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The Zhubu mafic-ultramafic intrusion of the Permian Emeishan large igneous province (LIP), SW China hosts a
magmatic Ni, Cu and platinum-group element (PGE) deposit. It consists of a layered sequencewith sub-horizon-
tal modal layering wrapped by a sub-vertical marginal zone. Our new zircon U-Pb isotopic dating gives a mean
age of 263.2 ± 5.6 Ma for the layered sequence. The volatiles extracted from the mineral separates of the
Zhubu intrusion are composed of predominant H2O (11,769.84 mm3·STP/g, STP-standard temperature and pres-
sure) andminor H2 and CO2. The layered sequence has lower H2O but higher H2, CO2, H2S and SO2 contents than
themarginal zone. The CO2 and CH4 extracted at 400–900 °C and 900–1200 °C have light δ13CCO2 varying from−
17.45‰ to−7.10‰ and δ13CCH4 varying from−41.35‰ to−22.88‰. The pyroxene separates have significantly
lower (87Sr/86Sr)i values (0.705882 to 0.708912) and slightly higher εNd (t = 263 Ma) values (−2.8 to 0.7) than
the whole rocks. The εHf (t = 263 Ma) values of zircon crystals vary from−3.05 to+1.90. The chemical compo-
sitions of volatiles from the Zhubu intrusion indicate a slightly reduced condition and aH2O-rich parentalmagma.
The C-Hf-Sr-Nd isotopes for the Zhubu intrusion are consistent with ~15 wt% assimilation of the upper crust by a
mantle-derived magma. The carbon isotopes indicate that a thermogenic component from sedimentary organic
materials was present in the contaminated magma. A weak positive correlation between volatile and PGE con-
tents, togetherwith the C-Hf-Sr-Nd isotopes, indicates that sulfide saturation in the Zhubumagmawas triggered
by crustal contamination including the addition of volatiles.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Permian mantle plume activity produced the world-class magmatic
Fe-Ti-V oxide deposits in the Emeishan LIP, SW China, and the Ni-Cu-
PGE sulfide deposits in the Siberian LIP in Russia. These two types of
magmatic deposits in the different LIPs formed in distinct redox condi-
tions, i.e., different volatile compositions (Li et al., 2003, 2009, 2012,
2016; Wang et al., 2006, 2007; Zhang et al., 2006, 2008, 2013a; Hou et
al., 2011, 2012; Xing et al., 2012; Tang et al., 2013a). Generally,magmat-
ic oxide deposits are formed under high oxygen fugacity environment
(Hou et al., 2012; Xing et al., 2012), whereas sulfide deposits are formed
in reduced condition (Jugo et al., 2005; Li et al., 2009; Fu et al., 2012;
Tang et al., 2013b). Meanwhile, sulfur saturation in mafic magma is re-
quired for the formation of Ni-Cu-PGE sulfide deposits (e.g., Keays and
Lightfoot, 2010). The most common cause of this process is crustal con-
tamination including the addition of external sulfur (Ripley and Li,
ng@lzu.edu.cn (M. Zhang).
2013). The actual mechanisms involved include volatile and sulfur
transfer (Robertson et al., 2015). The Emeishan LIP formed Ni-Cu-PGE
sulfide deposits and world-class magmatic Fe-Ti-V oxide deposits, and
provides an insight into the volatile condition and sulfur saturation.

Important magmatic Ni-Cu-PGE sulfide deposits commonly form in
conduit and in situ crystallization magmatic systems (Li et al., 2009).
The Zhubu mafic-ultramafic intrusion is composed of a layered se-
quence and a marginal zone, that were formed in an early conduit
stage and a late in situ differentiation stage, respectively in the Emeishan
LIP (Tang et al., 2013b). The Zhubu intrusion contains important sulfide
deposits in themarginal zone and small sulfide lenses in the layered se-
quence. Therefore, it is an ideal intrusion for sulfide mineralization in
conduit and in situ crystallization systems in the Emeishan LIP. Previous
studies concluded that sulfide saturation in the Zhubumagmatic system
was triggered by crustal contamination (e.g., Tang et al., 2013b). How-
ever, the actual mechanism and the possibility of sulfur transfer by vol-
atiles are still unclear.

Constraints on the sources of volatiles are critical for determining the
overall volatile budget, the role of crustal assimilation and the evolution
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of sulfide-mineralized mafic magma. The chemical compositions and
carbon isotopic compositions of volatiles from minerals have been
used to study the sources of volatiles in magmatic deposits (Fu et al.,
2012; Xing et al., 2012; Zhang et al., 2013a). Sr-Nd isotopes of pyroxene
or whole rocks and Hf isotopes of zircons provide critical constrains on
siliceous crustal contamination. In this paper, the chemical and C isoto-
pic compositions of volatiles, the U-Pb and Hf isotopes of zircon and the
Sr-Nd isotopes of pyroxene separates from the Zhubu mafic-ultramafic
intrusion are reported to better understand the composition and origin
of the volatiles in the Zhubu intrusion, Emeishan LIP, comparedwith the
Fe-Ti-V oxide deposits (Xing et al., 2012).
2. Geological background

2.1. Regional geology

The Emeishan LIP covers an area of ~2.5 × 105 km2 from thewestern
part of the Yangtze Block in SW China and to northern Vietnam. It is
composed predominantly of Permian flood basalts with temporally
and spatially associated intrusions with compositions varying from
mafic-ultramafic rocks to syenites and granites. The mafic-ultramafic
intrusions such as the Panzhihua, Taihe, Hongge and Baima intrusions
host giant Fe-Ti-V oxide deposits whereas the Zhubu, Limahe and
Baimazhai intrusions host Ni-Cu-PGE sulfide deposits (Fig. 1a). Country
rocks to these intrusions are Ordovician–Devonian sandstones or lime-
stones (Zhou et al., 2005, 2008). The zirconU-Pb ages of these intrusions
and the associated basalts vary from ~259 Ma to ~263 Ma (Fan et al.,
2008; Zhou et al., 2008; Zhong et al., 2011, 2014; Tang et al., 2015).
Fig. 1.Thedistribution of Emeishanflood basalts and associatedmafic-ultramafic intrusions (a, b
from Chung and Jahn, 1995; Song et al., 2001; Tang et al., 2013a, b). NCC= north China craton
These intrusions and basalts are believed to have been formed by a
Permian Emeishan mantle plume (Xu et al., 2004, 2007).

2.2. Geology of the Zhubu intrusion

The Zhubumafic-ultramafic intrusion is located in the central part of
the Emeishan LIP and hosts a magmatic Cu–Ni–PGE sulfide deposit
(Zhou et al., 2008; Tang et al., 2013b) (Fig. 1a, b). It is ~750 m long
and ~400 m wide with downward extension N580 m (Fig. 1c). The
Zhubu intrusion intruded the Precambrian meta-sedimentary rocks. It
is composed of a central layered sequence wrapped by a marginal
zone. The marginal zone is discordant with the layered sequence (Fig.
1c), and no chilled rocks are present between the marginal zone and
the layered sequence. A hornfels zone of 0.5–1 m in thickness is present
between the marginal zone and the country rocks.

The layered sequence constitutes N90% of the total volume of the in-
trusion and is characterized by sub-horizontal modal layering.
Lherzolite and olivine websterite occur at the bottom, and gabbro and
gabbro-diorite occur at the top (Fig. 1c). The different rock units in the
entire layered sequence have gradational contacts. The marginal zone
is ~10 to 40 m across. It is composed of lherzolite, olivine websterite,
websterite and contaminated gabbroic rocks. Small country rock xeno-
liths (b10 cm in diameter) are present in places in the gabbroic rocks.
The SHRIMP zircon U-Pb dating yielded 261 ± 2 Ma for diorite from
the marginal zone of the Zhubu intrusion (Zhou et al., 2008).

The most important sulfide mineralization in the Zhubu intrusion
occurs mainly as disseminated sulfides (pyrrhotite, pentlandite and
chalcopyrite) within the marginal zone. Small lenses of disseminated
sulfides are also present within the layered sequence, but they are
) and simplifiedgeologicmap (c) of the Zhubumafic-ultramafic intrusion, China (modified
, SGT= Songpan-Ganzi terrane, YB = Yangtze block.
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volumetrically insignificant. TheNi and Cu grades are as high as 0.8 wt%,
and the Pt and Pd grades reach 3 ppm (Tang et al., 2013b).

3. Samples and analytical methods

3.1. Samples and sample pretreatment

The samples used in this study were collected from an open pit and
the outcrops of the Zhubu intrusion. Six lherzolite (Lht) and olivine
websterite (OlWs) samples were collected from the marginal zone in
thewestern part of the intrusion, and five olivine gabbro (OlGb), gabbro
(Gbr) and gabbro-diorite (Gbdt) samples were collected from the out-
crops of layered sequence of the intrusion. Sample locations are
shown in Fig. 1c. The whole-rock geochemical and Sr-Nd isotopic data
were reported in Tang et al. (2013b).

Lherzolite contains 40–60% (modal) olivine and 30–40% pyroxenes,
plusminor hornblende and phlogopite. Small chromite crystals and sul-
fide inclusions are present in some olivine crystals. Olivine is a cumulus
phase, and pyroxenes, hornblende and phlogopite occur in the intersti-
tial spaces. Olivine websterite contains 20–30% olivine, 50–60% pyrox-
enes, and minor amounts of plagioclase, hornblende and phlogopite.
Olivine crystals are commonly enclosed in large orthopyroxene crystals
in olivine websterite. Gabbro contains b5% olivine, 40–45% pyroxenes,
40–50% plagioclase, and minor hornblende and phlogopite.
Gabbrodiorite contains 30–40% plagioclase, 15–25% clinopyroxene,
20–30% hornblende, 5–10% biotite and 10–15% Fe-Ti oxides. Partial al-
terations of olivine by serpentine +magnetite; orthopyroxene by talc;
clinopyroxene by actinolite, tremolite or chlorite; and plagioclase by
sericite + epidote + albite are present in the samples. Disseminated
sulfides are partially replaced by secondarymagnetite in some samples.

Zircon grains from a gabbro in the layered sequence of the Zhubu in-
trusion were separated using conventional methods including elutria-
tion, heavy liquids and magnetic separation. They were carefully
hand-picked under a binocular microscope and then mounted in
epoxy and polished down to their cores for U-Pb dating and Hf isotopic
analysis (Zhang et al., 2010; Tang et al., 2015). Cathodoluminescence
images were used for textural observation and target selection for U-
Pb and Hf isotopic analysis.

Pyroxene crystals provide more-robust Nd and Sr isotopic constraints
on the parent magmas and their magma sources (Revillon et al., 2002).
Although they have lower concentrations of Rb, Sr, Sm and Nd than
whole rocks, Rb and Sr in pyroxenes are commonly less affected by
post-magmatic hydrothermal alteration than in whole rocks. One olivine
and ten pyroxene mineral separates were hand-picked from the selected
samples under a binocularmicroscope. The selected samples are the least
altered among the samples we collected from the Zhubu intrusion. The
mineral separates were immersed in 0.3 mol/L HCl for 24 h to remove
possible carbonates and soluble alteration parts that may occur in
micro-fractures and cleavages. They were then washed using distilled
water until the pH value of the rinsing water reached ~7. Finally they
were cleaned ultrasonically with CH2Cl2 to remove possible surface or-
ganic contaminants. The cleaned samples were baked at 110 °C prior to
analysis (Zhang et al., 2007, 2013a). A total of 10 mineral separates from
the Zhubu intrusion were used for volatile and C-Sr-Nd isotopic analysis.

3.2. Analytical methods

The chemical compositions of the volatiles in the olivine and pyrox-
ene separates from the Zhubu intrusion were determined using a MAT-
271mass spectrometer connected to a vacuum stepwise heating system
at the Key Laboratory of Gas Geochemistry, Chinese Academy of Sci-
ences, Lanzhou, China. The volatile extraction procedures and chemical
analysis are described in detail by Zhang et al. (2007) and Tang et al.
(2013a). The samplewas heated from 200 °C to 1200 °C in 100 °C incre-
ments and 1 h duration at each step to extract volatiles from the sample
for chemical composition analysis. The analytical errors were b1 vol%
relative for CO2, CO and H2; b5 vol% for H2O and b10 vol% for other
minor volatiles (Zhang et al., 2007, 2009).

Carbon isotopes of CO2 and CH4, which can be expressed as δ13C
(‰) = ([13C/12C]sample / [13C/12C]PDB − 1) × 103 (where PDB, Pee Dee
Belemnite, is the reference standard), were analyzed by a Gas chroma-
tography-Combustion-Mass spectrometer system using a stepwise-
heating extraction procedure at the Key Laboratory of Gas Geochemis-
try, CAS, Lanzhou, China. CO2 and CH4 extracted at 200–400 °C, 400–
900 °C and 900–1200 °C intervals, respectively were analyzed for the
analysis of carbon isotopic compositions based on the releasing patterns
of the volatiles (see result for details). The CO2 and CH4 were separated
by an Agilent 6890N gas chromatographic analyzer, oxidized into CO2,
then sent into a Delta plus XP mass spectrometer for carbon isotopic
analysis. The reported δ13C values (relative to PDB) have a relative
error b1.6‰. The details of CO2 and CH4 extractions and measurements
are given in Zhang et al. (2007).

Zircon U–Pb and Lu-Hf isotope measurements were performed
using a Neptune multi-collector ICP-MS equipped with a New Wave
UP 213 laser-ablation sampling system at the MRL Key Laboratory of
Metallogeny and Mineral Assessment, Institute of Mineral Resources,
Chinese Academy of Geological Sciences, Beijing, China. The analytical
procedures and operation conditions are given in Hou et al. (2009),
Wu et al. (2006) and Tang et al. (2014). The laser beam sizewas approx-
imately 40–50 μm in diameter. The GJ1 zircon standard was used as a
reference. The plotting and age calculations are from Isoplot/Ex 3.00
(Ludwig, 2003).

Rb–Sr and Sm–Nd isotopes of the pyroxene separates were deter-
mined using a Triton thermal ionization magnetic sector mass spec-
trometer at the Institute of Geology and Mineral Resources in Tianjin,
CGS, China. The powders were treated with 0.3 N HCl for 1 h at
~100 °C andwere then dried after rinsingwith purifiedwater. The sam-
pleswereweighed and spikedwithmixed isotope tracers and dissolved
in Teflon capsules with HF+ HNO3 at 120 °C for 7 days. The procedural
blanks were b100 pg for Sm and Nd, and b500 pg for Rb and Sr. The
mass fractionation corrections for the Sr and Nd isotopic ratios were
based on the following values: 86Sr/88Sr = 0.1194 and 146Nd/144/
Nd = 0.7219. The typical within-run precision (2σ) for Sr and Nd isoto-
pic ratios is less than ±0.5% relative. The measured values for the LRIG
Nd standard and the NBS987 Sr standard were 143Nd/144Nd =
0.512202 ± 25 and 87Sr/86Sr = 0.710245 ± 35 during the period of
data acquisition. The analytical procedures and operation conditions
are given in Zhang et al. (2011).

4. Results

4.1. Zircon U-Pb age

The U–Pb data of zircon grains from the Zhubu gabbro are listed in
Table 1. The Th/U ratios of the zircon crystals are between 2.39 and
4.62 (Table 1), which are within the range of typical igneous zircons
(Hoskin and Schaltegger, 2003). The concordia plot for the analyzed zir-
cons is illustrated in Fig. 2. The zircon grains from the Zhubu gabbro
have 206Pb/238U ages varying from 255 Ma to 291 Ma (Table 1). The
eight youngest zircon crystals yield a weighted mean 206Pb/238U age of
263.2 ± 5.6 Ma for the gabbro of the layered sequence, which is identi-
cal (i.e., within the analytical errors) to the SHRIMP zircon U-Pb age of
261 ± 2 Ma for the diorite from the marginal zone of the Zhubu intru-
sion (Zhou et al., 2008).

4.2. Chemical and carbon isotopic compositions of volatiles

The volatiles of silicate minerals from the Zhubu intrusion were re-
leased with elevated temperature at three temperature intervals: 200–
400 °C, 400–900 °C and 900–1200 °C (Fig. 3a). Summations of the vola-
tile contents at the three temperature intervals are listed in Table 2. The
original data are given as supplementary materials in Table S1.



Table 1
The LA-MC-ICP-MS U-Pb data of zircon crystals from gabbro in the Zhubu intrusion.

Spot
analysis

Pb Th U Th/U
207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Conc.

(ppm) (ppm) (ppm) Ratio 1σ Ratio 1σ Ratio 1σ
Age
(Ma) 1σ

Age
(Ma) 1σ

Age
(Ma) 1σ (%)

ZB11-19-01 598.69 565.59 204.52 2.77 0.052975 0.000992 0.301292 0.009334 0.041218 0.000985 327.8 42.6 267.4 7.3 260.4 6.1 97
ZB11-19-02 444.56 421.51 155.63 2.71 0.053653 0.000847 0.298287 0.005639 0.040335 0.000474 366.7 35.2 265.1 4.4 254.9 2.9 96
ZB11-19-03 863.87 780.70 242.47 3.22 0.052025 0.000637 0.307676 0.007382 0.042853 0.000785 287.1 32.4 272.4 5.7 270.5 4.9 99
ZB11-19-04 544.37 565.92 184.02 3.08 0.053089 0.000705 0.300452 0.005433 0.041087 0.000655 331.5 29.6 266.8 4.2 259.6 4.1 97
ZB11-19-05 1555.92 1567.83 342.02 4.58 0.052243 0.000624 0.306140 0.007579 0.042471 0.000871 294.5 -4.6 271.2 5.9 268.1 5.4 98
ZB11-19-06 1316.56 1462.17 316.79 4.62 0.052370 0.000694 0.308067 0.007950 0.042740 0.001113 301.9 -0.9 272.7 6.2 269.8 6.9 98
ZB11-19-07 460.85 603.41 167.89 3.59 0.050144 0.000778 0.303362 0.007722 0.043938 0.001009 211.2 37.0 269.0 6.0 277.2 6.2 97
ZB11-19-08 651.08 812.22 217.81 3.73 0.052501 0.000822 0.308057 0.009412 0.042479 0.000972 305.6 35.2 272.7 7.3 268.2 6.0 98
ZB11-19-10 406.31 542.37 156.39 3.47 0.051731 0.000873 0.312898 0.006779 0.043849 0.000444 272.3 43.5 276.4 5.2 276.6 2.7 99
ZB11-19-11 321.85 421.52 125.67 3.35 0.051898 0.001035 0.323066 0.007411 0.045212 0.000629 279.7 44.4 284.3 5.7 285.1 3.9 99
ZB11-19-12 382.90 553.44 152.67 3.63 0.051507 0.000815 0.327341 0.006165 0.046122 0.000441 264.9 32.4 287.5 4.7 290.7 2.7 98
ZB11-19-13 378.03 567.78 157.82 3.60 0.054113 0.000881 0.336714 0.006085 0.045181 0.000418 376.0 37.0 294.7 4.6 284.9 2.6 96
ZB11-19-14 260.04 415.49 143.14 2.90 0.050674 0.000961 0.309839 0.007215 0.044351 0.000451 233.4 72.2 274.1 5.6 279.7 2.8 97
ZB11-19-15 301.36 501.58 148.23 3.38 0.051677 0.001032 0.327220 0.007225 0.045987 0.000463 333.4 41.7 287.4 5.5 289.8 2.9 99
ZB11-19-16 436.57 596.41 141.49 4.22 0.052966 0.001051 0.332533 0.008373 0.045567 0.000644 327.8 44.4 291.5 6.4 287.2 4.0 98
ZB11-19-17 406.36 517.21 149.42 3.46 0.050618 0.001029 0.315192 0.007256 0.045195 0.000445 233.4 78.7 278.2 5.6 285.0 2.7 97
ZB11-19-18 302.98 345.24 106.46 3.24 0.051379 0.001123 0.314360 0.007968 0.044418 0.000587 257.5 50.0 277.6 6.2 280.2 3.6 99
ZB11-19-19 1330.79 1426.11 335.17 4.25 0.050824 0.000648 0.314981 0.005959 0.044948 0.000486 231.6 25.0 278.0 4.6 283.4 3.0 98
ZB11-19-20 676.75 662.38 193.24 3.43 0.057382 0.005443 0.347739 0.034608 0.043835 0.000364 505.6 209.2 303.0 26.1 276.6 2.2 90
ZB11-19-21 875.50 819.97 244.32 3.36 0.051611 0.000687 0.316600 0.005239 0.044510 0.000388 333.4 29.6 279.3 4.0 280.7 2.4 99
ZB11-19-22 225.93 163.43 68.33 2.39 0.051827 0.001371 0.303482 0.008622 0.042536 0.000537 276.0 63.9 269.1 6.7 268.5 3.3 99
ZB11-19-23 779.71 658.04 185.39 3.55 0.052146 0.000675 0.317787 0.005262 0.044224 0.000457 300.1 29.6 280.2 4.1 279.0 2.8 99
ZB11-19-24 648.80 506.01 167.40 3.02 0.050873 0.000900 0.306267 0.006171 0.043692 0.000446 235.3 40.7 271.3 4.8 275.7 2.8 98
ZB11-19-25 1168.17 874.87 237.80 3.68 0.051827 0.000879 0.314690 0.005904 0.044082 0.000462 276.0 38.9 277.8 4.6 278.1 2.9 99
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The volatiles in the Zhubumineral separates were released predom-
inantly at the 400–900 °C and 900–1200 °C intervals, and mildly at the
200–400 °C interval. The average contents of the total volatiles are av.
10,142.7, 2,500.2 and 566.61 mm3·STP/g (STP= standard temperature
and pressure, the same hereinafter) for above three temperature inter-
vals, respectively. The average contents of the total volatiles in the
Zhubu minerals are av. 13,209.47 mm3·STP/g, which are much higher
than those in the minerals from the gabbro of the Siberian LIP (av.
5233.9 mm3·STP/g) (Tang et al., 2013a). The conspicuous characteristics
of the volatiles in the Zhubu samples are that H2O is a dominant compo-
nent (av. 11,769.84 mm3·STP/g) in total volatiles. H2O was released
mainly at the 500–800 °C and 900–1100 °C intervals (Fig. 3b). The H2O
content in total volatiles from the minerals are av. 17,229.3 and
5867.4 mm3·STP/g for the lherzolite and olivine websterite of the mar-
ginal zone, respectively, and av. 4723.9, 15712.0 and 5600.7 mm3·STP/g
for the olivine gabbro, gabbro and gabbrodiorite of the layered sequence,
respectively.

The minor volatiles released from the Zhubu samples are composed
of H2 and CO2 (av. 418.3 and 227.5 mm3·STP/g, respectively). The CO2

contents of the Zhubu intrusion arewithin the range for coevalmafic in-
trusions that host magmatic Fe-Ti-V oxide deposits in the Emeishan LIP
(Xing et al., 2012). The total amounts of SO2 and H2S in the volatiles
Fig. 2. U–Pb isotope concordia diagram (a) with a weighted mean 206Pb/238U age for the
extracted from the Zhubu mineral separates increase from lherzolite,
to olivine websterite, to olivine gabbro and to gabbro in accordance
with the magmatic crystallizing sequence.

The volatiles extracted from the mineral separates from the Zhubu
intrusion at different temperature intervals have different chemical
compositions. The volatiles at the 200–400 °C interval are composed
predominantly of H2O (av. 507.57 m3·STP/g), with minor amounts of
CO2 (av. 16.82), C2H6 (16.34) and N2 (16.03). The volatiles at the 400–
900 °C interval are dominated by H2O (av. 9393.78 mm3·STP/g), with
minor amounts of H2 (av. 400.50) and CO2 (av. 186.28). The volatiles
at the 900–1200 °C interval are also dominated by H2O (av.
2376.07 mm3·STP/g), with minor amounts of CO2 (av. 35.99), SO2

(26.28), O2 (25.53) and H2S (12.57).
The carbon isotopic compositions of CO2 and CH4 released from py-

roxene separates in the Zhubu intrusion are listed in Table 3. The CO2 re-
leased at the 900–1200 °C interval has δ13CCO2 values ranging from
−13.2‰ to −7.1‰ (av. −11.1‰). The volatiles released at the 400–
900 °C interval have δ13CCO2 varying from −17.5‰ to −7.3‰ (av. −
10.5‰) and δ13CCH4 varying from −41.3‰ to −22.9‰ (av. −31.8‰).
In contrast, the volatiles at the 200–400 °C interval have significantly
lower δ13CCO2 (−24.5‰ to −13.0‰, av. −18.8‰) and δ13CCH4

(−48.8‰ to −28.3‰, av. −40.5‰) values than those at 400–900 °C.
eight youngest comagmatic gabbro zircons (b) from the Zhubu intrusion, SW China.



Fig. 3. The total contents of volatiles after deduction of water (a) and the H2O contents (b) released from different temperatures in the olivine (Ol) and pyroxene (Py) separates from the
Zhubu intrusion.
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Aweak positive correlation exists between δ13CCO2 and the CO2 content,
but it does not correspond to the Rayleigh fractionation of carbon iso-
topes (Fig. 4a). The δ13C values of CO2 and CH4 are between the mantle
and crustal values (Fig. 4b, Ueno et al., 2006).

4.3. Sr, Nd and Hf isotopes

The Sr and Nd isotopes of pyroxene separates from the Zhubu intru-
sion are listed in Table 4. The concentrations of Rb, Sr, Sm and Nd in the
pyroxene separates are lower than in whole rocks. The (87Sr/86Sr)i
values vary from 0.705882 to 0.708912. The εNd (t = 263 Ma) values
(−2.8–0.7) are within the range of the Emeishan basalts and picrites
(Chung and Jahn, 1995; Xu et al., 2001; Xiao et al., 2004; Zhang et al.,
2006, 2008; Hou et al., 2012; Li et al., 2012). Fig. 5 shows a comparison
of several coeval Ni-Cu sulfide-bearing mafic-ultramafic intrusions and
Fe-Ti-V oxide ore-bearing mafic intrusions of the Emeishan LIP. The
Table 2
Volatile chemical compositions (mm3·STP/g) in the olivine and pyroxene separates in the Zhu

No. Rock type Mineral Weight/g T(°C) H2 CH4

ZB11-07 Lherzolite Ol 0.3 200–400 12.69 4.22
400–900 273.99 35.67
900–1200 51.82 –

ZB11-07 Lherzolite Py 0.48 200–400 3.83 –
400–900 144.30 5.54
900–1200 – –

ZB11-08 Lherzolite Py 0.51 200–400 – –
400–900 537.89 0.24
900–1200 – –

ZB11-10 Lherzolite Py 0.47 200–400 2.99 0.18
400–900 51.65 2.26
900–1200 – –

ZB11-11 Lherzolite Py 0.49 200–400 3.61 0.35
400–900 231.64 1.02
900–1200 – –

ZB11-14 Lherzolite Py 0.5 200–400 41.88 4.68
400–900 283.06 6.97
900–1200 – –

ZB11-12 Olivine websterite Py 0.51 200–400 9.23 0.26
400–900 139.38 0.43
900–1200 – –

ZB11–16 Olivine gabbro Pyx 0.50 200–400 5.50 –
400–900 327.61 0.24
900–1200 2.21 –

ZB11–21 Olivine gabbro Pyx 0.52 200–400 0.62 –
400–900 1884.10 0.73
900–1200 0.75 –

ZB11–22 Gabbro Py 0.53 200–400 0.74 –
400–900 321.25 4.20
900–1200 – –

ZB11–23 Gabbrodiorite Py 0.50 200–400 3.85 0.23
400–900 93.23 3.07
900–1200 – –

Note: Ol = olivine, Py = pyroxene, −=not determined.
pyroxene separates in the Zhubu intrusion are characterized by signifi-
cantly low (87Sr/86Sr)i and slightly high εNd (t = 263 Ma) compared
with their whole rock samples (Zhou et al., 2008; Tang et al., 2013b)
(Fig. 5). The pyroxene separates from the Zhubu intrusion have
(87Sr/86Sr)i and εNd values similar to those for the whole-rock samples
from other coeval Ni-Cu-PGE sulfide-bearing mafic-ultramafic intru-
sions, but they display slightly higher (87Sr/86Sr)i and lower εNd than
the coeval Fe-Ti-V oxide-bearing mafic intrusions in the Emeishan
LIP.

The Lu-Hf isotopes of the eight youngest zircon crystals from the
Zhubu gabbro are listed in Table 5. The calculated εHf (t) values for the
zircon grains from the Zhubu gabbro vary from −3.05 to +1.90.
These values are slightly lower than those for the zircon crystals from
the coeval Fe-Ti oxide-bearing mafic intrusions and basaltic andesite
of the Emeishan LIP (Zhong et al., 2009, 2011; Shellnutt et al., 2015;
Tang et al., 2015) (Fig. 6).
bu intrusion.

H2O CO N2 C2H6 O2 H2S CO2 SO2

766.67 8.45 39.36 68.46 2.11 – 32.26 –
15,747.37 99.90 59.03 36.23 41.80 30.75 262.09 –
4936.84 20.27 27.57 – 34.77 10.33 49.28 12.09
800.44 0.65 44.88 27.67 2.35 – 17.66 –
17,782.35 114.49 85.86 – 51.40 24.00 103.46 –
7144.74 8.04 18.19 – 33.62 5.05 45.62 21.06
306.50 1.22 6.58 – 0.95 – 4.66 –
23,291.54 8.93 8.43 0.00 21.62 24.07 43.94 –
4802.37 1.78 3.10 8.56 6.05 23.40 3.87
893.06 1.95 7.70 12.59 0.94 – 16.20 –
4142.22 7.15 5.25 0.50 11.92 12.15 99.76 –
301.23 1.29 4.89 0.92 13.59 8.54 32.00 3.98
485.50 5.16 6.88 13.32 0.70 – 11.34 –
4570.35 31.15 42.35 – 7.70 – 7.83 –
175.08 6.14 39.00 – 3.94 – 3.55 –
538.42 – 75.60 13.18 0.22 – 3.39 –
9927.37 61.26 141.50 – 37.73 – – –
520.00 27.62 46.24 – 29.82 – – –
744.58 0.35 23.10 – 3.11 1.42 14.13 –
4142.93 22.88 31.08 – 19.76 19.93 413.89 –
979.88 – 10.15 0.00 17.25 9.34 14.17 11.29
178.95 1.11 4.33 5.54 0.68 0.00 3.89 –
685.79 17.93 8.71 – 35.97 47.44 44.99 –
947.37 9.41 6.01 0.71 56.56 47.60 34.40 62.63
305.67 8.57 6.74 13.71 0.86 0.00 29.21 –
5676.11 88.97 8.86 0.26 61.07 77.77 156.98 0.16
1654.89 2.67 2.11 12.14 23.80 7.20 62.50 9.44
440.42 1.35 4.89 1.28 2.22 0.20 25.03 0.53
13,106.26 22.63 12.44 0.00 122.90 152.45 604.35 14.29
2165.34 2.56 2.43 0.00 41.38 8.24 26.49 104.36
153.92 3.73 15.81 20.85 1.66 – 13.78 –
4792.83 8.15 8.87 – 20.88 23.60 125.56 0.33
653.98 0.25 8.39 0.69 25.18 8.92 25.82 33.51



Table 3
The carbon isotopic compositions (‰, v-PDB) of CO2 and CH4 released from pyroxene separates in the Zhubu intrusion.

Sample No. Rock type

δ13CCO2 δ13CCH4

200–400 °C 400–900 °C 900–1200 °C 200–400 °C 400–900 °C

ZB11-07 Lherzolite −21.55 −10.31 −44.39 −35.24
ZB11-08 Lherzolite −22.83 −17.45 −10.42 −46.00 −27.84
ZB11-10 Lherzolite −14.37 −10.30 −12.63 −28.28 −22.88
ZB11-11 Lherzolite −14.84 −11.05 −33.66 −31.10
ZB11-14 Lherzolite −20.68 −12.69 −43.11 −30.42
ZB11-12 Olivine websterite −17.58 −7.26 −11.75 −47.58 −37.28
ZB11-16 Olivine gabbro −20.94 −9.47 −9.52 −36.63 −30.22
ZB11-21 Olivine gabbro −7.65 −7.10 −48.81 −41.35
ZB11-22 Gabbro −14.99 −13.19 −29.80 −28.75
ZB11-23 Gabbro diorite −21.36 −10.83 −12.75 −46.90 −32.65
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5. Discussion

Mantle plume activity is important for the formation of magmatic
Ni-Cu-PGE sulfide deposits, such as the world-class Ni-Cu-PGE sulfide
deposits hosted in the mafic-ultramafic intrusions of the Siberian LIP
in Russia. In the Emeishan LIP, only a few small magmatic sulfide de-
posits have been found to date, such as the Zhubu deposit (Tang et al.,
2013b). Our new zircon U-Pb age for the layered sequence and the pre-
viously reported zircon age for the marginal zone confirm that the
Zhubu mafic-ultramafic intrusion is one of many mafic-ultramafic in-
trusions of the Permian Emeishan LIP in SW China (Fan et al., 2008;
Zhou et al., 2008; Zhong et al., 2011).

The pyroxene samples in the Zhubu intrusion are slightly scattered
in (87Sr/86Sr)i values compared with the whole rock samples, implying
that Sr isotope varied during pyroxene crystallization stage of different
type of rocks, while thewhole rock samplesmake Sr isotope homogeni-
zation. The pyroxene separates show significantly lower (87Sr/86Sr)i and
slightly higher εNd (t = 263 Ma) values compared with the whole rock
samples (Tang et al., 2013b; Zhou et al., 2008), which suggests that py-
roxene is less susceptible to hydrothermal alteration than whole rocks,
especially for Sm andNd isotopes, and is an idealmineral for insight into
magmatism.

5.1. The modes of occurrence of the volatiles

The volatiles extracted from the Zhubu silicate minerals at the 200–
400 °C, 400–900 °C and 900–1200 °C intervals could have intrinsically
come from the different modes of occurrence, such as different stage
of fluid inclusions, and crystal defects and site vacancies (Zhang et al.,
2007, 2009, 2013a). These were trapped in different magmatic stages,
Fig. 4. Plots of δ13CCO2 values (‰ v-PDB) versus the CO2 contents (a) and δ13CCH4 values (‰ v-PD
carbon isotopes (initial value of δ13CCO2 is−7‰, 1000 lnα= 2.5‰).
and their volatiles have different chemical and carbon isotopic composi-
tions. The chemical and isotopic variation of volatiles with extraction
temperature could be related to the different modes of occurrence
with different origins.

The volatiles released at the 200–400 °C interval show low contents
and are composedof dominantH2O (av. 507.57 mm3·STP/g), andminor
amounts of CO2, C2H6 andN2. These volatiles are interpreted to have de-
rived from post-magmatic fluid inclusions (Zhang et al., 2009; Tang et
al., 2013a). The significantly low δ13CCO2 and δ13CCH4 values for these
volatiles are plotted into the ranges of crust origin and methane oxida-
tion in the δ13CCO2 and δ13CCH4 diagram (Fig. 4a, Ueno et al., 2006),
which indicates that these volatiles mainly originated from the crust
and air-saturated fluids (Zhang et al., 2009, 2013a).

The volatiles in the primary silicate minerals of the Zhubu intrusion
were mainly released at the 400–900 °C interval, showing high content
and dominant H2O (av. 9393.78 mm3·STP/g) plus minor amounts of H2

(av. 400.51 mm3·STP/g) and CO2 (av. 186.28 mm3·STP/g). Lower
amounts of volatiles were released at the 900–1200 °C interval includ-
ing H2O, CO2 and SO2 (av. 2376.07, 35.99 and 26.28 mm3·STP/g,
respectively).

H2O, CO2 and H2 are released predominantly at the 400–900 °C
interval. These volatiles are interpreted to have derived from fluid
inclusions and OH– in the crystal lattices of pyroxene, i.e., nominally
anhydrous minerals (NAMs). SO2 was mainly released at 900–
1200 °C, and is interpreted to have derived from the decomposition
of sulfide inclusions (Tang et al., 2013a). The volatiles released at
the 400–900 °C and 900–1200 °C intervals could have derived from
primary fluid inclusions, crystal structures and defects (Zhang et
al., 2009), and are therefore interpreted to represent magmatic
volatiles.
B) (b, after Ueno et al., 2006) in the Zhubu intrusion. Rayleigh-Rayleigh degassingmodel of



Table 4
The Sr-Nd isotopic compositions of pyroxene separates in the Zhubu mafic-ultramafic intrusion.

Sample Rock type
Rb
(ppm)

Sr
(ppm) 87Rb/86Sr 87Sr/86Sr 2σ

Sm
(ppm)

Nd
(ppm) 147Sm/144Nd 143Nd/144Nd 2σ (87Sr/86Sr)i

εNd
(t = 260 Ma)

ZB11-10 Lherzolite 1.76 50.38 0.101341 0.708497 0.000628 2.11 8.96 0.142055 0.512583 0.000828 0.708122 0.7
ZB11-11 Lherzolite 1.17 49.38 0.068347 0.708375 0.000717 1.87 7.59 0.149317 0.512521 0.000637 0.708122 −0.7
ZB11-14 Lherzolite 2.31 57.94 0.115147 0.708903 0.001305 2.01 9.08 0.133982 0.512507 0.001426 0.708477 −0.5
ZB11-16 Ol-Gabbro 13.66 110.20 0.358634 0.710238 0.000452 3.48 14.10 0.149255 0.512411 0.000930 0.708912 −2.8
ZB11-21 Ol-Gabbro 70.94 132.24 1.552599 0.712387 0.000923 7.58 36.21 0.126573 0.512396 0.000467 0.706644 −2.4
ZB11-22 Gabbro 43.72 329.94 0.383375 0.708730 0.000810 8.32 40.48 0.124239 0.512476 0.002006 0.707312 −0.8
ZB11-23 Gabbrodiorite 76.45 328.46 0.673377 0.708373 0.000799 8.91 42.86 0.125722 0.512507 0.001511 0.705882 −0.2
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5.2. The compositions and origins of magmatic volatiles

5.2.1. The compositions of magmatic volatiles
The magmatic volatiles in Zhubu intrusion, as represented by the

volatiles released from the primary silicate minerals at the 400–900 °C
and 900–1200 °C intervals, are characterized by dominant H2O (av.
11,649.6 mm3·STP/g) and high contents of H2 and CO2 (av. 394.8 and
202.1 mm3·STP/g, respectively). They have higher volatile contents
than the volatiles in the silicate minerals of the Noril'sk Ni-Cu-PGE sul-
fide deposits in the Siberian LIP (Tang et al., 2013a) and the Fe-Ti-V
oxide deposits in the Emeishan LIP (Xing et al., 2012), but they all
show similar chemical compositions. The volatiles in the Noril'sk Ni-
Cu-PGE sulfide deposits in the Siberian LIP are dominated by H2O (av.
2286.0 mm3·STP/g), and minor amounts of H2, H2S, CO2 and SO2 (av.
152.06, 93.27, 87.05 and 58.18 mm3·STP/g, respectively) (Tang et al.,
2013a). The volatiles of the Fe-Ti-V oxide deposits in the Emeishan LIP
are also dominated by H2O (av. 169.73 mm3·STP/g), and minor
amounts of H2, H2S and CO2 (av. 112.81, 18.66 and 13.10 mm3·STP/g,
respectively) (Xing et al., 2012). In contrast, the magmatic volatiles in
Zhubu intrusion are dramatically different in chemical compositions
from the volatiles in the associated magnetite of the Fe-Ti-V oxide de-
posits which are dominated by SO2 and CO2 (av. 652.60 and
216.92 mm3·STP/g, respectively) (Xing et al., 2012).

The volatiles in the magma system show behaviors similar to those
of incompatible elements. The CO2 will partition preferentially into
exsolved vapor phase during the magma rising and cooling due to
lower solubility in melt than H2O (Lowenstern et al., 1991). Therefore,
H2O becomes concentrated in the residual melt during in situ fractional
crystallization of vapor-saturated magma, but CO2 is preferentially lost
into the vapor phase, which can result in degassing of CO2 without sig-
nificant loss of H2O (Dixon and Stolper, 1995;Wallace, 2005). A positive
Fig. 5.Plot of εNd (t = 260 Ma) vs. (87Sr/86Sr)i for the Zhubu intrusion. Themantle array is fromZ
Jahn (1995), Hou et al. (2012), Li et al. (2012), Xu et al. (2001) and Zhang et al. (2006, 2008). The
et al. (2001), Xiao et al. (2004) and Zhang et al. (2008). Values used in themixing calculations:
320 ppm Sr, 27 ppm Nd, (87Sr/86Sr)i, 0.718, εNd,−10. The Sr and Nd contents in the crust are f
(1998).
correlation between δ13CCO2 values and CO2 contents (Fig. 4a) can be
caused by kinetic fractionation of carbon isotope by degassing, but it
does not match the Rayleigh model of carbon isotope fractionation
(Fig. 4a). Therefore, it suggests the existence of crustal contamination.
This can mean that H2O can be concentrated and trapped in the min-
erals from melt, but CO2 and other volatiles are lost with the vapor
degassing during rising and crystallization through the Zhubu magma
conduit.

The original H2O and CO2 contents in mantle-derived magma may
be estimated by the contents of Ce (Dixon and Clague, 2001) and Nb
(Saal et al., 2002), respectively. H2O contents in olivine from lherzolite
with highest Nb/U value can represent the H2O contents of parental
magma, because this type of olivine is a mineral that crystallizes early
on liquids with less crustal contamination. The H2O content of the
Zhubu parental magma is measured as 20,684.21 mm3·STP/g (i.e.,
1.66 wt%) by the H2O released at the 400–1200 °C interval from olivine
separate of lherzolite (Nb/U= 21.35) in the Zhubu intrusion. It is higher
than the estimated values (0.2–0.7 wt%) for basaltic magma of the
Emeishan LIP (Ganino et al., 2008) and significantly higher than the
H2O contents (0.03–0.1 wt%) for the typical oceanic island basalts
(Dixon and Clague, 2001; Hauri, 2002; Saal et al., 2002), indicating
that the parental magma of the Zhubu intrusion was more H2O-rich
than the Emeishan basalts as well as typical oceanic island basalts.

Themeasured CO2 content (428.05 mm3·STP/g, i.e., 840 ppm) in the
Zhubu magma is significantly lower than the values for the Emeishan
basalts (2294–13,508 ppm) estimated by the Nb contents in the basalts
(Xiao et al., 2004; Zhang et al., 2006), but it is within the range of CO2

contents (120–1830 ppm) in the oceanic island basalts (Hirschmann
and Dasgupta, 2009).

The primary silicatemineral separates have highH2 contents in both
magmatic Fe-Ti-V oxide deposits and Ni-Cu sulfide deposits in the
indler andHart (1986). Thefield for the Emeishan picrites is based ondata fromChung and
fields for the Emeishan high-Ti (HT) and low-Ti (LT) basalts are based on the data fromXu
mantle-derivedmagma, 130 ppm Sr, 10.5 ppm Nd, (87Sr/86Sr)i, 0.7045, εNd, 2; upper crust,
rom Rudnick and Gao (2014). The Sr and Nd isotopes in the crust are from Chen and Jahn



Table 5
The Lu–Hf isotopes of zircons from gabbro in the Zhubu intrusion.

Analysis Age (Ma) 176Yb/177Hf 2σ 176Lu/177Hf 2σ 176Hf/177Hf 2σ (176Hf/177Hf)i εHf (t) TDM (Ma)

ZB11-19-01 260.4 0.049817 0.000524 0.001185 0.000015 0.282631 0.000021 0.282625 0.53 884.3
ZB11-19-02 254.9 0.052890 0.000983 0.001172 0.000013 0.282636 0.000025 0.282630 0.59 877.3
ZB11-19-03 270.5 0.058963 0.001418 0.001415 0.000021 0.282601 0.000021 0.282594 −0.35 932.3
ZB11-19-04 259.6 0.054810 0.000465 0.001271 0.000004 0.282572 0.000022 0.282566 −1.60 970.6
ZB11-19-05 268.1 0.079120 0.002569 0.001746 0.000046 0.282646 0.000027 0.282637 1.12 876.4
ZB11-19-06 269.8 0.087751 0.001371 0.001931 0.000019 0.282528 0.000026 0.282518 −3.05 1051.0
ZB11-19-08 268.2 0.069507 0.000497 0.001544 0.000003 0.282597 0.000027 0.282589 −0.58 941.7
ZB11-19-22 268.5 0.042916 0.000162 0.001124 0.000004 0.282665 0.000026 0.282659 1.90 835.3

εHf at the age of zircon crystallization was calculated using CHUR values of Blichert-Toft and Albarède (1997) and 176Lu decay constant of Scherer et al. (2001).
TDM was calculated from present-day depleted mantle values of (176Hf/177Hf)DM= 0.28325 and (176Lu/177Hf)DM= 0.0384 (Griffin et al., 2000).
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Emeishan LIP and the Siberian LIP (Tang et al., 2013a), as well as the
Kalatongke sulfide deposit in the Central Asian Orogenic Belt, China
(Fu et al., 2012). This implies a reduced condition for these magmatic
systems, because H is present only under reduced conditions and can
be incorporated as OH– into the crystal structure of pyroxene (e.g.,
Skogby and Rossman, 1989).

The most of large ore-bodies of Ni-Cu-PGE sulfide deposits always
form in themagmatic conduit systemor the chamber of in situ fractional
crystallization during magma rising and evolution (Li et al., 2009). As
suggested previously, the Zhubu intrusion was formed in two stages:
an early conduit stage for the marginal zone and a late in situ differenti-
ation stage for the layered sequence (Tang et al., 2013b). There are some
differences in the chemical compositions of volatiles between the mar-
ginal zone and layered sequence. The volatiles released at the 400–
1200 °C interval from the marginal zone have significantly higher H2O
contents (av. 14,669.48 mm3·STP/g) and lower H2, CO2, H2S and SO2

(av. 238.45, 183.16, 30.04 and 8.72 mm3·STP/g, respectively) contents
than those from the layered sequence (av. 7420 H2O, 657.36 H2,
280.94 CO2, 96.92 H2S and 56.32 mm3·STP/g SO2). The differences be-
tween the marginal zone and layered sequence cannot be interpreted
by bake-degassing of magma, perhaps reflecting different volatile com-
positions in the different pulses of magma.

5.2.2. The origins of magmatic volatiles
A large amount of H2O, as well as H2, CO2 and H2S etc. in the Zhubu

magmamayhave been derived from sourcemantle or crustalfluids. The
δ13CCO2 and δ13CCH4 values for the volatiles released at the 400–900 °C
interval plot between mantle and thermogenic origins (Fig. 4a, Deines,
Fig. 6. Plot of zircon εHf (t) versus 206Pb/238U age (Ma) for different types of rocks in the
Emeishan LIP. The data are from this study and references of Shellnutt et al. (2009),
Zhong et al. (2009, 2011) and Tang et al. (2015).
2002), indicating that mantle-derived CO2 and CH4 were contaminated
by the thermogenic components from sedimentary organic matters in
the Zhubu magma (Fig. 4a). Carbon-rich external fluids with low
δ13CCO2 values could also be involved. The thermogenic crustal fluids
could be from the degassing of country rocks. This fact is similar to the
magnetite ores in Fe-Ti-V oxide-bearing mafic intrusions in the
Emeishan LIP, where the volatiles could be derived from country rocks
(Xing et al., 2012; Ganino et al., 2013).

The (Nb/Th)N and Nb/U ratios are good indicators of crustal assimi-
lation, because they decrease with increasing contamination by sili-
ceous crustal materials. The H2 and H2S contents in the volatiles from
the Zhubu primary silicate minerals show the negative correlations
with the whole rock (Nb/Th)N ratios (Fig. 7a, b). The δ13CCO2 values at
the 400–900 °C interval have a week negative correlation with whole
rock (Nb/Th)N ratios (Fig. 7c), indicating the addition of external CO2

to the magma by the crustal assimilation. The H2/N2 ratios show a neg-
ative correlation with whole rock Nb/U ratios (Fig. 7d), suggesting the
addition of external H2 and H2S to the magma by the assimilation of
crustal material as well.

The variation of volatile contents in the pyroxene of different types
of rocks in the marginal zone and layered sequence may be related to
variable sources of volatiles. The volatiles released at the 400–900 °C in-
terval from pyroxene separates from the marginal zone show that the
H2O contents decrease significantly from lherzolite (av.,
13,107 mm3·STP/g) to olivine websterite (4143 mm3·STP/g), and that
the CO2 contents increase conversely from lherzolite (103 mm3·STP/
g) to olivine websterite (414 mm3·STP/g). These are consistent with
separate pulses of magma for the different units. In contrast, the H2O
and CO2 contents in the volatiles released at the 400–900 °C interval
from the pyroxene separates from the layered sequence increase from
olivine gabbro (av., 3181 and 101 mm3·STP/g, respectively) to gabbro
(5676 and 157 mm3·STP/g) and to gabbrodiorite (13,106 and
604 mm3·STP/g), which are consistent with magma differentiation of
a single pulse. This scenario is supported by petro-geochemical evi-
dence that the layered sequence in the Zhubu intrusion was formed
by in situ fractional crystallization of a pulse of magma (Tang et al.,
2013b).

5.3. Mantle source variation, fertile magma and sulfide mineralization

Magma fertile in chalcophile elements (such as Ni, Cu and PGE) and
sulfur saturation in the magma system during magma formation and
evolution are two critical factors in the formation of magmatic Cu-Ni-
PGE sulfide deposits.

5.3.1. Source mantle characteristics

5.3.1.1. A H2O-rich sourcemantle for Zhubumagma. The Nd isotopic com-
positions of pyroxene separates from the Zhubu intrusion overlap the
ranges for the coeval flood basalts (both high-Ti and low-Ti), picrites
and other magmatic Ni-Cu-PGE sulfide-bearing mafic-ultramafic intru-
sions in the Emeishan LIP (Fig. 5). Moreover, the εNd and εHf values for



Fig. 7. Plots of (Nb/Th)N versus H2 (a) and H2S (b) contents and δ13CCO2 (c), and H2/N2 versus Nb/U (d) in the Zhubu intrusion. The Nb, Th and U contents of the Zhubu samples are from
Tang et al. (2013b). The average composition of continental flood basalts (CFBs) is from Li et al. (2015). The composition of the upper crust (UC) is from Rudnick and Gao (2014). The
primitive mantle values for normalization are from Palme and O'Neill (2014). The δ13CCO2 of the CFB and UC are from Deines (2002).
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the Zhubu intrusion are within the ranges for mantle plume-related ba-
salts in oceanic island and plateau settings (Fig. 8, Salters et al., 2011).
These geochemical similarities indicate that themagmaof the Zhubu in-
trusion generally shares a common sourcemantle with the coeval flood
basalts that are widely accepted as the products of mantle plume activ-
ity in the Permian (Wang et al., 2006, 2007; Zhou et al., 2008; Liao et al.,
2015).
Fig. 8. Plot of zircon εHf(t) versus whole-rock εNd(t) for the Zhubu mafic-ultramafic
intrusion. Data sources: Zhubu gabbro (this study, Tang et al., 2013b); Panzhihua gabbro
(Zhong et al., 2011; Zhou et al., 2005, 2008; Zhang et al., 2009; Howarth and Prevec,
2013); Baima gabbro (Zhong et al., 2011; Shellnutt et al., 2009; Zhou et al., 2008);
Hongge gabbro (Zhong et al., 2009, 2011); Taihe gabbro (Zhong et al., 2011; Shellnutt et
al., 2011; Hou et al., 2012); Aleutian and Sunda arcs (Handley et al., 2011; Yogodzinski
et al., 2010); and mid-ocean ridge basalts and ocean island-plateau basalts (Salters et al.,
2011).
The distinctive trace elemental and isotopic compositions between
sulfide- and oxide-bearing intrusions in the Emeishan LIP imply source
mantle heterogeneity (Zhou et al., 2008; Zhang et al., 2009) or different
degrees of lithospheric materials or crustal contamination (Shellnutt et
al., 2011). The source mantle heterogeneity is also suggested by large
variation of syn-magmatic zircon εHf(t) values in the Emeishan LIP, be-
cause the zircon derived from a homogenous source would not yield
considerable varying εHf (t) values. The Zhubu intrusion has lower zir-
con εHf and whole rock εNd, and slightly higher whole rock (87Sr/86Sr)i
than the coeval Fe-Ti-V oxide-bearing mafic intrusions and basaltic an-
desite in the Emeishan LIP (Fig. 8) (Shellnutt et al., 2011; Zhong et al.,
2011). The mixing calculation shows that the Zhubu parental magma
before crustal contamination has a slightly lower εNd value (approxi-
mately 2, Fig. 5) than the coeval mafic intrusions that host Fe-Ti-V
oxide deposits, indicating a more enriched source mantle for the
Zhubu intrusion than that for the other intrusions (Figs. 5, 8).

Some researchers (e.g., Zhou et al., 2008) have suggested that the
magmatic Cu–Ni–PGE sulfide-bearing and the coeval magmatic V–Ti–
Fe oxide-bearing intrusions in the Emeishan LIP are different in their
magma series and source mantle isotope compositions. The parental
magma for the Zhubu intrusion is inferred to have higher H2O contents
than the coeval magmatic V–Ti–Fe oxide-bearing intrusions in
Emeishan LIP based on volatile compositions; it may also be related to
higher H2O content in the source mantle for the Zhubu intrusion than
that for the V–Ti–Fe oxide-bearing intrusions.

5.3.1.2. The roles of CO2–rich fluid and water. High abundances of
chalcophile elements such as Ni, Cu and PGE in ore-forming magma
are important for the formation of magmatic Ni-Cu-PGE sulfide de-
posits, and can be generated and assembled by high degree of partial
melting in the mantle (Naldrett, 1999). The inferred high H2O content
in source mantle for the Zhubu intrusion could increase the degree of
partial melting in the mantle, thereby producing a chalcophile element
fertile parental magma for the deposit, because H2O can lower the tem-
perature of initial partial melting. High-degree partial melts are
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enriched in Ni due to melting of abundant olivine, which is the major
host of Ni in the mantle. High-degree partial melts are also enriched in
other chalcophile elements, such as Cu and PGE, because no sulfide or
platinum-group mineral (PGM) is left behind. The melting of sulfide in
the source mantle will transfer sulfur from the mantle to the partial
melt, producing sulfur-bearing magmas, such as the olivine-hosted
melt inclusions containing 1311 ppm S in the Emeishan picrites
(Zhang et al., 2013b).

Alternatively, as indicated by experiments, the chalcophile elements
could be transported and added to a mantle-derived magma by super-
critical CO2–rich fluids under mantle conditions (Blackburn et al.,
2001). The observed positive correlation between the whole rock Cu
and Ni contents and the CO2 contents in the mineral separates in the
Kalatongke magmatic sulfide deposit (Fu et al., 2012) may be related
to CO2 transportation of thesemetals. The positive correlations between
H2O and H2S contents at 400–900 °C from pyroxene separates and the
whole rock Pt and Pd contents from the Zhubu deposit are also consis-
tent with volatile transportation of these metals (Fig. 9).

5.3.2. Sulfide saturation
Sulfide saturation in mafic magma and sulfide-liquid accumulation

in limited localities in dynamicmagmatic systems are critical for the for-
mation of Cu-Ni-PGE sulfide deposit. Sulfide saturation may be caused
by the addition of H2S andH2 (a reduced gas) and crustal contamination
(Tang et al., 2013b). The addition of external sulfur from the S-rich
country rocks is perhaps the most effective way of causing sulfide satu-
ration inmagma. This process is thought to have played a critical role in
the formation of many world-class magmatic Ni-Cu-PGE sulfide de-
posits, such as the Noril'sk-Talnakh deposits in the Siberia LIP (e.g.
Arndt et al., 2003; Li et al., 2003, 2016).

5.3.2.1. Addition of S and reduced gas.. The sulfur content at sulfide satu-
ration (SCSS) of an H2O-bearingmafic magmamay bemuch lower than
its anhydrous counterpart (Ripley and Li, 2013). Our data show that the
primary silicate mineral separates from themarginal zone of the Zhubu
Fig. 9. The H2O (a, b) and H2S (c, d) contents in pyroxene correlated with the whole rock Pd an
intrusion contain significantly higher H2O (av. 11,612.79 mm3·STP/g)
and lower H2S (av. 30.04) and SO2 (av. 8.7) than the layered sequence
(av. 6065.25, 96.9 and 56.3 mm3·STP/g for H2O, H2S and SO2, respec-
tively). We attribute the lower abundances of S-bearing volatiles in
the marginal zone to sulfide saturation and segregation prior to the
crystallization of the silicate minerals from the magma of the marginal
zone.

The sulfur contents (av. 87.73 mm3·STP/g, i.e., 125 ppm) in the pri-
mary silicate mineral separates from the Zhubu intrusion are higher
than the sulfur content (83 ppm) for the typical mantle plume (Tang
et al., 2013b; Zhang et al., 2013b), but are significantly lower than the
sulfur content (1311 ppm) in the olivine-hosted melt inclusions in the
Emeishan picrites from Dali (Zhang et al., 2013b). We speculate that
the lowH2S and SO2 contents (av. 59.8 and27.8 mm3·STP/g, respective-
ly) in the mineral separates from the Zhubu intrusion are due to previ-
ous sulfide segregation at its deep process. Olivine separates from the
marginal zone of the Zhubu intrusion have lower H2S contents (av.
41.1 mm3·STP/g) than other silicate minerals, consistent with sulfide
segregation before olivine crystallization in the Zhubumagmatic system
(Tang et al., 2013b).

The positive correlation between H2S contents in mineral separates
and the estimated degrees of crustal contamination for whole rocks
(Fig. 7b) indicate that crustal sulfur was involved in the magmatic pro-
cess. The amounts of H2S and SO2 released from pyroxene separates at
the 400–900 °C interval increase from lherzolite (av. 24.2 and
8.2 mm3·STP/g, respectively), to olivine websterite (30.7 and 11.3), to
olivine gabbro (97.2 and 36.4) and to gabbro (160.9 and 119.2) (Table
1), consistent with the addition of sulfur-bearing fluids into the
magma during crystallization. The thermogenic δ13C of volatile in the
Zhubu minerals imply that the sulfur-rich fluids could be from country
rocks (Fig. 4b).

The primary mineral separates from the Zhubu intrusion have high
H2 contents, perhaps due to a reduced parental magma. The maximum
S solubility in a reducedmagmawhere sulfide is stable is approximately
one order of magnitude lower than that in an oxidized magma where
d Pt concentrations in the Zhubu intrusion. The Pd and Pt data are from Tang et al., 2013b.
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sulfate is stable (e.g., Jugo et al., 2005). The negative correlation between
the CO2 contents and H2/CO2 ratios and the positive correlation be-
tween the H2/CH4 ratios and δ13CCO2 values for the volatiles at the
400–900 °C interval from silicate mineral separates are present in the
Zhubu sulfide deposit as well as the coeval Fe-Ti-V oxide deposits in
the Emeishan LIP (Xing et al., 2012) (Fig. 10). However, the Zhubu de-
posit is characterized by higher H2/CO2 and H2/CH4 ratios than the Fe-
Ti-V oxide deposits (Fig. 10), indicating a more reduced condition for
the Zhubu deposit than the Fe-Ti-V oxide deposits in the Emeishan
LIP. A more reduced condition results in low maximum S solubility,
and is easy to trigger sulfide saturation for the Zhubu deposit (Jugo et
al., 2005).
5.3.2.2. Crustal contamination. Sulfide saturation in the Zhubu magma
could also be triggered by crustal contamination, as indicated by the
whole rock trace elements (Tang et al., 2013b) and integrated C-Sr-
Nd-Hf isotopes. The addition of H2 and H2S to the magma could occur
together with siliceous crustal contamination, triggering faster sulfide
saturation in the magma.

The Sr-Nd isotopic compositions of pyroxene separates from the
Zhubu intrusion indicate ~15 wt% assimilation of the upper crust in a
mantle-derived magma with an initial εNd value of ~2 (Fig. 5). Previous
whole rock Sr-Nd isotopic data indicate higher degrees of crustal con-
tamination between 25 and 35 wt% (Tang et al., 2013b). The negative
εHf values for gabbro zircon crystals from the Zhubu intrusion are con-
sistent with significant crustal contamination. Based on a maximum of
15 wt% crustal contamination constrained by pyroxene Sr-Nd isotopes
and the observed εHf values for zircon from the Zhubu gabbro, the esti-
mated initial εHf values for the parental magma of the Zhubu gabbro is
5.9. This value is lower than those for the parentalmagmas of the coeval
Fe-Ti-V oxide deposits in the Emeishan LIP, indicating that the source
mantle of the Zhubu intrusion is more enriched isotopically than that
of the coeval Fe-Ti-V oxide deposits (Fig. 8).

The integrated C-Sr-Nd isotopes show highly variable crustal con-
tamination in the Zhubu intrusion from 5 to 30 wt% (Fig. 11). The
δ13CCO2 of the silicate mineral separates from the Zhubu intrusion are
significantly lower than the δ13CCO2 values of the coeval Panzhihua
and Baima Fe-Ti-V oxide ore-bearing intrusions, but they are slightly
higher than the values of the Hongge mafic intrusion, which hosts a
major Fe-Ti-V oxide deposit and extensive sulfide mineralization
(Xing et al., 2012). Such regional variation is consistent with increasing
crustal contamination from Panzhihua-Baima to Zhubu-Hongge
(Ganino et al., 2013; Yu et al., 2015). Based on Sr-Nd-Hf isotopic compo-
sitions, the contaminants of the magmas of the Fe-Ti-V oxide ore-bear-
ing intrusions were thought to have derived from the continental
middle crust (Zhou et al., 2008). The Sr-Nd-Hf isotope data for the
Zhubu intrusion are more consistent with contamination by the conti-
nental upper crust (Fig. 5).
Fig. 10. The plots of CO2 contents versus H2/CO2 ratios (a) and H2/CH4 ratios versus δ13CCO2 valu
are from Xing et al. (2012).
The single stage Hf model ages (835 Ma–1051Ma) of zircon crystals
from Zhubu intrusion are significantly older than the crystallization age
of the Zhubu magma, indicating that the Zhubu magma experienced sig-
nificant crustal contamination, or was derived from a highly enriched
mantle. The C, Nd and Hf isotopes together are more consistent with the
crustal contamination. Mixing calculation shows that the Neoproterozoic
crustal materials in the region are the best candidates for the contami-
nants. Carbon isotopes support crustal contamination from sedimentary
organic matters of country rock (Fig. 4b). The δ13C values of the CO2 and
CH4 released at the 400–900 °C intervals from the primary silicate min-
erals from the Zhubu intrusion are consistent with the interpretation
that the Zhubu magma was contaminated by carbon-rich fluids contain-
ing thermogenic components, which could be derived from the sedimen-
tary rocks (Fig. 4).

6. Conclusions

(1) Zircon crystals from the layered sequence of the Zhubumafic-ul-
tramafic intrusion yield amean 206Pb/238U age of 263.2 ± 5.6 Ma,which
confirms that the Zhubu intrusion is a part of the Permian Emeishan LIP.
The volatiles extracted at high temperatures from the primary silicate
mineral separates in the Zhubu intrusion are dominated by H2O, with
minor H2 and CO2, indicating a reduced condition and aH2O-rich paren-
tal magma. The layered sequence is characterized by lower H2O, and
higher H2, CO2, H2S and SO2 contents in the mineral separates than
the marginal zone, which is consistent with different pulses of magma
with different volatile compositions.

(2) The Sr-Nd-Hf isotopic compositions of the Zhubu intrusion indi-
cate ~15 wt% contamination with the upper crust in a mantle-derived
magma with initial εNd value close to 2. The carbon isotopes of volatiles
at high temperatures indicate that the thermogenic components of sed-
imentary country rocks were added to the Zhubu magma.

(3) The integrated C-Sr-Nd-Hf isotopes ((87Sr/86Sr)i = 0.705882–
0.708912; εNd = −2.8–0.7; εHf = −3.05–+1.90) indicate that there
are differences in the sourcemantle compositions aswell as contamina-
tion materials between the Zhubu intrusion and some coeval Fe-Ti-V
oxide-bearing intrusions in the Emeishan LIP. The sulfide saturation in
the Zhubu magma was triggered by crustal contamination including
the addition of volatiles.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2017.02.009.
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