sangnan tonalites have lower Al2O3

(< 16.05%) contents (Fig. 11), lower (143Nd/144Nd)i values
(< 0.5125), Sr (< 500 ppm) and Rb (< 49 ppm), and higher Zr/Sm
(> 40) than type adakites.

The positive Eu anomalies contained by the Sangnan tonalites in-
dicate that these tonalite magmas probably had not undergone plagi-
oclase fractionation. On the other hand, the Sangan tonalites have
lower (206Pb/204Pb)i values (17.982–18.103) and plot in the field of the
lower crust in (207Pb/204Pb)i versus (206Pb/204Pb)i diagrams (Fig. 10b),
Nd-Hf isotope composition plots of the Sangnan tonalites are below the
depleted mantle line (Fig. 10c) with a wider range of TDM (Nd), up to

1232 Ma. This indicates that older continental components from the
lower crust most likely were involved with the adakitic tonalite melts at
Sangnan (see DePaolo, 1981; Lesher, 1990). Correlation of major ele-
ments of the tonalites (Fig. 11) is very much the same as most adakitic
rocks that were produced by partial melting of the lower crust in China,
according to the data of Xu et al. (2002), Gao et al. (2004), Wang et al.
(2005, 2006) and Jiang et al. (2007). Therefore, the Sangnan tonalites
most likely owe their parentage to the partial melting of juvenile lower
crust.

The CMPEs from the Sangnan tonalite pluton locally contain
common features that are diagnostic of intruded blebs of mafic magma
as follows:

(1) the CMPEs contain microgranular, elongated laths of zoned plagi-
oclase, poikilitic K-feldspar and chalcopyrite, implying that the
CMPEs were formed by quench crystallization of mafic magma

Fig. 6. Five back scattered electron images (a-e) showing the coexistence of chalcopyrite and epidote and a histogram of mol % Ps in epidote grains (f) in the CPMEs from the Sangnan
area. Panel a with two enlargements b and c displays myrmekite-like chalcopyrite-epidote intergrowths and enclosure of epidote and oligoclase by chalcopyrite. Panel d shows a skeletal
chalcopyrite-epidote intergrowth in a coarse chalcopyrite crystal. Panel e represents chalcopyrite inclusions (CI) in epidote. The compositional ranges of epidote from alteration of
plagioclase and biotite are from Tulloch (1979), and magmatic epidote from Liou (1973), Zen and Hammarstrom (1984), Evans and Vance (1987), Dawes and Evans (1991), Owen
(1991), Vyhnal et al. (1991), Farrow and Barr (1992), Sial et al. (1999) and Roberts et al. (2000). Bi: biotite, Bn: bornite, CP: chalcopyrite, CI: chalcopyrite inclusion, Ep: epidote, Kf: K-
feldspar, Olg: oligoclase, SA-Ans: andesine with spongy texture and anhydrite alteration.
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globules and blebs that were intruded into cooler granodioritic
crystallizing magmas, which is similar to the process suggested by
Didier and Barbarin (1991). Occurrence of needle-shaped zircons
(Fig. 9c) and skeletal intergrowths of chalcopyrite and epidote
(Fig. 6a and 7c) also demonstrate that such rapid cooling and
crystallization of the CMPE magmas took place (e.g., Keller, 1988;
London, 1996; Corfu et al., 2003; Vernon, 2004);

(2) development of overgrowths on groundmass oligoclase laths within
the CMPEs on partial resorption surfaces of euhedral, medium-
grained andesine in the host tonalite along contacts between the
CMPEs and host tonalites (Fig.3c), suggest that the CMPE magmas
were intruded into the tonalite with different compositions from
that of the host tonalite. Close subsequent emplacement and similar
formation depths of the CMPEs and their host tonalites suggest that
the groundmass minerals of the CMPEs were crystallized at the
same time and place as their host tonalite;

(3) and (3) the CMPEs are high-K calc-alkaline and belong to typical
(normal) arc rocks with distinct geochemical signatures from their
host tonalite, such as
(a) higher concentrations of oxides TiO2, Al2O3, TFe2O3, MgO,

CaO, Na2O and K2O, S,
(b) higher concentrations of metals such as Cu, Nb, Sm, Y, and

HREE,
(c) higher sum REE,
(d) lower Sr/Y value (Fig. 8b),
(e) negative Eu anomalies (Fig. 8d), and
(f) lower concentrations of Zr and higher concentrations of Nd

(Fig. 8e).

The CMPEs do not have a direct link with their host tonalite plutons,
and they are neither restites, autolith cumulates, nor are they concre-
tionary enclaves (Didier and Barbarin, 1991). The absence of linear

Fig. 7. Back scattered electron images showing feature and distribution of miarolitic Cu sulfide minerals (a, b and c) and chalcopyrite replacements of actinolite (d) and of K-feldspar (e)
in the CMPEs from the Sangnan area. A CL panel (f) for a same domain with panel e was presented to show K-feldspar alteration induced by chalcopyrite replacement. Excepting images a
and d from the thin section 6-3E and 6-4E respectively, the other panels are from the thin section 1-1E. Act: actinolite, Ans: andesine, Bn: bornite, Calc: calcite, Chl: chlorite, Bi: biotite,
CP: chalcopyrite, CI: chalcopyrite inclusion, Ep: epidote, Fe-Act: ferro-actinolite, Kf: K-feldspar, Olg: oligoclase, Py: pyrite, Q: quartz, SA-Ans: andesine with spongy texture and anhydrite
alteration, V: void, Zo: zoisite.
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variation of bulk rock compositions between the CMPEs and their host
tonalite excludes them from being hybrid magmas that were produced
by magma mixing (Didier and Barbarin, 1991).

The CMPEs have accumulations of andesine phenocrysts and por-
phyritic textures that could be associated with a number of textural
settings: (1) with intragranular microfractures and broken grain
boundaries (Fig. 3e and f), (2) coarser angular magnetite that contains
intragranular microfractures and corroded boundaries (Fig. 3 h) and (3)
stubby zircon with corroded boundaries and overgrowth rims (Fig. 9e).
This indicates that the CMPEs have textures that are typical of most
porphyries, and that their phenocrysts were formed in a pre-emplace-
ment chamber (Xu et al., 2009). The CMPEs also contain negative Eu
anomalies, and have similar correlations between the content of total
FeO (6.10–8.21 wt%) and MgO (3.16–4.58 wt%) with content of SiO2

(55.09–57.66 wt%) to andesites that have been derived from fractional
crystallization of hydrous basalt (Blatter et al., 2013). The CMPE sulfide
minerals have similar sulfur isotopic compositions to rocks from the
PCD at Bingham Canyon and to meteoritic sulfides (close to 0‰; Field,
1966; Hattori and Keith, 2001). Evidence that needle-shaped ground-
mass zircons and stubby phenocryst zircon both have broadly similar
ages indicates that both these zircons cooled at same time. Therefore,
these zircons were produced by the same magma in situ and in another
pre-emplacement chamber. All these parameters strongly indicate that
the CMPE magmas were dioritic magmas that were formed by fractional
crystallization from parent basaltic magmas in a chamber below the
host tonalite pluton in the Sangnan area.

The geochemistry of the rocks provides additional confirmation for
the genesis of the CMPEs, the low Ni (5.28–10.76 ppm) concentrations
of the CMPEs (Table 1) most likely resulted from prior fractional
crystallization of olivine from the basaltic parental magmas. Associa-
tion of magnetite and amphibole assemblage with plagioclase fractio-
nation and accumulation indicates that the hypothetical parent basaltic

magmas were oxidized and have high oxygen fugacity fO2 (> ΔFMQ
+ 2.2) (Clemente et al., 2004). Because the needle-shaped zircons have
higher weighted average εHf(t) (13.80) values than the stubby zircon
phenocrysts (εHf(t) = 12.89), this indicates that the formation of
groundmass magmas involved additional or continual feeding of juve-
nile mantle-derived melts. This feeding of mantle-derived melt was
most likely the trigger for the uplift of the phenocryst-bearing magmas
that were injected into the cooler granodioritic crystallizing tonalite
magma chamber forming the CMPEs in the Sangnan area (Xu et al.,
2009, 2016; Caricchi and Blundy, 2015). Additionally, the CMPEs have
higher K2O (2.1–2.65%) content than those andesites that were pro-
duced by fractional crystallization of basalt (Ragland, 1989) and arc
basalt (Blatter et al., 2013) at their silica content (Fig. 8a), implying
that these CMPEs are anomalous in K2O.

Additionally, the CMPEs have high Cu concentrations
(2698–7128 ppm), and contain sulfides and other hydrothermal mi-
nerals within their central cores that are bounded by weakly altered or
unaltered, fine-grained magnetite-oligoclase margins or carapaces. This
indicates that the sulfide minerals are exclusive to the CMPEs, and
therefore the Cu and ore fluids were most likely derived from CMPE
magmas, and also that these small globules of magma (now CMPEs)
were micro-closed systems of Cu-rich magmas. This conclusion is sup-
ported by the following evidence:

(1) the host tonalite contains relatively lower Cu concentrations
(119–358 ppm), and are unaltered throughout, except for a few
replacements in the narrow peripherals of the CMPEs. If the high-
Cu concentrations of the CMPEs were related to external fluids, the
host tonalite should also have high Cu concentrations and be ac-
companied by broad alternation zones that were not limited to the
peripherals of the CMPE. If the tonalite had been the mineralizer,
the Cu minerals would be in quartz veins. These hypothetical areas

Fig. 8. (a) SiO2-K2O diagram (after Peccerillo and Taylor, 1976), (b) Y versus Sr/Y diagram (after Defant and Drummond, 1990), (c) Rb versus Ta+Yb diagram (after Pearce et al., 1984),
and (d) REE and (e) trace element spider diagrams for the CMPEs and their host tonalites from the Sangnan area. The fractional crystallization trend lines of basalt (FCTLB; Ragland,
1989) and arc basalt (FCTLAB; Blatter et al., 2013) were present in dashed and dotted green line in the panel a, respectively.
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not present in the host tonalite;
(2) most CMPE sulfide minerals are directly associated with magma-

tism of the CMPEs and are interstitial to silicate minerals, and some
of them are directly intergrown with K-feldspar and quartz
(Fig. 5b), whereas other sulfide minerals occur in miarolitic cavities
(Fig. 7a and b);

(3) not only is there a spatial association of the sulfide minerals with
the CMPEs, precipitation of the CMPE sulfide minerals closely fol-
lowed the orderly crystallization of the groundmass oligoclase,
apatite, K-feldspar, quartz and albite;

(4) occurrences of sulfide mineral-rich miarolitic cavities (Fig. 7a and
b) implies Cu-rich magmatic fluids were derived from the CMPEs at
late magmatic stage or at the magmatic-hydrothermal transition
(see Harris et al., 2004); and

(5) the myrmekite-like and skeletal intergrowths of chalcopyrite and
epidote demonstrate that some CMPE sulfide mineral clusters were
formed in pegmatite-like systems during the late magmatic-hydro-
thermal stage (Shelley,1967; Fenn, 1986).

Formation of Cu-rich (1153–1227 ppm) dioritic porphyry magmas

in the Sangnan area probably is similar to the CMPE magmas, because
the dioritic porphyries have similar geochemical signatures to the
CMPEs (Figs. 8, 10 and 11).@@

7.2. Origin of the CMPE and tonalite magmas

1) Origin of the tonalite magmas
The CMPEs were most likely formed in an arc setting because they

contain enrichment in Pb, K and U, depletion in Nb, P and Ti (Fig. 8e),
low Sr/Y (< 20) and high Y concentrations (> 20 ppm) (Fig. 8c; Pearce
et al., 1984; Winter, 2001). They also have similar Nd-Sr-Pb-Hf isotope
compositions to Ordovician-Devonian igneous rocks in the nearby Ye-
maquan magmatic arc (Fig. 10). This indicates that their parent basaltic
magmas were derived from partial melting of a metasomatised mantle
wedge. However, similar (La/Yb)N value (1.0–6.0) and similar
Nd–Sr–Pb–Hf isotope composition imply a genetic link between the
CMPE and the host tonalites. It is therefore suggested that the adakitic
host tonalite magmas were formed by partial melting of mafic lower
crust, which was triggered by the intrusion of hot basaltic magmas,
with subsequent superficial intermixing (see Jiang et al., 2007;

Fig. 9. Zircon SIMS U–Pb concordia age plots and frequency of εHf(t) for the CMPE 6-4E and its peripheral tonalite 6-4G from the Sangnan area. A cathodoluminescence image of the
representative zircons is inserted in panels a, c and e.
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Richards and Kerrich, 2007). The high Cu concentration
(119–358 ppm) of the host tonalite can be attributed to the high Cu
content of the lower crust in the Qiongheba area and to incorporation of
Cu from basaltic magmas. Occurrence of high Cr concentration (up to
96.94 ppm) in some tonalite demonstrates that this kind incorporation
is most likely. Xu et al. (2002) reported that adakitic intrusive rocks
have high Cu concentration, up to 291 ppm.

2) Origin of the CMPE magmas
Genesis of the CMPEs is likely due to complex processes as follows

(Fig. 12):

(1) Formation of the oxidized basaltic magmas
The oxidized parent basaltic magmas inherited their oxidized states
from the melting of a mantle wedge in the Sangnan area.
Metasomatism by solute-rich hydrous fluids, such as water, Fe3+

and K, originating from the subducting slab caused oxidization of
mantle wedges (Parkinson and Arculus, 1999; Parkinson et al.,
2003; Lee et al., 2005; Frost and McCammon, 2008). This leads to
sulfide minerals in the mantle wedge were oxidized (Carroll and
Rutherford, 1987; Jugo et al., 2005; Nadeau et al., 2010). This also

increases of oxygen fugacity of basaltic melts (Thornber et al.,
1980; Métrich and Clocchiatti, 1996; Tangeman et al., 2001; Ripley
et al., 2002). Introduction of K caused the parent basaltic magmas
and the CMPEs to have anomalously high K concentrations.
The oxidized basaltic magmas had greater capability to take in
more sulfur and Cu from the mantle (e.g., Ripley and Brophy, 1995;
Mavrogenes and O'Neill, 1999; O’Neill and Mavrogenes, 2002;
Ripley et al., 2002; Jugo et al., 2005, 2009. 2010; Wallace and
Edmonds, 2011). Since solubility of sulfur is strongly dependent on
potassium concentration (Métrich and Clocchiatti, 1996), high-po-
tassium basaltic melts would have high sulfur content. On the other
hand, higher dissolved S in the basaltic melts may enhance the
solubility of metals in the melt (Jego et al. 2010; Wallace and
Edmonds, 2011). All these processes allow the parent basaltic
magmas of the enclave magmas to become more fertile. Lee et al.
(2012) suggested that the basaltic magmas with high oxygen fu-
gacity fO2, two orders of magnitude higher than the fayalite–-
magnetite–quartz oxygen buffer (ΔFMQ + 2) could contain ap-
proximately 330 ppm Cu. Crystallization of phenocryst magnetite
indicates that the parent basaltic magmas of the enclave magmas

Fig. 10. εNd(t) versus (87Sr/86Sr)i (after Winter, 2001) (a), (207Pb/204Pb)i versus (206Pb/204Pb)i (after Zindler and Hart, 1986) (b), Nd isotope (b) and Hf isotope (d) plots of the CMPEs and
their host tonalites from the Sangnan area. A panel of the TDM (Ma) frequency was inserted in panel c. The depleted mantle lines (DML) in the Nd diagram are after Goldstein et al. (1984)
and Nelson and Depaolo (1985), and those in the Hf diagram are after Bodet and Scharer (2000). AVZ: Andean volcanic zone, AFC: assimilation and fractional crystallization; DM:
depleted mantle, EPRB: Eastern Pacific Rise basalts; MARB: Mid-Atlantic ridge basalts, MORB: mid-ocean ridge basalts, NAVC: North Andean volcanic zone, LC: lower crust. Data of
adakites and adakitic rocks are after Kay (1978), Kay et al. (1993), Schiano et al. (1995), Yogodzinski et al. (1995), Castillo et al. (1999), Xu et al. (2002), Gao et al. (2004), Wang et al.
(2005, 2006), Macpherson et al. (2006) and Jiang et al. (2007)..
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have high oxygen fugacity fO2 (> ΔFMQ + 2.2) (Clemente et al.,
2004), implying that the fertile parent basaltic magmas could have
had Cu content> 330 ppm.

(2) Absorption, fractional crystallization and formation of Cu-rich
magma
Blatter et al. (2013) reported that crystallization of oxidized,
moderately hydrous arc basalt at mid to lower-crustal pressures to
form andesitic magmas went thorough three stages: clinopyrox-
enite, pyroxene gabbro and hornblende gabbro. For runs at
900 MPa and 1200–950 °C, crystallization of magnetite and plagi-
oclase occurred at 1035–975 °C at pyroxene gabbro stage. Occur-
rence of magnetite phenocrysts and andesine accumulations in the
enclave magmas documents that the parent basaltic magmas would
have undergone thorough fractional crystallization at pyroxene
gabbro phase at a pressure of 9 kbar as well (Blatter et al., 2013).
Luhr and Carmichael (1985) suggested that pyroxene accumulation

usually occurs at the transitional zone between lower-crustal and
upper-mantle, and this is also where Cu sulfide minerals were cu-
mulated in a normal arc (Lee et al., 2012; Chiaradia, 2014). This
means that the fractional crystallization of the fertile basaltic
magmas probably took place in a subcrustal chamber. This chamber
most likely was located between the lower-crust and upper-mantle
at a depth of approximately 30 km, in which some accumulated Cu
sulfide minerals were absorbed by the oxidized basaltic magmas
and thereby increased the overall concentration of sulfur and Cu in
the melts.
Fractional crystallization of basaltic magmas led to enrichment of
ferric ion (Fe3+), K2O, Na2O, Al2O3, CaO, H2O, P2O5 and Cu in the
residual melts, and a depletion of Ni concentration (e.g., Luhr and
Carmichael, 1985; Christie and Carmichael, 1986; Ragland, 1989;
Carmichael, 1991; Wallace and Gerlach, 1994; Métrich et al., 2001;
Wallace, 2005; Johnson et al., 2008, 2010; Lee et al., 2010). Higher

Fig. 11. SiO2-Al2O3 (a) and Al2O3-MgO (b) diagram of the CMPEs and their host tonalites from the Sangnan area. Plots of igneous rocks produced by fractional crystallization of basaltic
magmas in Philippines (Castillo et al., 1999; Macpherson et al., 2006) and by partial melting of lower crusts in China (Xu et al., 2002; Gao et al., 2004; Wang et al., 2005, 2006; Jiang
et al., 2007) were present for comparison.

Fig. 12. A schematic diagram showing formation processes of fertile basaltic and Cu-rich porphyry magmas.
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concentration of Fe3+ and enrichment of K and Na further in-
creased the oxygen fugacity fO2 of the residual melts, and allowed
these residual melts to dissolve more sulfur. The enrichment of
Al2O3 and CaO also enhanced the solubility of Cu in the residual
melts (Ripley et al., 2002). Because increased S in the residual melts
raised the solubility of Cu in the melts, this allowed further con-
centration of Cu during fractional differentiation processes (Jego
et al. 2010; Wallace and Edmonds, 2011).
Lee et al. (2012) showed that fractional crystallization could in-
crease oxygen fugacity fO2 of basaltic magmas from ΔFMQ to
ΔFMQ + 1.3 with Cu concentration of from 70 ppm to near
200 ppm in models. Additionally, some pyroxenite cumulates in
these melts created during fractional crystallization have high Cu
concentrations (> 400 ppm). This means that fractional crystal-
lization of basaltic magmas concentrates Cu nearly three to six
times. However, this kind Cu concentration by fractional crystal-
lization is still less than the Cu concentration in the CMPEs, and
other processes are therefore necessary to increase Cu content
(Hedenquist and Lowenstern, 1994). It is suggested that the pre-
existed Cu or Fe-Cu sulfide cumulates at transitional zone between
lower-crustal and upper-mantle (Core et al., 2006; Lee et al., 2012;
Chiaradia, 2014) were required to participate in the Cu enrichment
for the CMPE magmas in order to achieve the higher Cu con-
centrations. This suggestion is demonstrated by the occurrence of
fractured magnetite phenocrysts, some of which were possibly
formed during absorption of sulfide cumulates. The absorption is
thought to have taken place before fractional crystallization.

3) Tectonic setting for the CMPEs and their host tonalites
Xu et al., 2013b suggested that the East Junggar terrane was related

to the southward subduction of the Paleo-Asian oceanic plate beneath
the Junggar continent along the Armantai area in the early Paleozoic
and shifted to intra-oceanic subduction along the Erqis area at middle
Devonian. The Junggar oceanic plate provides a back-arc ocean basin.
Recently, Hong et al. (2015, 2017) demonstrated that the final closure
of the Paleo-Asian Ocean along the Erqis ophiolite belt and the collision
between the Sawuer island arc and Altay terrane occurred at approxi-
mately 360 Ma. Xu et al. (2015) reported that the Zhifang ophiolites
contain segments of the 371 Ma MORB-type layered rocks and 363 Ma
oceanic islands, and therefore the Junggar Ocean in the Zhifang area
most likely closed at approximately 343 Ma. In this tectonic scenario,
the late Carboniferous (338–337 Ma) arc-type CMPEs and their host
tonalites were most likely related to northward subduction of the young
Junggar ocean plate (Fig. 13). Closure of the Junggar Ocean in the
Daheishan area should be later than that in the Zhifang area.

4) Formation model of the CMPE and tonalite magmas
Formation mechanism of the CMPE and tonalite magmas was

summarized as follows (Figs. 13, 14):

(1) In late Carboniferous (338–337 Ma), the Qiongheba mantle wedge
was metasomatized and partially melted to produce oxidized ba-
saltic magmas, which was caused by introduction of high-water
melts from the subducting slab of the Junggar Oceanic lithosphere.
The oxidized basaltic magmas incorporated> 330 ppm Cu from the
mantle.

(2) These basaltic magmas were emplaced in a subcrustal chamber at a
transition zone between the lower-crust and upper-mantle.

(3) The adakitic tonalite magmas were formed by partial melting of
mafic lower crust, which was triggered by the intrusion of hot ba-
saltic magmas, with subsequent assimilation and Cu incorporation.
The adakitic tonalite magmas were emplaced in an intermediate
magma chamber at middle crustal level.

(4) Absorption of former sulfide-rich cumulates and fractional crystal-
lization of the fertile basaltic magmas in the subcrustal chamber
produced Cu-rich andesitic residual magmas, some of which in-
truded into the crystallizing adakitic tonalite magma chamber to
form the CMPEs as well as some dioritic porphyries in the Sangnan
area.

(5) These Cu-rich residual magmas may have been transported and
emplaced to a shallow level to form Cu porphyry magmas and
subsequently deposits (Xu et al., 2012). The Cu-Zn albite porphyry
dikes in the Hersai deposit in the Qiongheba area, East Junggar are
another case of this kind magma (Xu et al., 2014).

7.3. Mineralization of the CMPEs

Evidence that the chalcopyrite and pyrite are dominantly dis-
seminated as discrete or interstitial grains within the groundmass and
their host CMPEs have porphyritic texture (Figs. 3d, f and 5) indicates
that the CMPEs in the tonalite pluton of the Qiongheba area, East
Junggar have some mineralization features of PCDs (Lowell and
Guilbert, 1970; Titley and Beane, 1981; Seedorff et al., 2005;
Hedenquist and Lowenstern, 1994; Harris et al., 2004; Cooke et al.,
2005). The CMPE sulfide minerals were precipitated in sulfide-rich
porphyry Cu systems during late magmatic-hydrothermal stages be-
cause:

(1) intergrowths of chalcopyrite and groundmass oligoclase, K-feldspar
and quartz in the CPMEs (Figs. 3d and 5b) indicate that formation
of sulfide minerals began during a late magmatic stage (Zavaritsky,
1927);

(2) the albites occur along the walls of the intergranular spaces and
were closely followed by interstitial poikilitic chalcopyrite grains
that contain inclusions of hornblende, oligoclase, K-feldspar,

Fig. 13. Tectonic setting model for the CMPEs and their host tonalites in the Sangnan area.
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oligoclase, apatite and epidote. Sienna luminescing in albite mi-
nerals (Fig. 5d and 6a) suggests that albite and subsequent chal-
copyrite were precipitated along a transition zone that define late
magmatic and hydrothermal events. Because magmatic albite
usually is bright orange, red or blue luminescent (e.g., Dalby et al.,
2010; Götze, 2012; Xu et al., 2014), hydrothermal albite is non-
luminescent (Yu et al., 1997; Finch and Klein, 1999);

(3) occurrences of sulfide-rich miarolitic cavities (Fig. 7a and b) also
indicate that some Cu sulfide minerals were formed along the
magmatic- hydrothermal transition (Harris et al., 2004);

(4) developments of skeletal intergrowths of chalcopyrite and epidote
indicate that the CMPE sulfide minerals were formed in pegmatite-
like systems, which were supersaturated in sulfide and epidote
components (Shelley,1967; Fenn, 1986). Nature of sulfide super-
saturation was also documented by small volume content of voids
that are much less than volume content of sulfide minerals in the
CMPEs. Solubility of Cu sulfide minerals, both in vapor phases and
in hydrothermal fluids is< 5 wt% in natural and experimental
conditions (e.g., Crerar and Barnes, 1976; Heinrich et al., 1992;
Hemley et al., 1992; Ulrich, 2002; Baker et al., 2004). Precipitation
of Cu sulfide minerals from hydrothermal fluids requires a greater
quantity of fluids that should be twenty times greater than the Cu
sulfide minerals in weight; and

(5) association of some chalcopyrite with hydrothermal minerals (ac-
tinolite, chlorite and calcite quartz; Fig. 7d and e) in the CMPEs
suggests that precipitation of the sulfide minerals in the CMPE were
temporally associated with hydrothermal mineralization (Richards,
2011). Myrmekite-like intergrowths of chalcopyrite and epidote
were likely formed by metasomatism during the hydrothermal stage
as well (Shelley, 1967). Therefore, the CMPEs underwent late
magmatic-hydrothermal mineralization, and the CMPE ore fluids
are magmatic and sulfide-rich.

Mineralization of the CMPEs involves three stages: (1) growth of
phenocryst magnetite in the subcrustal basaltic chamber subjacent to
the tonalite chamber, (2) crystallization of groundmass magnetite and
finally (3) Cu-Fe sulfide minerals in the CMPEs in the tonalite chamber.
The groundmass magnetite is mainly distributed along the margins of
the CMPEs, whereas the Cu-Fe sulfide minerals are commonly located
within the cores of the CMPEs. The occurrence of magnetite inclusions
in the oligoclase rims of phenocryst andesine (Fig. 3d) indicates that the
groundmass magnetite possibly crystallized before oligoclase. Pre-
cipitation of the CMPE sulfides began at a late magmatic stage and went
through a hydrothermal stage.

Precipitation of the CMPE sulfides were affected and controlled by
crystallization of silicate minerals and oxides. As mentioned above,
solubility of sulfur and metal is strongly influenced by oxygen fugacity,
composition and temperature. Crystallization of Fe3+-bearing mineral
such as groundmass magnetite, hornblende and biotite in the CMPEs
could cause depletion of the melt in Fe3+ with decreasing oxygen fu-
gacity and shifting of redox states from oxidized to reductive (Fig. 12;
Carmichael and Ghiorso, 1986; Bacon, 1989; Carmichael, 1991; Sun
et al., 2004), resulting in decreasing sulfur solubility and changing
sulfur species in the melts (e.g., Carroll and Rutherford, 1985, 1988;
Mavrogenes and O'Neill, 1999; Clemente et al., 2004; Behrens and
Gaillard, 2006; Jugo et al., 2005, 2010; Jugo, 2009; Wallace and
Edmonds, 2011). For example, crystallization of magnetite could cause
sulfate to be reduced by the reaction (Carmichael and Ghiorso, 1986;
Jenner et al., 2010):

+ → +
− −FeO SO Fe O S4

2
3 4

2 (1)

Crystallization of potassium and sodium minerals, such as K-feld-
spar and albite in the CMPEs, could cause depletion in potassium and
sodium in the melts and fluids (Fig. 12). The charge-balancing role of
alkali cations would disappear, and Fe3+/Fe2+ ratios and oxygen

Fig. 14. Formation model for the CMPEs and their host
tonalites in the Sangnan area. AFC: assimilation and frac-
tional crystallization.
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fugacity decrease (Métrich and Clocchiatti, 1996; Tangeman et al.,
2001). These processes would force both sulfur bearing phases out of
their stability field and drive sulfur out of the magma or fluids, resulting
closely association of sulfide with potassium and sodium minerals. This
is possibly the genesis that most Cu and Fe sulfides deposited closely
following with K-feldspar and albite in the CMPEs. It is possibly also the
reason that sulfides are usually closely and subsequent association with
potassium minerals, i.e. K-feldspar, biotite and muscovite, in PCDs
around the world (e.g., Cooke et al., 2005; Seedorff et al., 2005; Zajacz
et al., 2010).

Similarly, crystallization of epidote would cause last depletion in
Al2O3 and CaO in the melts and fluids, resulting in saturation and
crystallization of Cu sulfides (Ripley et al., 2002). This leads to inter-
growths of chalcopyrite and bornite with epidote crystals in the CMPEs
(Fig. 7b).

Additionally, temperature decreasing at late magmatic stage, such
as below 750 °C, could decrease the solubility of sulfur in melts
(Wendlandt, 1982; Carroll and Rutherford, 1987; Wallace and Gerlach,
1994; Wallace, 2005) and enhance saturation of sulfur and precipita-
tion of sulfides.

Replacement of andesine by anhydrite in the CMPEs indicates that
reduction of sulfur oxide was possibly related to chemisorption reaction
at temperature above 400 °C (Henley et al., 2015) by the reaction:

+ + → + + +3CaAl Si O 4SO (g) H O(g) 3CaSO 3Al SiO 3SiO H S2 2 8 2 2 4 2 5 2 2

(2)

At ≤400 °C reduction of sulfur oxide in the CMPEs was possibly
related to disproportionation of SO2, which allowed conversion of
magmatic SO2 to aqueous sulfate and H2S at hydrothermal miner-
alization stage by the reaction (Ohmoto and Lasaga, 1982),

+ = +4SO 4H O 3H SO H S2 2 2 4 2 (3)

The S2− and H2S generated by above ways provide sulfide ions for
sulfide precipitation (Simon and Ripley, 2011). The H2SO4 leads to
extreme base leaching and the formation of vuggy texture and acid-
sulfate alteration (Hedenquist and Lowenstern, 1994).

Cu dissolution in melts is generally present in the form of mono-
valent (e.g., Ripley and Brophy, 1995; Lee et al., 2012). The valence
state of Cu is also affected by content of alkali composition (Holzheid
and Lodders, 2001). Alkali element ions (e.g., K+) can combine with
Fe3+ ions to form (FeK)4+ polycations in silicate melts with high ba-
sicity (e.g., Turkdogan, 1983). This causes the Fe3+/Fe2+ ratio to in-
crease in the silicate melt. Higher Fe3+ concentrations then move the
redox equilibrium Cu+ + Fe3+ = Fe2+ + Cu2+ toward larger
amounts of Cu2+ in the melt. Such a reaction may account for the
correlation of higher formal Cu valences with higher alkali element
content (Holzheid and Lodders, 2001). However, crystallization both of
ferric-bearing mineral (magnetite and hornblende) and alkalic feldspar
(K-feldspar and Na-feldspar) could cause depletion in Fe3+, then move
the redox equilibrium in reverse to form monovalent Cu in the melt and
fluids, resulting in concentration of monovalent Cu. On the other hands,
the valence state of Cu in chalcopyrite is bivalent, this require most
monovalent Cu should be changed to bivalent Cu during precipitation
of chalcopyrite in the CMPEs. Here, it is proposed that oxidization of Cu
from monovalent to bivalent may cause reduction of sulfur oxide by a
reaction:

+ + → + +
+ + + −Cu SO H Cu S H O2

2 2
2 (4)

Absence of coexistence of sulfides with groundmass magnetite in the
CMPEs indicates that crystallization of the groundmass magnetite could
cause sulfates to be reduced, but had not driven precipitation of sul-
fides. Both the reactions (2) and (3) will produce a great number of
associated sulfates, such as alunite in an open epithermal system and
possibly anhydrite in a hypogene system, with a content of three times
of coeval sulfides. Evidence that content of sulfide in the CMPEs is
much more than that of anhydrite suggests that the new reaction (4) is

possibly a main reduction mechanism for the CMPE sulfides rather than
the chemisorption reaction (Henley et al., 2015) and disproportionation
of SO2 (Ohmoto and Lasaga, 1982) mechanism.

In summary, the CMPEs contain mineralization geochemically and
mineralogically similar some PCDs and they also contain abundant
disseminated sulfide minerals and some typical PCD hydrothermal al-
teration. Sulfur oxide may be reduced in the CMPEs by oxidization of
Cu from monovalent to bivalent.

8. Conclusions

The CMPEs in the tonalite pluton in the Sangnan area, East Junggar
have porphyritic textures, and contain accumulated phenocrysts and
disseminated interstitial sulfide minerals. The CMPEs probably re-
present globules of Cu-rich porphyry magmas, which were produced by
fractional crystallization of oxidized fertile basaltic magmas in a sub-
crustal chamber separate from the tonalite chambers. High Cu-con-
centrations of the parent basaltic magmas in the Sangnan area were
mainly derived from metasomatised mantle wedges, and by additional
absorption of sulfide-rich cumulates in the lower crust.
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APPENDIX B

Analytical techniques

Internal textures and structures of the CMPEs were analyzed by
optical cathodoluminescence (optical-CL) microscopy and by back-
scattered electron (BSE) images that were produced by an electron
microprobe. The optical-CL microscope consists of a LV100 POL with a
DS camera DS-Ri1 (Nikon, Japan) and a Reliotron III stage (Relion,
USA). The Reliotron III stage has a cold cathode electron gun that
bombards the surface of well-polished thin sections with an electron
beam in a moderately-high vacuum. Beam voltage and beam current
during analysis were 4–8 kV and 0.3–0.5 mA, respectively.

For geochemical analyses, hand specimens were crushed in a
tungsten carbide swing mill, sieved, ultrasonically cleaned several times
in deionized water and then ground in an agate mortar. Rock powders
(∼1.2 g) were then dissolved with Li2B4O7 ( g) in a TR-1000 S auto-
matic bead fusion furnace at 1100 °C for 10 min. Major element
abundances (wt%) were determined on whole-rock powder pellets by
X-ray fluorescence (XRF) using an XRF-1500 sequential spectrometer
made by Shimadzu Corporation, Japan. Analytical uncertainties are
1–3% for major elements. Loss on ignition was obtained by weighing
after 1 h of calcinations at 1100 °C. For rare earth element (REE) and
trace element analyses, rock powders (50 mg) were dissolved using a
mixed acid (HF:HClO4 = 3:1) in capped Savillex Teflon beakers at
120 °C for 6 days, and subsequently dried to wet salt and redissolved in
0.5 ml HClO4. The solutions were then evaporated to wet salt at 140 °C
and redissolved in 1 ml HNO3 and 3 ml water for cr. 24 h at 120 °C. The
solutions were diluted in 2% HNO3 for analysis. REE and trace element
concentrations were determined by inductively coupled plasma mass
spectrometry (ICP–MS) using a PQ2 Turbo system. Uncertainties based
on repeated analyses of internal standards are± 5% for REE and±
5–10% for trace elements.
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Compositions of minerals from the 16 thin sections were analyzed
using a CAMECA SX51 electron microprobe at IGGCAS. The accel-
erating voltage was 21 kV and the sample current was 10 nA. Beam
diameters were 10 μm for mineral crystals of the tonalite and pheno-
cryst minerals of the CPMEs, 5 μm for groundmass minerals of the
CPMEs, and 2 μm for epidote crystals that are intergrown with chal-
copyrite or contain exsolution of chalcopyrite in the CPMEs. The
counting times for all elements were 10 s. Well defined natural minerals
were used as standards. All the 16 thin sections of the selected samples
were observed using a CAMECA SX51 electron microprobe.

Samples for isotopic analysis were dissolved in Teflon bombs after
being spiked with 84Sr, 87Rb, 150Nd and 147Sm tracers prior to HF
+ HNO3 (with a ratio of 2: 1) dissolution. Rb, Sr, Sm and Nd were
separated using conventional ion exchange procedures and measured
using a Finnigan MAT 262 multi-collector mass spectrometer.
Procedural blanks were< 100 pg for Sm and Nd and< 500 pg for Rb
and Sr. 143Nd/144Nd were corrected for mass fractionation by normal-
ization to 146Nd/144Nd = 0.7219, and 87Sr/86Sr ratios were normalized
to 86Sr/88Sr = 0.1194. Typical within-run precision (2σ) for Sr and Nd
was estimated to be±0.000015. The measured values for the La Jolla
and BCR-1 Nd standards and the NBS-607 Sr standard were
143Nd/144Nd = 0.511853 ± 7 (2σn, n = 3) and 0.512604 ± 7 (2σn,
n = 3), respectively, and 87Sr/86Sr = 1.20042 ± 2 (2σn, n = 12)
during the period of data acquisition.

Zircon grains were separated using conventional heavy fraction and
magnetic techniques. Representative zircon grains, together with zircon
standard Qinghu (159.5 Ma, Li et al., 2013) and standard 91,500
(1065 Ma, Wiedenbeck et al., 1995), were mounted in epoxy mounts
which were then polished section that contained crystals in half for
analysis. All mounted zircon grains were documented with transmitted
and reflected light micrographs as well as cathodoluminescence (CL)
images to reveal their internal structures. Following the CL and other
imaging, the samples were vacuum-coated with high-purity gold.

Measurements of U, Th and Pb were conducted using the Cameca
IMS–1280 SIMS. U–Th–Pb ratios and absolute abundances were de-
termined relative to the standard zircon 91500 (Wiedenbeck et al.,
1995), analyses of which were interspersed with those of unknown
grains, using operating and data processing procedures similar to those
described by Li et al. (2009). A long-term uncertainty of 1.5% (1 RSD)
for 206Pb/238U measurements of the standard zircons was propagated to
the unknowns, despite that the measured 206Pb/238U error in a specific
session is generally around 1% (1 RSD) or less. Measured compositions
were corrected for common Pb using non-radiogenic 204Pb. Corrections
are sufficiently small to be insensitive to the choice of common Pb
composition, and an average of present-day crustal composition (Stacey
and Kramers, 1975) is used for the common Pb assuming that the
common Pb is largely surface contamination introduced during sample
preparation. Uncertainties on individual analyses in data tables are
reported at a 1σ level; mean ages for pooled U/Pb (and Pb/Pb) analyses
are quoted with 95% confidence interval. Data reduction was carried
out using the Isoplot/Ex v. 2.49 programs (Ludwig, 2001).

In situ zircon Lu–Hf isotopic analyses were carried out using a
Neptune MC–ICPMS with an ArF excimer laser ablation system. Hf
isotopic analyses were obtained on the same zircon grains that were
previously analyzed for U–Pb isotopes, with ablation pits of 40 μm in
diameter, and a laser repetition rate of 10 Hz with 100 mJ were used.
Details of the technique are described by Wu et al. (2006). During
analyses, the 176Hf/177Hf and 176Lu/177Hf ratios of standard zircon
(91,500) were 0.282294 ± 15 (2σn, n = 20) and 0.00031, similar to
the commonly accepted 176Hf/ 177Hf ratio of 0.282284 ± 3 (1σ)
measured using the solution method (Goolaerts et al., 2004; Woodhead
et al., 2004).

The separated sulfide minerals were crushed to 200 mesh. Fifteen
mg of the material was taken from each powered sample and mixed
with Cu oxide powder. The mixture was reacted in an oven at 1100 °C
for 15 min to extract SO2. The sulfur isotopic compositions of the

extracted SO2 were determined on a Finnigan-Mat 252 ratio mass
spectrometer at the IGGCAS. The 34S/32S ratios are expressed by the
conventional δ34S value in ‰ relative to CDT. The reproducibilities of
the δ34S values are ± 0.2‰.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.oregeorev.2017.09.020.
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