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A common perception is that oxidized magma is critical for the formation of a porphyry Cu ± Mo± Au ore de-
posit. We have used an ore-bearing pluton (Tongchang) and an ore-barren pluton (Shilicun) in the western rim
of the South China block to test this idea and to determine other important controls on ore genesis. Zircon U\\Pb
ages indicate that the Tongchang and Shilicun plutons were emplaced at 36.3 ± 0.2 Ma and 35.2 ± 0.4 Ma, re-
spectively, broadly coinciding with strike-slip faulting in the region and continental collision that occurred
~300 km to the west. These two plutons are all characterized by significant light REE enrichments and pro-
nounced negative Nb\\Ta anomalies, similar to the bulk crust. Apatite separates from these two plutons all
have elevated initial 87Sr/86Sr (Tongchang, 0.70690 to 0.70796; Shilicun, 0.70703 to 0.70726) and negative εNd
(t) (Tongchang,−6.2 to −7.3; Shilicun, −4.5 to −5.8). The mean εHf(t) and δ18O of zircon from these plutons
are −1.4 and 6.8‰ for Tongchang, and −0.3 and 6.5‰ for Shilicun. The Sr-Nd-Hf isotope compositions are all
within the ranges of the Neoproterozoicmafic arc lower crust in the region.Whole-rock U-Nb-Ta systematics in-
dicate that the Tongchang and Shilicun plutons originated from an amphibole-bearing source and a garnet-
bearing source, respectively, implying a shallower andmoreH2O-richmafic source for the former than the latter.
Quartz trace element data indicate that the Tongchang pluton was emplaced at a shallower depth than the
Shilicun pluton. Zircon Ce4+/Ce3+ and whole-rock V/Sc ratios, and apatite SO3 and MnO contents indicate that
the parental magmas of both plutons are as oxidized as those of some porphyry Cu deposits in northern Chile,
but the parental magma of the Tongchang pluton is less oxidized than that of the Shilicun pluton. Apatite Cl-F-
OH systematics and higher abundant hydrous silicate minerals such as amphibole and biotite in the Tongchang
pluton than the Shilicun pluton indicate that the parental magma of the Tongchang pluton has higher Cl and
H2O content than that of the Shilicun pluton. Our results show that oxidized magma is important but this
alone cannot make a porphyry Cu ± Mo ± Au ore deposit. High contents of H2O-Cl in magma and shallow
depth of emplacement are also important.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that most porphyry Cu ± Mo ± Au ore deposits in
the world are associated with oxidized intermediate-felsic magmas
(Ballard et al., 2002; Mungall, 2002; Richards, 2011b, 2015; Richards
and Celâl Şengör, 2017; Sillitoe, 2010). Perhaps this is because under ox-
idized condition the ore metals such as Cu, Mo and Au can be more
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easily transported by magma to upper crustal levels and become highly
concentrated in the ore-forming magmatic fluids (Ballard et al., 2002;
Richards, 2011b, 2015; Richards and Celâl Şengör, 2017). Many re-
searchers have studied the oxidation states of porphyry Cu ± Mo ±
Au ore deposits and found that in a given region the parental magmas
of ore-bearing plutons tend to be more oxidized than those of generally
coeval ore-barren plutons (e.g., Ballard et al., 2002; Bi et al., 2009; Liang
et al., 2006; Lu et al., 2016; Shen et al., 2015; Sun et al., 2015, 2017;
Wang et al., 2014a, 2014b, 2018; Xu et al., 2016a; Zhang et al., 2017).

Eocene intermediate-felsic plutons are widely distributed in the
western rim of the South China block (Fig. 1a, b). Some of these plutons
host important porphyry-skarn Cu±Mo± Au ore deposits such as the
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Fig. 1. (a) Distribution of principal continental blocks and sutures of southeast Asia (modified fromZhu et al., 2015); (b) tectonic framework of the EasternTibetan plateau and surrounding
areas showing themajor terranes, suture zones, arc volcanic belts, Eocenemajor granitic plutons and related Cu-Mo-Au deposits, and locations of the Tongchang and Shilicun granitic plu-
tons (modified from Zhu et al., 2015).
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Tongchang, Machangqing, Yao'an and Beiya deposits (Lu et al., 2013a;
Xu et al., 2012, 2016a). Our recent investigation shows that the parental
magmas of an ore-bearing granitic pluton (Tongchang) and a generally
coeval ore-barren granitic pluton (Shilicun) in the Ailaoshan area
(Figs. 1b, 2) are as oxidized as those of some porphyry Cu ore deposits
in northern Chile (data from Ballard et al., 2002), but the parental
magma of the Shilicun ore-barren pluton is even more oxidized than
that of the Tongchang ore-bearing pluton. This implies that in addition
to highly oxidized conditions, there are other important generic con-
trols on the type of mineralization, at least in this area. Thus, we have
carried out a comparative geochemical study between these two plu-
tons to evaluate other important controls on ore genesis. New data



Fig. 2. (a) Simplified geological map of the Tongchang Cu-Mo(Au) deposit, and (b) representative cross section through the Tongchang deposit showing the spatial relationship among
wall-rocks, pluton, skarn zone, inner alteration zone and orebodies (modified from Xu et al., 2014); (c) simplified geological map of the Shilicun granitic pluton (modified from Xie
and Zhang, 1988).
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from this study include whole-rock major and trace element composi-
tions, the anorthite (An) contents of plagioclase, trace element abun-
dances in quartz and zircon, a U–Pb age and the Hf–O isotopes of
zircon, and the chemical composition and Sr–Nd isotopes of apatite.
The results and new findings are reported in the paper.

2. Regional geological setting and pluton geology

2.1. Regional geological setting

The Tethyan tectonic domain in China, which stretches from Tibet to
western Yunnan, encompasses a series of arc terranes and micro-
continental blocks such as Songpan-Ganze, Qiangtang, Lhasa,
Tengchong, Baoshan and Simao that were accreted to the Eurasian
main continent prior to Late Cretaceous (Fig. 1; Hu et al., 2004; Hou
et al., 2007). In the Sanjiang region, the Tethyan domain is bounded
by the Indian continent to the west and by the South China block to
the east. The eastern suture formed in Early Triassic as the result of
Paleo-Tethyan Ocean closure by westward subduction whereas the
western suture formed much latter in the Cenozoic as the results of
Neo-Tethyan Ocean closure by eastward subduction (Deng et al.,
2014a). The initial collision between the Indian continent and the
Lhasa block, which is commonly referred to as the Indo-Asian collision,
took place at ~65Ma (Hou et al., 2006, 2007; Hu et al., 2004). This colli-
sion event was protracted and produced a series of major overthrusts
and strike-slip faults in the Sanjiang region such as Jinshajiang shear
zone and the adjacent western rim of South China block such as the
Red River-Ailaoshan shear zone (Deng et al., 2014b). Between ~40 and
~30Ma numerous ultra-potassic mafic to felsic dykes andmany granitic
plutons were emplaced in the greater Sanjiang region including the
western rim of the South China block (Lu et al., 2012; Zhang and Xie,
1997). Some of the granitic plutons in the Jinshajiang and Red River-
Ailaoshan regions host porphyry Cu\\Mo (Au) ore deposits (Hou
et al., 2006; Xu et al., 2012).
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2.2. Pluton geology

The Tongchang ore-bearing granitic pluton is located in the
Ailaoshan area in the southwestern rim of the South China block.
This pluton hosts a major porphyry Cu\\Mo (Au) ore deposit
(Fig. 1b). The Tongchang granitic pluton is composed of quartz sye-
nite porphyries. It is exposed in a small area of ~0.2 km2. The wall
rocks of this pluton are Middle Silurian limestones and sandstones,
and Middle Ordovician sandstones (Fig. 2a). The quartz syenite por-
phyries have a porphyritic texture with phenocrysts of K-feldspar
(~50–60 vol%), plagioclase (~20–30 vol%), quartz (~10–15 vol%), am-
phibole (~5–10 vol%) and biotite (~1–5 vol%) in a cryptocrystalline
groundmass (Fig. 3a). Zircon, apatite and titanite are the principal ac-
cessory minerals.

The Tongchang porphyry Cu\\Mo (Au) ore deposit contains ~8621
metric tons (t) Cu and 17,060 t Mo, with averages grades of 1.24 wt%
Cu, 0.218 wt% Mo and 0.13 g/t Au. From the inner part of the quartz sy-
enite porphyry pluton through the contact to the wall-rock, three
mineralization-related alteration zones are present, namely the inner
alteration zone, the skarn zone and the outer alteration zone (Xu
et al., 2014). The inner alteration zone has a mineral assemblage that
is very similar to those of typical porphyry Cu\\Mo ore systems
(Sillitoe, 2010): pervasive K-silicate and quartz-sericite alteration with
disseminated molybdenite ± chalcopyrite and veinlets of molybdenite
± chalcopyrite (Fig. 2a, b). The skarn zone mainly occurs in the contact
between the pluton and Middle Silurian limestone (Fig. 2a, b), and is
composed of garnet, scapolite, tremolite, epidote, diopside and
forsterite, with abundant Cu-sulfides and magnetite. The outer alter-
ation zone in the wall-rocks is mainly composed of marble (Fig. 2a, b),
with minor serpentine, quartz, chlorite, wollastonite and clinohumite.
Weak Pb\\Zn and Cu\\Mo sulfide mineralization is present close to
the contact with the skarn zone (Xu et al., 2014).

The Shilicun ore-barren granitic pluton also occurs in the
Ailaoshan area belonging to the western rim of the South China
block. The distance between this ore-barren granitic pluton and the
Tongchang ore-bearing granitic pluton is ~20 km (Fig. 1b). The
Shilicun granitic pluton is diopside-bearing (Fig. 2c). The granitic
rocks (Fig. 3b) are composed of K-feldspar (~40–50 vol%), plagioclase
(~25–30 vol%), quartz (~15–20 vol%), diopside (~5 vol%) and minor
amphibole, with zircon, apatite, titanite and magnetite as the princi-
pal accessory minerals (Xie and Zhang, 1988). The Shilicun granitic
pluton is exposed sporadically in an area of ~25 km2. The wall-
rocks of this pluton include Triassic gneissic biotite monzogranites
and gneissic biotite granite porphyries and Middle Devonian calcare-
ous shales and muddy limestones (Fig. 2c; Xie and Zhang, 1988). No
significant hydrothermal alteration and mineralization are present in
the Shilicun granitic pluton and its contact with the wall-rocks (Xia
et al., 2005; Xie and Zhang, 1988).
Fig. 3. Photomicrographs of the Tongchang quartz syenite porphyry (a) and Shilicun diopside gr
Plag = plagioclase, Qtz = quartz.
3. Analytical methods

The least altered rock samples were selected for whole-rock chemi-
cal analysis and separation of zircon and apatite. Zircon and apatite sep-
arates were separated from a large (~2 kg) rock sample using standard
density and magnetic separation techniques. The mineral grains were
hand-picked and mounted in epoxy resin discs, and then polished.
Cathodoluminescence (CL) images of the selected grains, obtained
using a Field Emission Scanning Electron Microscope (JSM-7800F,
Japan Electronic Co., Ltd.) at the State Key Laboratory of Ore Deposit
Geochemistry (SKLODG), Institute of Geochemistry, Chinese Academy
of Sciences, Guiyang, China, were used for target selection.

3.1. Whole-rock chemical analysis

Whole-rock major element compositions were determined using a
PANalytical Axios–advance (Axios PW4400) X-ray fluorescence spec-
trometer (XRF) at the SKLODG. The measurements were made on
fused glass disks. The analytical precision, based on the results for the
Chinese National standard GSR-1 and GSR-3, is better than 5%. Loss on
ignition (LOI) was obtained using 1 g powder heated up to 1100 °C for
1 h.

Whole-rock trace element concentrations were determined using a
Perkin-Elmer ELAN-DRC-e inductively coupled plasma mass spectrom-
eter (ICP-MS) at the SKLODG. The powdered samples (50mg)were dis-
solved in high-pressure Teflon bombs using HF + HNO3 mixture for
48 h at ~195 °C. Rhodium was used as an internal standard to monitor
signal drift during counting. The international standards GBPG-1 and
OU-6, and the Chinese National standard GSR-1 were used for quality
control. The analytical precision, based on the results of the standards,
is better than 10%.

3.2. U\\Pb dating and trace element analysis of zircon

Trace element abundances and U\\Pb isotopes of zircon were ob-
tained using the LA-ICP-MS at the SKLODG. A pulsed (Geolas) 193 nm
ArF Excimer (Lambda Physik, Göttingen Germany) laser with energy
density of 8 J/cm2 and diameter of laser spot of 32 μm was used for ab-
lation at a repetition rate of 6 Hz. Detailed analytical procedures are the
same as those of Liu et al. (2010). Helium was used as a carrier gas and
Argon as the take-up gas that mixed with the carrier gas via a T-
connector before entering the ICP. The zircon standard 91,500 was
used as a calibration standard for mass discrimination and isotope frac-
tionation, and the NIST SRM 610 glass was used as an external standard
for trace element analysis. An Agilent 7700× ICP-MS was used to ac-
quire ion-signal intensities. Each analysis incorporated a backgroundac-
quisition of approximately 20–30 s (gas blank) followed by 50 s data
acquisition from the sample. Off-line selection and integration of
anite (b). Abbreviations: Amp=amphibole, Bt= biotite, Di= diopside, Kfs= K-feldspar,
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background and analytical signals, and time-drift correction and quanti-
tative calibration for zircon trace elements were performed using the
ICPMSDataCal software of Liu et al. (2010).

3.3. Trace element analysis of quartz

Trace element analysis of quartz was conducted on polished thin
sections of rock samples using the LA-ICP-MS at the SKLODG. A pulsed
(Geolas) 193 nm ArF Excimer (Lambda Physik, Göttingen Germany)
laser with energy density of 8 J/cm2 and diameter of laser spot of 44
μm was used for ablation at a repetition rate of 10 Hz. An Agilent 7900
ICP-MS was used to acquire ion-signal intensities. Detailed analytical
procedures and reduction of data are the same as those of Lan et al.
(2018). A reference natural quartz crystal was analyzed to monitor the
accuracy. The results for the reference (Supp. Table 3) are in good agree-
ment with the recommended values given by Audétat et al. (2015).

3.4. Apatite-plagioclase chemical analysis and apatite Sr\\Nd isotopic
analysis

The chemical compositions of plagioclase and apatite were mea-
sured by wavelength dispersive X-ray analysis using an electron micro-
probe (EPMA-1600, Shimadu) at the SKLODG. The analytical conditions
were acceleration voltage of 25 kV, beam current of 10 nA, and a beam
diameter of 10 μm.

Apatite in-situ Sm\\Nd isotopic analysis was carried out using a
ThermoScientific Neptune MC-ICP-MS connected to a Geolas 193 nm
ArF excimer laser with ablation spot diameter of 60 μm in the Advanced
Fig. 4. Cathodoluminescence (CL) images of representative zircon grains from the Tongchang (
Shilicun (d) plutons.
Analytical Centre at James Cook University (JCU), Townsville, Australia.
Detailed operation conditions and analytical procedures are the same as
those given in Hammerli et al. (2014). The 147Sm/144Nd ratios were cal-
ibrated against a synthetic LREE-rich silicate glass with a recommended
147Sm/144Ndof 0.2451 (Fisher et al., 2011). The 143Nd/144Nd ratios of ap-
atite samples were normalized using the bracketing analytical results of
a Nd-doped glass standard (JNdi-1), which has a recommended
143Nd/144Nd of 0.512098 ± 13 determined by TIMS (Fisher et al.,
2011). TheAp1 apatite reference fromYang et al., 2014 and theDurango
apatite reference were used for quality control. Our 143Nd/144Nd ratios
for the Ap1 apatite are 0.511326 ± 45 (2SD, n = 4), which are in
good agreement with the values (0.511349 ± 38, 2SD, n = 396) given
by Yang et al., 2014. Our 143Nd/144Nd ratios for the Durango apatite
are 0.512474 ± 43 (2SD, n = 7), which are in good agreement with
the values 0.512489 ± 12 (2SD, n = 9) given by Fisher et al. (2011).
Our 143Nd/144Nd ratios for the JNdi-1 standard are 0.512097 ± 7 (2SD,
n = 8), indistinguishable from the recommended value of Fisher et al.
(2011).

Apatite in-situ Rb\\Sr isotopic analysis were conducted using a
ThermoScientific Neptune MC-ICP-MS connected to a Geolas 193 nm
ArF excimer laser with ablation spot diameter of 60 μm at the Institute
of Geology and Geophysics, Chinese Academy of Sciences, Beijing,
China. The samples used previously for Sm\\Nd isotopic analysis were
used again for the Rb\\Sr isotopic analysis. Detailed operation condi-
tions, analytical procedures and data reduction are the same as those
given in Yang et al. (2014). The Ap1 apatite was used as external stan-
dard. The Slyudyanka apatite was analyzed as an unknown sample
with our samples. Our 87Sr/86Sr ratios for the Slyudyanka apatite are
a) and Shilicun (b) plutons, and representative apatite grains from the Tongchang (c) and
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0.70771 ± 11 (2SD, n = 8), which are in good agreement with the re-
sults acquired by TIMS and solution MC-ICP-MS (0.707683 ± 25, 2SD,
n = 11), and by LA-MC-ICP-MS (0.70769 ± 15, 2SD, n = 110) Yang
et al. (2014). Our 87Sr/86Sr result for the Ap1 apatite are 0.71128 ± 13
(2SD, n = 8), which are in good agreement with the value determined
by solution MC-ICP-MS (0.711370 ± 31, 2SD, n = 14) (Yang et al.,
2014).

3.5. Zircon in-situ Hf\\O isotopic analysis

Zircon oxygen isotopes were measured using a CAMECA IMS 1280
SIMS at the Institute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing, China. Zircon oxygen isotopic analysis was performed
on the same zircon grains that were analyzed previously for trace
element abundances and U\\Pb ages. A Cs+ primary ion beam was
accelerated at 10 kV, with the intensity of ~2 nA and beam size of
~10 μm in diameter. Detailed operation conditions and analytical
procedures are the same as those described by Li et al. (2009).
The results are presented in standard delta notation: (δ18O =
((18/16O)sample/(18O/16O)VSMOW) – 1, with conversion to ‰ achieved
by 1000, where (18O/16O)V−SMOW= 0.0020052 (VSMOWbeing Vienna
Standard Mean Ocean Water).

Zircon in-situ Hf isotopic analysis was carried out using a Neptune
Plus MC-ICP-MS equipped with a Geolas 2005 excimer ArF laser abla-
tion system at the state Key Laboratory of Geological Processes andMin-
eral Resources, China University of Geosciences (Wuhan), China. Zircon
Lu\\Hf isotopic measurements were made on the same zircon grains
that were previously analyzed for oxygen isotopes, trace elements and
U\\Pb ages. The diameter of the laser spot for zircon Hf isotopic analysis
was ~40 μm. Detailed operation conditions and analytical procedures
are the same as those of Hu et al. (2012). Off-line selection and integra-
tion of analytical signals, and mass bias calibrations were performed
using the ICPMSDataCal software of Liu et al. (2010). Our 176Hf/177Hf ra-
tios for the zircon 91,500 standard analyzed with our samples are
0.282315 ± 19 (2SD, n = 156), which are in good agreement with the
reported values (0.282306 ± 28, 2SD, n = 93) from solution analysis
(Woodhead et al., 2004).

4. Results

4.1. Whole-rock major and trace elements

The major and trace element compositions of whole rocks are re-
ported in Supp. Table 1. The Tongchang samples have Mg# of 61–70,
64.53–67.16 wt% SiO2, 4.00–4.73 wt% Na2O and 4.86–5.77 wt% K2O. In
comparison, the Shilicun samples have lower Mg# (36–41), slightly
higher SiO2 contents (67.32–68.13 wt%) but similar Na2O (4.58–
4.68 wt%) and K2O contents (5.47–6.00 wt%). In the TAS diagram
(Supp. Fig. 1a), the Tongchang samples are classified as quartz monzo-
nite and granite, with most of the samples belonging to the alkaline se-
ries; the Shilicun samples are all classified as granite and all belong to
the alkaline series. In the A.R. vs. SiO2 diagram (Supp. Fig. 1b), the sam-
ples from both plutons all belong to the alkaline series. In the SiO2 vs.
K2O diagram (Supp. Fig. 1c), the samples from both plutons all pot in
the field of the shoshonitic series. The A/CNK values (Al2O3/(CaO
+ Na2O + K2O), molar) of the samples from the Tongchang and
Shilicun plutons are 0.78–1.02 and 0.88–0.89, respectively, indicating
that they are all metaluminous granites (Supp. Fig. 1d).

The whole rocks of the Tongchang and Shilicun plutons have similar
chondrite-normalized REE patterns, showing light REE enrichments and
lack of Eu anomaly, and slightly higher abundances of light-middle REE
in the former than the latter (Supp. Fig. 1e). The primitive mantle-
normalized trace element patterns of whole rock samples from both
plutons are also generally similar, showing enrichments in some
large-ion-lithophile elements (LILE) such as Rb, Ba, K, Sr and Pb, and de-
pletions in some high-field-strength elements (HFSE) such as Nb, Ta
and Ti, thereby resulting in positive Pb anomaly and negative Nb-Ta-Ti
anomalies. In more details, these two plutons have slightly different
Th, U, Ta, Nb, Zr andHf concentrations plus different Nb/Ta and Zr/Hf ra-
tios (Supp. Fig. 1f and Supp. Table 1).

4.2. Zircon U\\Pb age, trace element and Hf\\O isotope data

Zircon U\\Pb age, trace element and Hf\\O isotope data and calcu-
lated parameters such as Ce4+/Ce3+ ratios, and crystallization
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temperature based on Ti-in-zircon thermometry are presented in Supp.
Table 2. The selected zircon grains from both plutons are mostly
euhedral crystals with clear magmatic oscillatory zoning (Fig. 4a–b).
Zircon crystals from the Tongchang pluton (sample TC917) contain
762–1729 ppm U and 354–1069 ppm Th, with Th/U from 0.38 to 0.78
that are within the range of typical magmatic zircon (Hartmann and
Santos, 2004). The U\\Pb isotopes of the selected zircon crystals from
this pluton are concordant to nearly concordant, producing a weighted
mean 206Pb/238U age of 36.3 ± 0.2 Ma (1σ, MSWD = 1.6, n = 21)
(Fig. 5a). The zircon crystals from the Shilicun pluton (sample SLC11–
2) contain 511–990 ppm U and 253–1001 ppm Th, with Th/U from
0.49 to 1.01 that are also within the range of typical magmatic zircon.
The U\\Pb isotopes of the selected zircon crystals from this pluton are
concordant to nearly concordant, producing a weighted mean
206Pb/238U age of 35.2 ± 0.4 Ma (1σ, MSWD = 1.3, n = 22) (Fig. 5b).
Our new zircon U\\Pb ages for these two plutons are consistent with
previous results. Xu et al. (2012) reported a zircon U\\Pb age of 35.8
± 0.2 Ma for the Tongchang pluton. Xia et al. (2005) reported a zircon
U\\Pb age of 36.8 ± 1.5 Ma for the Shilicun pluton.

The chondrite-normalized REE patterns of the dated magmatic zir-
con crystals from the Tongchang and Shilicun plutons are illustrated in
Fig. 5c. The results show no significant differences in zircon REE compo-
sitions between these plutons. The zircon crystals from both plutons are
all characterized by enrichments in heavy REE and depletions in light
REE, plus positive Ce anomaly and weakly negative Eu anomaly.

The 176Lu/177Hf, 176Hf/177Hf and 176Yb/177Yb ratios of the selected
zircon crystals from the Tongchang pluton are from 0.000758 to
0.001729, from 0.282679 to 0.282730, and from 0.019317 to 0.046778,
0
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Fig. 6. Zircon initial Hf isotopic (εHf(t)) histograms for the Tongchang (a) and Shilicun (b) pl
(d) plutons.
respectively. The ε(Hf) (t = 36.3 Ma) of 21 analyses are from −2.5 to
−0.7, with a mean of −1.4 ± 1.0 (Fig. 6a) and the TDM2 model ages
from 1157 to 1273 Ma. The δ18O values of these zircon crystals vary
from6.3 to 7.1‰, with ameanvalue of 6.8±0.4‰ (Fig. 6c). The selected
zircon crystals (n= 18) from the Shilicun pluton have 176Lu/177Hf from
0.000841 to 0.001455, 176Hf/177Hf 0.282705 to 0.282788, and
176Yb/177Yb from 0.019429 to 0.036240. The calculated εHf (t =
35.1 Ma) values are from −1.6 to 1.3, with a mean εHf of −0.3 ± 1.8
(Fig. 6b) and the TDM2 model ages from1028 to 1215 Ma. Their δ18O
values are from 6.3 to 6.8‰, with a mean value of 6.5 ± 0.4‰ (Fig. 6d).
4.3. Quartz trace element data

No clear zoning is shown by CL images for the selected quartz crys-
tals from the Tongchang and Shilicunplutons. Their trace element abun-
dances and calculated crystallization pressures (PTi) based on the
titanium-in-quartz thermobarometer are presented in Supp. Table 3.
The selected quartz crystals from the Shilicun pluton have higher Li,
Na, Al, Ti, Rb and Sr contents, and lower K, Sc and Sn contents, but sim-
ilar Mg, Cr and Ge contents as compared to those from the Tongchang
pluton. The calculated crystallization pressures (PTi) of quartz from the
Shilicun pluton are from 7.52 to 14.3 kbar, with an average of
11.4 kbar. In contrast, the calculated crystallization pressures (PTi) of
quartz from the Tongchang pluton are 2.08 to 3.61 kbar,with an average
of 2.93 kbar, which are three times less than the values for the Shilicun
pluton (Supp. Table 3 and Fig. 7a).
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4.4. Plagioclase chemistry

The chemical compositions of plagioclase from the Tongchang and
Shilicun plutons, determined by EMPA, are listed in Supp. Table 4. Pla-
gioclase crystals from the Tongchang are exclusively oligoclase, with an-
orthite (An) contents from 15.8 to 28.7 mol%. Plagioclase crystals from
the Shilicun plutons vary in composition from oligoclase to albite,
with An contents from 6.0 to 13.9 mol% (Supp. Table 4). In addition to
higher An contents, plagioclase crystals from the Tongchang pluton
also have higher FeO than those from the Shilicun pluton (Fig. 7b and
Supp. Table 4).

4.5. Apatite chemical and Sr\\Nd isotopic compositions

The chemical compositions of apatite from the Tongchang and
Shilicun plutons are listed in Supp. Table 5. The apatite Rb\\Sr and
Sm\\Nd isotopic compositions are listed in Supp. Table 6. Apatite grains
from the Tongchang pluton don't display clear magmatic oscillatory
zoning, but those from the Shilicun pluton show clearmagmatic oscilla-
tory zoning (Fig. 4c–d). The apatite crystals from the Shilicun pluton
contain b0.02 wt% Cl and from 0.26 to 0.45 wt% SO3 (ave. 0.36 wt%). In
contrast, The apatite crystals from the Tongchang pluton contain higher
Cl (0.15–0.45 wt%, ave. 0.33 wt%) and lower SO3 (0.11–0.29 wt%, ave.
0.23 wt%). As a result, the apatite crystals from the Tongchang pluton
have higher chlorapatite (ClAp) and hydroxyapatite (HAp)
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components, plus higher Cl/F and OH/F ratios than those from the
Shilicun pluton (Fig. 7c–d).

The apatite crystals from the Tongchang pluton have 87Rb/86Sr and
87Sr/86Sr ratios ranging from 0.0006 to 0.0024 and from 0.70690 to
0.70796, respectively, with corresponding initial 87Sr/86Sr (ISr, t =
36.3 Ma) range from 0.70690 to 0.70796, in good agreement with the
whole-rock ISr (Xu et al., 2016a). These apatite crystals have
147Sm/144Nd and 143Nd/144Nd ratios range from 0.0992 to 0.1086 and
from 0.512243 to 0.512249, respectively, with corresponding εNd (t =
36.3 Ma) varying from −7.3 to −6.2, in good agreement with the
whole-rock εNd(t) values (Xu et al., 2016a). The apatite crystals from
the Shilicun pluton have 87Rb/86Sr ratios from 0.0004 to 0.0011 and
87Sr/86Sr ratios from 0.70703 to 0.70726, with corresponding ISr (t =
35.2 Ma) from 0.70703 to 0.70726, similar to the whole-rock ISr
(Zhang and Xie, 1997). These apatite crystals have 147Sm/144Nd ratios
from 0.0770 to 0.0899 and 143Nd/144Nd ratios from 0.512316 to
0.512404, with corresponding εNd (t = 35.2 Ma) ranging from−5.8 to
−4.0, similar to the whole-rock εNd(t) values (Zhang and Xie, 1997).

5. Discussion

5.1. Petrogenesis

Our zircon U\\Pb age data show that the Tongchang and Shilicun
plutons were emplaced in a short period between 36.3 ± 0.2 Ma and
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Fig. 8. Apatite Isr vs. εNd(t) (a), zircon U\\Pb age vs. εHf(t) (b), and zircon εHf(t) vs. δ18O
(c) diagrams for the Tongchang and Shilicun plutons. In Fig. 8a, data for the ancient
Yangtze lower crust are from Jahn et al. (1999), and data for the Liuhe amphibolite
enclaves are from Lu et al. (2013a). In Fig. 8b, data for zircon from the Liuhe amphibolite
enclaves are from Hou et al. (2017) and data for zircon from the Neoproterozoic mafic
arc rocks are from Zhao et al. (2008). In Fig. 8c, zircon δ18O N 6.5‰ indicates significant
incorporation of supracrustal material, and data for oceanic sediments are from Dobosi
et al. (2003) and Roberts et al. (2013), and data for mantle zircon are from Valley et al.
(1998).

62 L.-L. Xu et al. / Lithos 336–337 (2019) 54–66
35.2 ± 0.4 Ma, broadly contemporaneous with the widespread
potassic-ultrapotassic mafic-felsic magmatism in the Sanjiang region
and in the western margin of the South China block (Hou et al., 2006;
Lu et al., 2012, 2013a, 2013b; Xu et al., 2012). The distribution of these
rocks is apparently controlled by some major strike-slip fault systems
that are thought to be related to the protracted Indo-Asian continental
collision that took place ~300 km to the west since ~65 Ma ago (Deng
et al., 2014b). The collision event may have triggered lithospheric de-
lamination and associated asthenosphere upwelling, producing the Ce-
nozoic potassic-ultrapotassic mafic-felsic igneous rocks in the western
Yangtze block (Hou et al., 2006, 2017; Lu et al., 2012, 2013a, 2013b;
Xu et al., 2012, 2016a). In some areas, coeval alkaline granite plutons
are also present or exclusive, such as the Tongchang and Shilicun plu-
tons in the Ailaoshan area studied by us. The SiO2 contents of these plu-
tons are too high (65–68wt%) for them to represent the compositions of
any primary mantle-derived melt based on experimental results
(e.g., Baker et al., 1995). As pointed out by these researchers, partial
melting of a lithospheric mantle source cannot produce melts contain-
ing N57.3 wt% SiO2. Some researchers choose a metasomatized litho-
sphere mantle source instead of a normal mantle source to explain the
extremely high alkaline contents of the Cenozoic igneous rocks in the
Sanjiang region (Hou et al., 2003; Jiang et al., 2006). Generally, this
model may work for the mafic end-members of the alkaline suits but
not for the felsic end-members, unless other processes such as high de-
grees of crustal contamination or extensive fractional crystallization, or
the combination of these processes were involved (Miller et al., 1999).
However, in the case of the Tongchang and Shilicun plutons, the mafic
end-members, either present as separate intrusions in the area or as
micro-enclaves within these plutons, have not been found. Therefore,
it is unlikely that these plutons formed from the evolved liquids of
magmas derived from a mantle source. Alternatively, they may have
formed from crustal melts produced by mafic magma underplating.
This model is also consistent with the chemical and isotopic composi-
tions of the Tongchang and Shilicun plutons. As described above, the
whole rocks of both plutons are characterized by significant light REE
enrichments and pronounced negative Nb\\Ta anomalies (Supp.
Fig. 1e–f), which are similar to the average composition of the bulk
crust (Rudnick and Gao, 2003). The Sr\\Nd isotopes of these plutons
are different from the ancient lower crust in the central part of the Yang-
tze Craton, i.e., the north-central part of the South China block (Fig. 8a;
Jahn et al., 1999), but are similar to those of Neoproterozoic (zircon
U\\Pb age) amphibolite xenoliths entrained in some of the Cenozoic
potassic felsic plutons in the northern part of the Ailaoshan shear zone
such as the Liuhe pluton (Fig. 10a, Lu et al., 2013a, 2013b; Hou et al.,
2017). As shown in Fig. 8b, Hf isotopes of the magmatic zircon crystals
from the Tongchang and Shilicun plutons superimpose on the isotopic
growth curves of the Neoproterozoic zircon crystals from the Liuhe am-
phibolite xenoliths aswell as those from theNeoproterozoicmafic igne-
ous rocks in the western margin of the Yangtze craton which stretches
from Ailaoshan to Lijiang and farther north (Cai et al., 2014). The
Neoproterozoic igneous rocks have arc trace element and isotope char-
acteristics and are thought to be the products of Neoproterozoic sub-
duction in this region (Cai et al., 2014; Zhao et al., 2008). The trace
element and isotope compositions of the Cenozoic Tongchang and
Shilicun granitic plutons from this study are consistent with melts pro-
duced bypartialmeltingof theNeoproterozoic igneous rocks. Therefore,
we propose that the parental magmas for these two plutons were de-
rived from the underlying Neoproterozoic arc lower crust instead of a
metasomatized lithospheric mantle thought previously (Xia et al.,
2005; Xu et al., 2016a; Zhang and Xie, 1997).

5.2. Source variation between Tongchang and Shilicun

Higher zircon δ18O values coupled with lower zircon εHf(t) and
lower apatite εNd(t) values for the Tongchang pluton than those for
the Shilicun pluton indicate more supracrustal contribution to the
parentalmagma for the Tongchangpluton than that for the Shilicun plu-
ton (Figs. 6 and 8; Plank and Langmuir, 1998; Valley et al., 1998; Dobosi
et al., 2003; Roberts et al., 2013). This is consistent with higher whole-
rock Th/Yb and Th/Nb ratios for the Tongchang pluton than those for
the Shilicun pluton (Fig. 9a, Hawkesworth et al., 1997). This could
have resulted from crustal assimilation or inherited from the source.
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As described above, the Tongchang intrusive rocks have lower SiO2 con-
tents, and higher whole-rock Mg# and An contents of plagioclase than
the Shilicun intrusive rocks. This indicates that the parental magma
for the Tongchang pluton is overall less evolved than that for the
Shilicun pluton,which is the opposite ofwhat to expect if these two plu-
tons truly experienced different degrees of crustal assimilation. Thus,
source variation seems more likely. We propose that the source rocks
of the Tongchang pluton originated from a subarc mantle that contains
more subducted sediments than the subarc mantle that produced the
parentalmagma for the source rocks of the Shilicun pluton.Oceanic sed-
iments commonly have high δ18O coupled with low εHf and low εNd
(Dobosi et al., 2003; Plank and Langmuir, 1998; Roberts et al., 2013).

The Tongchang and Shilicun plutons have Nb/Ta ratios lower and
higher than that of the primitive mantle, respectively (Fig. 9b). Lack of
correlation between whole-rock Nb/Ta ratios and TiO2 contents for
any of these plutons (Fig. 9b) indicate that the difference in Nb/Ta ratios
between these plutons is not related to fractionation crystallization of
Ti-bearing minerals such as rutile and amphibole (Xu et al., 2016a)
but is more likely due to source variation in mineral phases. Based on
the observed Nb/Ta ratios and experimental solid/melt partition coeffi-
cients for these elements under lower crustal conditions, the parental
magma for the Tongchang pluton is consistent with melt derived from
a shallow, hydrous mafic source (amphibolite or hornblende eclogite)
whereas the parental magma for the Shilicun pluton is consistent with
melt derived from a deeper, less hydrous mafic source (rutile eclogite)
(Fig. 9b; Foley et al., 2002; Condie, 2005).
Fig. 9.Whole-rock Th/Yb vs. Th/Nb (a), TiO2 vs. Nb/Ta (b), Nb vs. Nb/U (c), and Nb/Ta vs. Nb/U (
mantle is from McDonough and Sun (1995), and trends for rutile eclogite melting and amphib
continental lithospheric mantle, upper and lower continental crusts, average globally subducte
Gao (2003), Plank and Langmuir (1998) and Ayers (1998), respectively. Data scopes for the Yulo
(2016a, 2016b).
The whole-rock Nb/U ratios of the Tongchang and Shilicun plutons
are lower than those of the continental lithospheric mantle, lower and
upper continental crusts, and the average globally subducted sediment
(Fig. 9c), suggesting that significant amounts of subducted slab-derived
fluids (Nb/U ~0.22; Ayers, 1998) were likely added to the subarcmantle
that produced the parentalmagma for the source rocks of these plutons.
Lower whole-rock Nb/U ratios for the Tongchang pluton than the
Shilicun pluton (Fig. 9c) may be due to larger amount of subducted
slab-derived fluids being added to the subarc mantle that produced
the parental magma for the source rocks of the Tongchang pluton
than the Shilicun pluton. In brief, it appears that the Tongchang ore-
bearing pluton originated from a shallower and more hydrous mafic
source than the temporally and spatially associated Shilicun ore-
barren pluton. Based on whole-rock Nb/U and Nb/Ta ratios, similar ex-
planation was given previously to the occurrence of the Cenozoic
Yulong ore-bearing granitic pluton and the coeval Nangqian ore-
barren plutons in a small area in eastern Tibet (Fig. 9d, Xu et al.,
2016a, 2016b).

5.3. Magma intrinsic variables and implications for ore genesis

TheCe4+/Ce3+ ofmagmatic zircon is useful for estimating the oxida-
tion state of parental magma for the zircon (Ballard et al., 2002). Calcu-
lated δK values of −1.9 to 0.7 (Supp. Table 2), largely b3, indicate that
Ce4+/Ce3+ ratios in zircon have good data quality and can be as a
semi-quantitative oxygen fugacity method to reflect magma redox
d) diagrams for the Tongchang and Shilicun plutons. In Fig. 9b, Nb/Ta ratio for the Primitive
olite or hornblende eclogite melting are from Foley et al. (2002). In Fig. 9c, Nb/U ratios for
d sediment, and subducted slab-derived fluids are fromMcDonough (1990), Rudnick and
ng ore-bearing granitic andNangqian ore-barren felsic plutons in Fig. 9d are fromXu et al.
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states in this study (Zou et al., 2019). Magmatic zircon crystals from the
Tongchang and Shilicun plutons all have Ce4+/Ce3+ as high as those
from someporphyry Cu deposits in northern Chile that formed fromox-
idizedmagmas in arc settings (Fig. 10a; Ballard et al., 2002). Our results
also show that between the Tongchang and Shilicun plutons, the latter
tends to have higher zircon Ce4+/Ce3+ and whole-rock V/Sc ratios
(Fig. 10a–b and Supp. Tables 1 and 2), indicating that the latter is
more oxidized than the former (Ballard et al., 2002; Richards and Celâl
Şengör, 2017). Likewise, higher apatite SO3 contents, and lower apatite
MnO contents for the Shilicun pluton than those for the Tongchang plu-
ton (Fig. 10c and Supp. Table 5) reveal higher magma relative oxidation
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states for the former aswell (Miles et al., 2014; Streck and Dilles, 1998),
although these contents in apatite as redox proxies are debated
(Konecke et al., 2017; Marks et al., 2016; Stokes et al., 2019). Collec-
tively, these values indicate that the Shilicun ore-barren magmatic sys-
temwas evenmore oxidized than the Tongchang ore-bearingmagmatic
system.

Another important difference between these two pluton is that the
Tongchang ore-bearing pluton contains higher abundant amphibole
and biotite than the Shilicun ore-barren pluton. This suggests that for-
mer likely formed from a more H2O-rich melt than the Shilicun ore-
barren pluton. Obviously, this is true only if whole rock H2O contents
are directly related to magma H2O contents. Previous researchers sug-
gested that this is often true for granitoids (Richards, 2011a; Wang
et al., 2014c).

As shown in Fig. 7c, d, apatite crystals from the Tongchang ore-
bearing pluton have higher hydroxylapatite (HAp) and chlorapatite
(ClAp) contents, and higher molar OH/F and Cl/F ratios than
those from the Shilicun ore-barren pluton. This may mainly reflect
the higher OH/F and Cl/F ratios or H2O-Cl contents in the parental
melts for the Tongchang pluton, because the ratios of partition coeffi-
cients (DOH

Ap‐melt/DF
Ap‐melt, DCl

Ap‐melt/DF
Ap‐melt) display much less variability,

i.e., OH/F and Cl/F ratios in apatite are positively correlated with the
corresponding ratios in the parental melts (McCubbin et al., 2015). Vol-
atiles (Cl and H2O) in magma will become progressively enriched as
magma differentiation proceeds before saturation of the magma with
an aqueous fluid phase (Audétat et al., 2000; Fu et al., 2008). This cannot
explain the inferred higher magma Cl and H2O contents for the
Tongchang ore-bearing pluton than the Shilicun ore-barren pluton, be-
cause the parental magma for the latter is more evolved than that for
the former based on plagioclase An and FeO compositions, whole-rock
Mg# and Ti-in-zircon temperatures (Supp. Tables 1, 2 and 3) (Fu et al.,
2008; Zhu et al., 2018). Variable degassing may be partially responsible
for the observed differences (Ballard et al., 2002; Xu et al., 2016a), but
no volcanic apparatuses served as magma degassing conduits are
found to be associated either of the plutons.

Using the average crustal lithostatic pressure of 2.7 km per 1 kbar
and the calculated lowest crystallization pressure of quartz described
above, we have determined that the Shilicun and Tongchang plutons
were emplaced at ~20.3 km and ~5.6 km, respectively. The value for
the Tongchang pluton is significantly larger than that for typical por-
phyry systems (≤4 km; Richards, 2009). There are several possible
causes for the discrepancy, the most important ones being (1)
the quartzmethod used by us overestimates the crystallization pressure
or (2) some of the selected quartz crystals are not in-situ crystallization
products but rather entrained phenocrysts from greater depths. For
these reasons, we cannot use the absolute values but only the relative
values. We believe that it is reasonable to conclude that the emplace-
ment depth of the Tongchang ore-bearing pluton is significantly
shallower than that of the Shilicun ore-barren pluton.

Oxidized magmas are known to be important for the formation of
porphyry Cu ± Mo ± Au ore deposits in the world (e.g., Ballard et al.,
2002; Bi et al., 2009; Liang et al., 2006; Lu et al., 2016; Mungall, 2002;
Shen et al., 2015; Sun et al., 2015, 2017; Wang et al., 2014a, 2014b; Xu
et al., 2016a; Zhang et al., 2017). The results from this study are gener-
ally in good agreement with this but also reveal that oxidized magma
alone does not guarantee the formation of a porphyry ore deposit.
HighH2O and Cl contents in themagma and relatively shallow emplace-
ment depth are also important. These are all understandable: oxidized
magma has a better chance to be enriched chalcophile elements such
as Cu, Mo and Au; H2O-richmagma can providemore magmatic hydro-
thermal fluids; high Cl in magma results in high Cl contents in themag-
matic hydrothermal fluid; Cl-bearing hydrothermal fluids have high
capacity of transporting ore metals such as Cu, Mo and Au; shallower
depth of magma emplacement reduce H2O solubility in magma, facili-
tating fluid exsolution from the magma (Burnham, 1997; Richards,
2003, 2009, 2011a, 2011b, 2015; Sillitoe, 2010).
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6. Conclusions

The results from this study support the notion that the Cenozoic
Tongchang ore-bearing granitic pluton and the coeval Shilicun ore-
barren granitic plutons in the Ailaoshan area could all be derived from
the Neoproterozoic mafic arc lower crust, with the parental magma
for the Tongchang pluton from a shallower and more hydrous source
than that for the Shilicun pluton. Our new data also indicate some
other important differences between the ore-bearing and ore-barren
plutons. Both of them appear to have formed from felsic magmas that
are as oxidized as those for some porphyry Cu±Mo± Au ore deposits
in northern Chile, but the parental magma for the Shilicun ore-barren
pluton is slightly more oxidized than that for the Tongchang ore-
bearing pluton based on our estimation. Such a surprising result sug-
gests that highly oxidized felsic magma alone does not guarantee the
formation of a porphyry Cu ± Mo ± Au ore deposit. High H2O and Cl
contents in the magma plus relatively shallow depth of emplacement
depth are also important for the formation of this type of deposit.
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