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A B S T R A C T

The Lubei Ni–Cu sulfide ore deposit with 7.8 Mt sulfide ores at an average grade of 0.88 wt% Ni and 0.5 wt% Cu,
is associated with a mafic–ultramafic intrusion in the western part of the East Tianshan in Xinjiang Uygur
Autonomous Region, NW China. The primary mineralization is hosted by ultramafic rocks which are part of a
2.1 km2 mafic–ultramafic intrusion located within the Kanggurtag fault zone. In this paper, we intend to probe
the ore-formation processes for the Lubei Ni–Cu sulfide ore deposit and discuss key factors that control the ore
formation processes in a post-subduction setting. The Lubei primary magmas were derived from 13 to 17 %
partial melting of a hydrous mantle containing ∼0.29 wt% H2O estimated using the silicate-liquid model
pMELTS. The Lubei sulfide ores are characterized by low platinum group elements (PGE) and high mantle-
normalized Pd/Ir ratios, and disseminated sulfide ores have higher Cu, Ni and PGE tenors than massive and vein
sulfide ores indicative of crystal fractionation of Fe-rich monosulfide solid solution. The PGE-depleted Lubei
sulfides possibly resulted from early sulfide segregation from the Lubei primary magmas as indicated by high
Cu/Pd ratios (up to 106), and the proportion of early sulfide losses was 0.02 wt% which has depleted the Lubei
parental magmas and later fractionated sulfides in chalcophile elements. This depletion would been compen-
sated at different levels by later sulfide–magma interaction when the parental magmas reached in situ sulfide
saturation, with an R factor (mass ratio of silicate to sulfide liquids) of 100–1000. The formation of the observed
Lubei disseminated sulfide ores was associated with 5–15 vol% magma crystallization with the main silicate
minerals being spinel and olivine, as modeled using the silicate-liquid model MELTS. The δ34S values of the
Lubei sulfides vary over a narrow range of −0.3 to +1.8‰, indicating a mantle origin for the sulfur. The key
factor that controls the formation of magmatic Ni–Cu deposits in post-subduction settings is a metasomatized
mantle accompanied by activation of translithospheric faults during post-collisional extension. This mechanism
alternatively interprets the widespread magmatic Ni–Cu deposits in the southern Central Asian Orogenic Belt
and implies translithospheric fault as a potential target for Ni–Cu exploration.

1. Introduction

Many of the world’s great magmatic Ni–Cu ± platinum group
element (PGE) deposits, like Noril’sk and Pechenga (Russia), Thompson
and Voisey’s Bay (Canada), Jinchuan (China), and the Duluth Complex
(USA), appear to occur in extensional plate tectonic settings (Naldrett
2004). Recently, it is recognized that convergent tectonic settings, such
as subduction-related magmatic arcs, can also host significant mag-
matic Ni–Cu ± PGE deposits (Sappin et al., 2011); e.g., Aguablanca
(Spain) (Casquet et al. 2001) and Portneuf–Mauricie Domain (PMD,
Canada) Ni–Cu sulfide prospects (Sappin et al., 2011), and Xiarihamu
(West China) giant Ni–Cu deposit (Li et al., 2015; Song et al., 2016;

Zhang et al., 2017). Most Ni–Cu sulfide ore deposits in the southern
Central Asian Orogenic Belt (CAOB) are hosted in Early Permian ma-
fic–ultramafic intrusions such as the Kalatongke (Song and Li, 2009)
and Poyi (Xia et al., 2013) deposits, and the Huangshan-Jing’erquan
Ni–Cu ore belt (Mao et al., 2008) in North Xinjiang, NW China, and in
Triassic mafic–ultramafic intrusions such as the Hongqiling deposit in
Jilin province, NE China (Wei et al., 2013). These host intrusions oc-
curred in post-subduction tectonic settings accompanied by Early Per-
mian to Triassic post-collisional extension (Xiao et al., 2004; Xiao et al.,
2009; Song and Li, 2009; Song et al., 2011; Wei et al., 2013; Chen et al.,
2018), and are associated with major translithospheric strike-slip
structures (Lightfoot and Evans-Lamswood, 2015).
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It has long been documented that most magmatic Ni–Cu deposits in
the southern CAOB are depleted in platinum group element (PGE) with
high Cu/Pd ratios, such as the Kalatongke deposit (Song and Li, 2009)
and the Huangshan Jing’erquan Ni–Cu ore belt in North Xinjiang (Mao
et al., 2008) and the Hongqiling deposit in Jilin province (Wei et al.,
2013). This depletion in PGE was generally attributed to early sulfide
segregation (Song and Li, 2009; Tang et al., 2011; Wei et al., 2013;
Deng et al., 2014; Zhao et al., 2015a,b; Mao et al., 2014, 2015). Degree
of partial mantle melting is a significant factor that controls the Cu, Ni
and PGE contents of sulfide ores (Keays, 1995; Barnes and Lightfoot,
2005; Song et al., 2009; Lightfoot et al., 2012), but its influence on the
PGE characteristics of the Ni–Cu sulfide ore deposits in the southern
CAOB is unclear.

The Lubei Ni–Cu sulfide ore deposit, containing 7.8 Mt sulfide ores
at an average grade of 0.88 wt% Ni and 0.5 wt% Cu, is located in the
western part of the East Tianshan region (Xinjiang Geological Survey,
2014) and forms the western extension of the Huangshan–Jing’erquan
Ni–Cu ore belt (Chen et al., 2018), which contains> 50 Mt sulfide ores
at an average grade of 0.52 wt% Ni and 0.27 wt% Cu (Wang et al.,
1987; Mao et al., 2015). The Lubei mafic–ultramafic intrusion was
derived from a metasomatized mantle previously modified by slab-de-
rived hydrous fluids and formed in a post-subduction setting accom-
panied by post-collisional extension (Chen et al., 2018). The Lubei
Ni–Cu sulfide ore deposit reveals a high Ni–Cu potential for the western
part of the East Tianshan, which lacks exploration work until the dis-
covery of the Lubei Ni–Cu sulfide ore deposit in 2014. It is thus im-
portant to probe the ore-formation processes and discuss the Ni–Cu
exploration potential in a post-subduction setting. In this paper, (1) we
model the degree of partial mantle melting using the silicate-liquid
model pMELTS and the primary magma compositions calculated by
Chen et al. (2018), (2) present sulfur isotopes and PGE geochemistry of
the Lubei sulfide ores and model early sulfide segregation and later
sulfide–magma interaction during magma evolution, (3) establish the
relationship between magma crystallization and sulfide saturation
using the silicate-liquid model MELTS and the forsterite (Fo) and Ni
contents of olivine, and (4) discuss the key factors that control the
formation of a magmatic Ni–Cu deposit in post-subduction settings
accompanied by post-collisional extension and present implications for
Ni–Cu exploration.

2. Regional geological setting

The North Xinjiang region is located on the southern margin of the
CAOB which is bounded by the Siberian Craton to the north and the
North China–Tarim Craton to the south and extends E–W for more than
7000 km (Fig. 1a) (Sengör et al., 1993). The tectonic framework of the
North Xinjiang region comprises, from north to south, the Chinese Altai,
Junggar, and Tianshan domains, and the Paleozoic Beishan rift
(Fig. 1b). Numerous Early Permian sulfide-bearing mafic–ultramafic
intrusions occur along translithospheric faults which bound different
tectonic units in North Xinjiang (Fig. 1b; Mao et al., 2008; Lightfoot and
Evans-Lamswood, 2015). The east–west-trending Tianshan domain in-
cludes the Northern, Central, and Southern Tianshan terranes (Fig. 1b)
(Rui et al., 2002). The so-called Chinese East Tianshan, the eastern
sector of the Tianshan domain, comprises the Jueluotage belt (Northern
Tianshan) and Central Tianshan massif, separated by the Arqikekudu-
ke–Shaquanzi Fault (Fig. 1c; Xiao et al., 2004; Qin et al., 2011). The
Jueluotage belt comprises Carboniferous calc-alkaline volcanic and
sedimentary rocks (Pirajno et al., 2011) and is subdivided, from north
to south, into the Dananhu–Tousuquan island arc terrane, Wutongwo-
zi–Xiaorequanzi intra-arc basin, Kanggurtag intra-arc basin, and
Aqishan–Yamansu arc terrane (Fig. 1c; Xiao et al., 2004; Su et al.,
2011). The Central Tianshan massif comprises mainly volcaniclastic
rocks and late Proterozoic basement inliers (Pirajno et al., 2011).

Most Permian mafic–ultramafic intrusions are concentrated in the
eastern part of the Jueluotage belt, forming the Huangshan–Jing’erquan

intrusive belt (Ni–Cu ore belt) (Fig. 1c; Mao et al., 2008). In its western
counterpart, there are more than 20 newly discovered mafic–ultramafic
intrusions that outcrop in the Qiatekaer region, extending E–W along-
side the Kanggurtag Fault in an area of about 50 km E–W by 10 kmN–S
(Fig. 1c). These mafic–ultramafic intrusions comprise ∼70 vol%
gabbro, hornblende gabbro, gabbronorite, olivine gabbro, and ∼30 vol
% ultramafic units (Yang et al., 2017; Chen et al., 2018). No economic
Ni–Cu orebodies have been identified except for those hosted in the
Lubei mafic–ultramafic intrusion in the westernmost part of the Qia-
tekaer region (Fig. 1c).

3. Geology, petrology and mineralization of the Lubei intrusion

3.1. Geology

The Lubei mafic–ultramafic intrusion has been fully described by
Chen et al. (2018), and details are summarized here. The intrusion has a
surface area of ∼2.1 km2, comprising ultramafic rocks in its southern
part, gabbro in the central part, and hornblende gabbro in its northern
part (Fig. 2). The southern ultramafic sub-intrusion is ∼0.6 km2 and
has an elliptical morphology at the surface with its long axis striking
E–W. It comprises mainly hornblende peridotite, lherzolite, and harz-
burgite from top to bottom in the A–B and C–D cross-sections and forms
a layered intrusion dipping to the south (Fig. 3). The top hornblende
peridotite has sharp contacts with the underlying lherzolite in terms of
both field observations and mineral compositions while the lherzolite
and harzburgite has gradational contacts (Chen et al., 2018). The
northern hornblende gabbro sub-intrusion is ∼1.1 km2 and has an
elongated rhomboid shape with an aspect ratio of 1:5. This sub-intru-
sion is homogeneously composed of hornblende gabbro (Fig. 2). The
middle gabbro sub-intrusion is ∼0.4 km2 and has an irregular mor-
phology (Fig. 2). Diorite also outcrops in the eastern part of the Lubei
district, with a similar lithology to the intermediate intrusive rocks that
are widely distributed in the Qiatekaer region (Xinjiang Geological
Survey, 2014). Both the Lubei mafic–ultramafic intrusion and the
diorite intrude Lower Carboniferous pyroclastic and clastic rocks in the
Lubei district (Fig. 2).

3.2. Petrology

The petrology was reported by Chen et al. (2018), and details are
summarized here. The Lubei intrusion has been divided into three
formation phases on the basis of location, lithology, and emplacement
history. Phase I includes gabbro and hornblende gabbro in the middle
and northern parts with lherzolite and harzburgite of phase II, and
hornblende peridotite of phase III in the southern part (Figs. 2 and 3).

Phase I: Hornblende gabbro has a cumulate texture and is mainly
composed of plagioclase (> 70 vol%) and hornblende with accessory
quartz, magnetite, apatite and ilmenite. Plagioclase is generally idio-
morphic and shows tabular morphologies with aspect ratios of 1:2 to
1:6 (Fig. 4a). Most hornblende has polygonal morphologies and is often
interstitial to plagioclase. In some cases, hornblende includes plagio-
clase as inclusions indicative of its later crystallization (Fig. 4a). Gabbro
is mainly composed of plagioclase cumulates (> 60 vol%) and clin-
opyroxene with a closely-packed cumulate texture (Fig. 4b). Both
clinopyroxene and plagioclase are medium in size and show xeno-
morphic to hypidiomorphic morphologies (Fig. 4b).

Phase II: The lower harzburgite in C–D cross-section (Fig. 3) dis-
plays a poikilitic texture with olivine cumulates (50–70 vol%) and in-
terstitial plagioclase or orthopyroxene. Spinel, phlogopite and horn-
blende are accessory phases in the rock. Olivine is the only cumulus
mineral and can be subdivided into two types according to the occur-
rences and morphologies: type I olivine is defined as inclusions in other
silicates, e.g., pyroxene or plagioclase, showing polygonal or irregular
morphologies (Fig. 4c); type II olivine has a discrete occurrence with
embayed grain boundaries, without being included in any other
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silicates (Fig. 4d). Type I olivine may have crystallized in situ and was
enclosed by subsequently crystallized pyroxene or plagioclase, while
the type II may have crystallized during magma ascent, as indicated by
their subrounded morphologies. The middle lherzolite also displays a
poikilitic texture with olivine cumulates (> 60 vol%) and interstitial
pyroxene (Fig. 4e). Most olivine was altered to Iddingsites and shows
hypidiomorphic to sub-rounded morphologies with medium to coarse
grain size (Fig. 4e).

Phase III: The top hornblende peridotite is characterized by a poi-
kilitic texture with olivine cumulates (60–80 vol%) and interstitial
hornblende (Fig. 4f), and lack of pyroxene or plagioclase. Olivine shows
embayed morphologies with medium to coarse grain size (0.4–2.0 mm)
and are much similar to the type I olivine in the lower harzburgite in
crystal morphology (Fig. 4f). Hornblende is always interstitial to olivine
and shows an optical continuity indicative of a magmatic origin. Pre-
sence of voluminous hornblendes in the hornblende peridotite suggests
a water-enriched parental magma (Chen et al., 2018).

3.3. Ni–Cu mineralization

Seven Ni–Cu (Co) orebodies have been identified at the surface in
the Lubei ore district, termed the Ni-1 to Ni-7 orebodies (Fig. 2). The Ni-
1 orebody is the largest orebody in the Lubei district and is hosted by
the southern ultramafic sub-intrusion, primarily strata-bound within
harzburgite. It is ∼800m long and up to 164m wide at the surface,
striking NEE at ∼80°, roughly consistent with the striking of the
harzburgite layer at the surface (Fig. 2). Boreholes revealed that the
thickness of the Ni-1 orebody was more than 80m, dipping to the south

at 30–50°. The supergene portion (∼20m undersurface) of the orebody
was totally oxidized to limonite or malachite (Fig. 5a). The mineralized
portion of the Ni-1 orebody, delineated by a cut-off grade of 0.2 wt% Cu
and 0.2 wt% Ni, occupies ∼30–40 vol% of the southern ultramafic sub-
intrusion (Fig. 3b). The highest and average grades for Ni and Cu are
7.76 wt% and 0.72 wt%, 2.30 wt% and 0.48 wt%, respectively, with Co
grades in the range of 0.01–0.034 wt%. The Ni-1 orebody contains>
80,000 t Ni, 30,000 t Cu and 1000 t Co resources (Xinjiang Geological
Survey, 2014). The Ni-2 to Ni-5 orebodies are hosted by the central
gabbro, showing subparallel strikings to each other (NEE, Fig. 2). The
highest and average grades for Cu and Ni are 0.8 wt% and 0.3 wt%,
0.96 wt% and 0.26 wt%, respectively. Boreholes in the central gabbro
failed to reveal the vertical extension of the four orebodies, and they
were therefore viewed as uneconomic due to present exploration work.
The Ni-6 orebody is the second largest orebody and is hosted by the
fault along the southern contact between Carboniferous pyroclastic
rocks and the northern hornblende gabbro (Fig. 2). It is ∼1.2 km long
and up to 50m wide at the surface, striking SEE at 100°. It contains
0.2–1.4 wt% Cu and 0.2–0.9 wt% Ni. The Ni-7 orebody is hosted by a
fault within the hornblende gabbro and shows a perpendicular striking
to the Ni-6 orebody (N20°E, Fig. 2). It is ∼600m long with a maximum
width of 70m, containing 0.2–1.2 wt% Cu and 0.2–0.85 wt% Ni. The
supergene portion of the Ni-6 and Ni-7 orebodies is mostly oxidized,
and the vertical extensions of the two orebodies were unclear due to a
lack of boreholes. Orebodies hosted by faults exclude a primary origin
for the Ni-6 and Ni-7 orebodies but suggest injections of sulfide liquids
fractionated from the parental magmas into the faults within horn-
blende gabbro. They are therefore viewed as vein sulfide ores in this

Fig. 1. (a) Simplified map of the CAOB (modified after Jahn, 2000); (b) tectonic framework and representative Ni–Cu sulfide ore deposits in North Xinjiang (modified
after Song et al., 2011); (c) simplified geological map of the East Tianshan showing the distribution of Early Permian mafic–ultramafic intrusions (modified after Su
et al., 2011). I – Dananhu–Tousuquan island arc terrane; II – Wutongwozi–Xiaorequanzi intra-arc basin; III – Kanggurtag intra-arc basin; IV – Aqishan–Yamansu arc
terrane. C. Altai – Chinese Altai, N. Tianshan – Northern Tianshn, S. Tianshan – Southern Tianshan, C. Tianshan – Central Tianshan, W. Jungar – West Jungar, E.
Jungar – East Jungar, T. Craton – Tarim Craton, B. Rift – Baishan Rift. 1 to 12 refer to magmatic Ni–Cu deposits in North Xinjiang: 1 – Tulargen, 2 – Hulu, 3 –
Huangshandong, 4 – Xiangshan, 5 – Huangshanxi, 6 – Huangshannan, 7 – Tudun, 8 – Tianyu, 9 – Baishiquan, 10 – Poyi, 11 – Poshi and 12 – Kalatongke. Note that
several non-involved mafic–ultramafic intrusions are not illustrated here.
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paper.
The oxidized ores of the Ni-6 and Ni-7 orebodies at the surface are

mainly composed of nickeliferous magnetite (Fig. 5b) whilst a few
primary ores contain tenorite, chalcopyrite, pyrite and minor pyr-
rhotite. The oxidized ores of the Ni-1 orebody at the surface are also
composed of nickeliferous magnetite but still keep interstitial textures
(Fig. 5c) as with the primary ones. Primary disseminated Ni–Cu sulfide
ores (Fig. 5d) of the Ni-1 orebody, including sparsely (Fig. 5e) and
densely disseminated sulfide ores (Fig. 5f), occur in the upper part of
the harzburgite, grading downward into net-textured sulfide ores
(Fig. 5g). Sulfides in the sparsely disseminated ores occur as blebs in the
voids between olivine (Fig. 5e), and in the densely disseminated ores

they connect together to form an interstitial texture (Fig. 5f). The net-
textured ores contain more sulfides than the densely disseminated ores
but sulfides in both of the two can have an interstitial texture. In some
cases, silicates are immersed in sulfides in the net-textured ores
(Fig. 5g). Primary sulfides include pyrrhotite, chalcopyrite, pentlandite,
and pyrite. Nickeliferous pyrrhotite is the principal sulfide species that
contain nickel, and chalcopyrite is the main sulfide species that contain
copper.

In summary, primary sulfide ores only occur in the Lubei ultramafic
rocks, including disseminated and net-textured sulfide ores. The oxi-
dized ores of the Ni-6 and Ni-7 orebodies were likely resulted from an
injection of a pulse of sulfide liquids fractionated from the Lubei

Fig. 2. Geological map showing the sample locations and the distributions of lithologic units and orebodies in the Lubei ore district (Modified from Xinjiang
Geological Survey, 2014).

Fig. 3. A–B and C–D cross sections of the Lubei ultramafic sub-intrusion.
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parental magmas, namely vein sulfides.

4. Methods

4.1. Samples and analytical methods

The type-I olivine in three harzburgite samples, and sulfide and
magnetite in four ore samples were selected for electron microprobe
analysis (EMPA). Sample locations and numbers are shown in Figs. 2
and 3. The chemical compositions of minerals were determined by
EMPA using a Jeol JXA-8230 microprobe at the Institute of Mineral
Resources, Chinese Academy of Geological Sciences, Beijing, China. The
operating conditions were accelerating voltage of 15 kV for silicate and
oxide, and 20 kV for sulfide, beam current of 20 nA and beam size of
5 μm. Natural minerals and synthetic materials were used as standards,
and all of the standards were tested for homogeneity before their uti-
lization for quantitative analysis. Matrix corrections were carried out

using the ZAF correction program supplied by the manufacturer.
Ten chalcopyrite, pyrite and pentlandite separates from seven dis-

seminated and net-textured sulfide ores of the Ni-1 orebody in borehole
Zk0004 were analyzed for sulfur isotopes. Sample locations and num-
bers are shown in Fig. 3a. Sulfur isotopic compositions were determined
at the Analytical Laboratory, Beijing Research Institute of Uranium
Geology, China National Nuclear Corporation, Beijing, China. Sulfide
grains were mixed with cuprous oxide and crushed to 200 mesh. SO2

was produced through the reaction of sulfide and cuprous oxide at
980 °C under vacuum (0.02 Pa) (Robinson and Kusakabe, 1975) and
analyzed by mass spectrometry (MAT-251) for sulfur isotopes. Analy-
tical uncertainties were better than±0.2‰.

Six disseminated and one net-textured sulfide ore samples were
collected from the mineralized harzburgite in borehole Zk0004
(Fig. 3a), and they are the main primary ore species in the Lubei Ni-Cu
sulfide ore deposit. Only one fresh mineralized sample from the Ni-6
orebody was collected because most sulfide ores in the Ni-6 and Ni-7

Fig. 4. Photomicrographs showing (a) cumulate texture of hornblende gabbro (cross-polarized light); (b) closely-packed cumulate texture of gabbro (cross-polarized
light); (c) type-I olivine included in orthopyroxene in the harzburgite; (d) type-II olivine in the serpentinized harzburgite (cross-polarized light); (e) cumulus olivine
and interstitial pyroxene in the lherzolite (reflected light); (f) cumulus olivine and interstitial hornblende in the hornblende peridotite. Abbreviations: Ol – olivine,
Opx – orthopyroxene, Cpx – clinopyroxene, Pl – plagioclase, Srp – serpentine, Hbl – hornblende, Sul – sulfide.
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orebodies were oxidized at the surface. It therefore represents the vein
sulfide ores in the Lubei Ni-Cu sulfide ore deposit. These mineralized
samples together with two sulfide-poor gabbro samples were selected
for whole-rock S, Cu, Ni, Co, and PGE analyses. Sample locations and
numbers are shown in Figs. 2 and 3a. Whole-rock sulfur content in ores
was analyzed at the National Research Center of Geoanalysis, Chinese
Academy of Geological Sciences, Beijing, China, using the gravimetric
method and IR-absorption spectrometry. Whole-rock PGE analyses
were performed by nickel sulfide fire assay and Te coprecipitation at
the National Research Center of Geoanalysis, Chinese Academy of
Geological Sciences, Beijing, China, using the methods described by
Asif and Parry (1991). Precision and accuracy indicated by reference
material analysis (UMT-1 and WPR-1) were better than 10%. Blanks
generally yielded PGE < 1 ppb, Ir < 0.15 ppb, Ru < 0.15 ppb,
Rh < 0.05 ppb, Pt < 0.5 ppb, and Pd < 0.5 ppb. Cr, Ni, Cu, and Co
abundances were determined by inductively coupled plasma–mass
spectrometry (ICP–MS) following the method of Dulski (1994). Un-
certainties were generally 3–5%, and precisions are based on averages
of repeated analyses of standard BHVO-1. We also compiled Cu, Ni, Co,
Pt, Pd, Au, Ag, Se, and Te data from Tian et al. (2017). These data are
listed in Supplementary Table 1 (Table S1).

4.2. Method for the pMELTS modeling of partial mantle melting

Partial mantle melting is a significant factor that controls the Cu, Ni
and PGE contents in magmatic sulfides and is discussed below. For si-
mulation of partial melting of a hydrous mantle during post-collisional
extension, the silicate-liquid model pMELTS is a suitable tool because it
considers water content and pressure (1–3 GPa) (Naldrett, 2011;
Ghiorso et al., 2013). The pMELTS modeling will yield a series of melts
with different compositions depending on pressure, temperature,
oxygen fugacity (fO2) and H2O content when the mantle composition is
known. As to an adiabatic-decompression partial-melting regime, the
pressure is the only variables and the temperature, fO2 and H2O content
are given values. Changing the given temperature and H2O content,
respectively, the pMELTS modeling will correspondingly yield different
melt compositions, and the degree of partial mantle melting will thus be
determined by comparing the melt compositions with a well-de-
termined primary magma composition.

It has been suggested that Early Permian mafic–ultramafic intru-
sions in the southern CAOB formed in a post-collision extensional tec-
tonic setting, and the mantle source was hydrous due to previous me-
tasomatism during Paleozoic subduction (Zhou et al., 2004; Song and
Li, 2009; Song et al., 2011; Ren et al., 2014; Chen et al., 2018). It is thus
reasonable to carry out the simulation of partial mantle melting based

Fig. 5. (a) Field observation of oxidized ore at the surface. Photomicrographs showing (b) nickeliferous magnetite in the Ni-6 orebody (reflected light), (c) interstitial
nickeliferous magnetite (oxidized portion of the Ni-1 orebody) (reflected light). (d) Drillcore showing disseminated sulfide ore. Photomicrographs showing (e) sulfide
blebs in sparsely disseminated sulfide ore (reflected light), (f) densely disseminated sulfide ore (reflected light), (g) net-textured sulfide ore. Abbreviations: Po –
pyrrhotite, Py – pyrite, Mag – Magnetite, others are shown in Fig. 4.
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on an adiabatic-decompression partial-melting regime with a hydrous
mantle of variable H2O content. The H2O content of the mantle source
was assumed to be similar to the arc mantle wedge which generally
contains 0.01–0.5 wt% H2O (Kelley et al., 2006; Kelley et al., 2010).
The major element compositions of a generally-accepted depleted
mantle source of Workman and Hart (2005) were selected as the
starting compositions in the pMELTS modeling for the following rea-
sons: (1) a depleted mantle source existed in the Early Permian in the
southern CAOB due to previous extraction of arc or mid-ocean-ridge
basaltic magmas during Paleo-Asian ocean evolution (Xiao et al., 2004;
Ren et al., 2014; Kröner et al., 2017); (2) mantle spinel harzburgite has
been identified in the western part of the East Tianshan (Li et al., 2008;
Chen et al., in press), implying a depleted peridotite mantle source
rather than pyroxenite beneath the East Tianshan region. However,
these mantle rocks were severely serpentinized or impregnated by
exotic melts (Li et al., 2008; Chen et al., in press) and were thus ex-
cluded as the starting compositions of the mantle source in this study;
(3) a generally-accepted depleted mantle source of Hart and Zindler
(1986) was also used in the pMELTS modeling by Naldrett (2011). As to
ultramafic rocks with a poikilitic texture comprising olivine cumulates
and other interstitial silicates such as plagioclase and pyroxene, the
parental magma compositions can be calculated according to the mass
balance method exploited by Li and Ripley (2011). The Lubei parental
magma composition was thus calculated using this method and was
reported by Chen et al. (2018). However, the Lubei parental magmas
were fractionates of the primary magmas because the most primitive
olivine in the Lubei ultramafic rocks had a lower Fo86 than 90mol%.
The primary magma composition was thus estimated by incrementally
adding olivine with Fo86–90 to the parental magmas until its composi-
tion was in equilibrium with olivine of Fo90 (Sun et al., 2013; Mao et al.,
2015; Chen et al., 2018). The primary magma compositions used in this
study are 50.0 wt% SiO2, 11.6 wt% MgO, and 16.0 wt% Al2O3, and
other major elements were reported by Chen et al. (2018). The calcu-
lated primary magma compositions are reliable in that they are con-
sistent with the primary magma compositions of the Early Permian
Huangshandong and Erhongwa mafic–ultramafic intrusions occurring
along the Kanggurtag fault in the East Tianshan region (Sun et al., 2013;
Mao et al., 2015). Oxygen fugacity was set at QFM-1 (one log unit
below the fayalite–magnetite–quartz reference oxygen buffer) in this
modeling. This value is generally stable for spinel peridotite at shallow
depths of the upper mantle, generally less than 80 km (Woodland et al.,
1990; Woodland and Koch, 2003) and was also employed by Naldrett

(2011) in modeling partial mantle melting using pMELTS.
In this study, the modeling comprised two parts, i.e., Model A and

Model B. Model A assumed an anhydrous mantle with temperature
decreasing from 1450 to 1100 °C, which is within the temperature
range of the upper mantle (1100–1500 °C, Thompson et al., 1992). At
the beginning, pMELTS was run volatile-free at a set temperature of
1450 °C with a continuously decreasing pressure (0.1 kbar decrements)
from 20 to 10 kbar (corresponding to mantle depths of ∼66–33 km).
Modeled melt compositions were then compared with those of the
Lubei primary magmas (Chen et al., 2018). These procedures were re-
peated until the set temperature decreased to 1100 °C. Model B assumed
a hydrous mantle with H2O contents ranging from 0.1 to 0.5 wt%, si-
milar to the H2O contents in the arc mantle wedge (0.01–0.5 wt%;
Kelley et al., 2006; Kelley et al., 2010). Other parameters were set si-
milarly to those of Model A. Modeled melt compositions were compared
with those of the Lubei primary magmas at a temperature range of
1450–1100 °C and at a H2O content range of 0.1–0.5 wt%.

5. Analytical and modeling results

5.1. Mineral chemistry

Compositions of type-II olivine from phase III were reported by
Chen et al. (2018). Type-I olivine from phase II harzburgite has for-
sterite contents [Fo=100×Mg/(Mg+ Fe2+)atomic] in the range of
83.4–86.0 mol. % and Ni contents of 668–1572 ppm with an average
value of 1083 ppm (Table 1), lower than those from the hornblende
peridotite of phase III (Fo= 84.6–86.1mol. %, Ni= 1116–1658 ppm;
Chen et al., 2018).

Representative compositions of sulfide in ores obtained by EMPA
are listed in Table 2, and compositions of nickeliferous magnetite from
the oxidized Ni-6 orebody are listed in Table 3. Chalcopyrite from the
Ni-1 orebody is characterized by Cu content in a narrow range of
34.7–35.0 wt%. Cotectic pentlandite contains 39.4 wt% S, 21.8 wt% Fe
and 36.3 wt% Ni. The oxidized ores of the Ni-6 orebody at the surface
contain nickeliferous magnetite with 1.3–2.2 wt% CuO and 1.7–3.6 wt
% NiO (Table 3).

5.2. Sulfur isotopes

The δ34S values of the sulfides from the Lubei sulfide ore deposit
vary within a narrow range of −0.3 to +1.8‰ (Table 4) and are in the

Table 1
The compositions of olivine in Phase II harzburgite from the Lubei mafic–ultramafic intrusion.

Sample No. Rock type SiO2 MgO FeO CaO MnO TiO2 NiO Cr2O3 Total Ni Ca Fo

wt% ppm %

LB16-25-1-3 Harzburgite 40.08 45.45 13.55 u.d 0.04 u.d 0.14 0.01 99.37 1084 u.d 85.67
LB16-25-1-4 40.59 44.68 14.17 0.03 0.09 0.10 0.13 0.01 99.83 990 186 84.90
LB16-25-3-4 40.85 44.40 15.03 u.d 0.04 0.00 0.14 0.05 100.58 1108 u.d 84.04
LB16-25-P3-1 38.72 45.63 14.04 0.08 0.07 0.10 0.18 0.01 99.08 1407 557 85.28
LB16-25-P3-2 39.74 45.10 14.41 0.07 0.08 0.00 0.16 0.01 99.61 1226 522 84.80
LB16-25-P3-4 40.00 45.33 13.98 0.05 0.04 0.01 0.20 0.03 99.65 1572 372 85.25
LB16-25-2-1 40.49 44.27 14.01 u.d 0.07 u.d 0.18 u.d 99.33 1375 u.d 84.93
LB16-25-2-2 39.88 44.59 14.95 0.01 0.08 u.d 0.14 0.04 99.76 1061 43 84.17
LB16-25-2-3 40.00 44.93 14.04 0.02 0.08 0.16 0.14 u.d 99.61 1061 107 85.08
LB16-23-1-3 39.89 44.93 13.09 0.03 0.10 0.00 0.12 u.d 98.24 943 179 85.95
LB16-23-1-4 40.25 45.65 14.31 0.02 0.08 0.03 0.11 0.01 100.55 888 150 85.04
LB16-23-2-3 40.17 43.70 15.07 0.02 0.10 0.05 0.15 0.01 99.34 1187 121 83.79
LB16-23-2-4 39.62 43.28 15.39 0.01 u.d 0.05 0.14 u.d 98.72 1092 57 83.37
LB16-23-3-2 39.12 44.52 13.87 0.03 0.06 0.00 0.12 0.08 97.86 935 236 85.12
LB17-33-2-2 40.11 44.59 14.42 0.02 0.06 0.00 0.12 0.01 99.41 912 157 84.65
LB17-33-1-5 40.40 43.50 13.22 0.07 0.02 0.03 0.14 0.03 97.61 1100 529 85.44
LB17-33-4-3 39.73 44.15 14.35 0.02 0.06 u.d 0.09 0.04 98.57 668 150 84.58
LB17-33-3-1 40.59 44.59 14.45 0.03 0.11 0.00 0.13 0.05 100.05 1029 222 84.61
LB17-33-3-2 39.84 43.27 14.17 0.02 0.02 0.05 0.12 0.05 97.58 943 121 84.48

Fo=100×Mg/(Mg+Fe2+), atomic ratio. u.d=under detection limit.
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range of mantle-derived magma (−3 to +3‰; Ohmoto, 1986), con-
sistent with those of the sulfides from the Kalatongke deposit (−0.3 to
1.8‰; Wang and Zhao, 1991) in the Chinese Altai, the Huangshannan
(−0.4‰ to 0.8‰; Mao et al., 2017), Huangshandong and Huangshanxi
(−0.8‰ to 2.8‰; Wang et al., 1987) deposits in East Tianshan (Fig. 6).

5.3. Chalcophile elements

The Lubei mineralized harzburgite and vein sulfide ores are de-
pleted in PGE (ΣPGE=1.7–106 ppb, Table 5). The sulfide compositions
of the disseminated, net-textured and vein sulfide ores were re-
calculated to 100% sulfide according to the equation of Barnes and
Lightfoot (2005). Before the recalculation, the contributions of Ni from
olivine were corrected using the average Ni content of olivine and the
olivine modal content in the same sample. The mantle-normalized Ni,
Cu and PGE patterns of disseminated, net-textured and vein sulfides are
shown in Fig. 7. Disseminated sulfides have higher metal tenors than
net-textured and vein sulfides except for the Cu tenors (Fig. 7). Net-
textured and vein sulfides have steeper Cu, Ni and PGE patterns than
those of the disseminated sulfides (Fig. 7), reflecting that Cu and PPGE
(Pt, Pd) are more enriched relative to IPGE (Pt, Pd, Ru, Rh) in net-
textured and vein sulfides, but less enriched in disseminated sulfides.
All samples have Cu/Pd ratios one to two orders of magnitude higher
than those of mantle rocks (103–104, Barnes and Picard, 1993) whilst
the net-textured and vein sulfides have the highest Cu/Pd ratios
(8–20×105, Table 5 and Table S1). The sulfide-poor gabbro samples
also have high Cu/Pd ratios of 0.43–0.98× 105 and low ΣPGE contents
of 1.26–7.02 ppb (Table 5).

5.4. Results from the pMELTS modeling

The modeled results from the Model A are listed in Table S2. Melt
compositions predicted by Model A failed to match those of the Lubei
primary magmas at 1450–1300 °C. No results would be obtained from
the pMELTS modeling below 1300 °C at 20–10 kbar when the mantle is
anhydrous. The modeled results from the Model B are listed in Tables
S3 and S4. After comparison, melt compositions obtained at∼0.29 wt%
H2O (temperature= 1298.5 °C, pressure= 10.5–12 kbar) are broadly
comparable with those of the Lubei primary magmas. Representative
modeled results of 1400, 1350, 1298.5, 1250, and 1200 °C at 0.29 wt%
H2O are given in Table S3 and in MgO and Al2O3 vs SiO2 diagrams

(Fig. 8a, b). Representative modeled results of 0.1, 0.2, 0.29, 0.4, and
0.5 wt% H2O at 1298.5 °C are listed in Table S4 and in MgO and Al2O3

vs SiO2 diagrams (Fig. 8c, d). The Lubei primary magma compositions
were plotted in the MgO and Al2O3 vs SiO2 diagrams (Fig. 8a–d), and
the appropriate degree of partial mantle melting was 13–17% with 16%
being the best outcome (Tables S3 and S4). This modeling also predicts
a H2O content of 1.4–1.8 wt% in the Lubei primary magmas with 1.6 wt
% being the best outcome (Tables S3 and S4).

6. Discussions

6.1. Implications from Ni, Cu and PGE chemistry

The Lubei Ni–Cu sulfide ore deposit is depleted in PGE (Table 5).
Available sulfides in the mantle will be completely exhausted at> 25%
partial mantle melting assuming an initial sulfur content of 250 ppm in
the mantle (Keays, 1995; Barnes and Lightfoot, 2005). Although
13–17% partial mantle melting is relatively low regarding the 25%,
recent studies show that low degree of partial melting (even less than
10%) of a metasomatized/hydrous mantle may have consumed the
available sulfides to generate primary magmas enriched in Cu, Ni and
PGE compared with melting of an anhydrous mantle (Song and Li,
2009; Naldrett, 2011). It has been proved that a metasomatized/hy-
drous mantle existed beneath the southern CAOB in the Early Permian
(Zhou et al., 2004; Song and Li, 2009; Song et al., 2011; Chen et al.,
2018), and the low PGE contents are therefore not likely attributed to a
low degree of partial mantle melting. It was supposed that early sulfide
segregation would be an important factor that resulted in the low PGE
contents of the sulfide ores in the southern CAOB (Song and Li, 2009;
Mao et al., 2015; Tang et al., 2014; Zhao et al., 2015a,b). Early sulfide
segregation processes for the Lubei Ni–Cu deposit will be discussed in
later section.

When normalized to 100% sulfide, vein and net-textured sulfides in
the Lubei sulfide ores have lower PGE tenors than associated dis-
seminated sulfides, and vein sulfides have the lowest PGE tenors
(Fig. 7). This chemical feature can be interpreted that disseminated
sulfides represent sulfide droplets that have interacted with silicate li-
quids for a long time and collected more Ni, Cu and PGE than net-
textured and vein sulfides which may have interacted with silicate li-
quids for a short time (Barnes and Lightfoot, 2005). The vein sulfides
hosted in the Ni-6 and Ni-7 orebodies may be fractionated from the

Table 2
The compositions of sulfides in ores from the Lubei mafic–ultramafic intrusion.

Sample Sulfide S Zn Co Fe Cu Ni Total Cu/Fe Fe/S Cu/S

Sulfide ore (wt %)
LB16-25-2-1 Chalcopyrite 35.00 0.02 0.03 30.03 34.49 0.00 99.60 1.1 0.9 1.0
LB16-25-2-2 Pyrite 38.83 0.02 0.08 60.05 0.06 0.00 99.08 0.0 1.5 0.0
LB16-32-5-1 Chalcopyrite 34.65 0.08 0.02 30.31 34.68 0.00 99.81 1.1 0.9 1.0
LB16-32-5-2 Pentlandite 39.43 0.00 0.72 21.77 0.72 36.32 98.98 0.0 0.6 0.0
LB16-06-1-1 Chalcopyrite 34.73 0.00 0.06 30.74 34.17 0.00 99.77 1.1 0.9 1.0
LB16-06-1-4 Chalcopyrite 34.40 0.12 0.06 30.41 34.29 0.00 99.32 1.1 0.9 1.0
LB16-06-2-3 Chalcopyrite 34.53 0.12 0.04 30.31 34.59 0.00 99.67 1.1 0.9 1.0
LB16-06-2-4 Chalcopyrite 34.30 0.04 0.04 30.26 34.44 0.00 99.08 1.1 0.9 1.0
LB16-06-3-3 Chalcopyrite 34.77 0.07 0.01 30.14 35.01 0.00 100.06 1.2 0.9 1.0
LB16-06-3-4 Chalcopyrite 34.51 0.26 0.05 30.34 34.65 0.00 99.83 1.1 0.9 1.0

Table 3
The compositions of nickeliferous magnetite in ores from the oxidized Ni-6 orebody in the Lubei Ni–Cu deposit.

Sample MgO Al2O3 SiO2 FeO MnO Cr2O3 NiO CoO CuO Total

Oxidized ore (wt %)
LB16-185-1-1 magnetite 0.18 0.26 4.59 73.61 0.15 0.03 1.67 0.14 2.12 82.76
LB16-185-1-2 0.19 0.17 5.24 66.16 0.07 0.04 3.57 0.13 2.11 77.74
LB16-185-3-1 0.78 0.32 3.01 75.33 0.07 0.02 1.81 0.24 1.27 82.85
LB16-185-3-2 0.84 1.54 11.27 62.62 0.25 0.04 2.04 0.14 2.19 81.03
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Lubei parental magmas and represent a pulse of sulfide liquids having
the shortest interaction time with the silicate liquids. The Lubei sulfides
have higher (Pd/Ir)N ratios (Primitive mantle normalized, McDonough
and Sun, 1995) except for one sample (LB16-38) (Table 5). This high
(Pd/Ir)N ratio reveals that the Lubei sulfide liquids possibly have un-
dergone crystal fractionation of Fe-rich monosulfide solid solution
(mss). Fe-rich mss was the first phase to crystalize from the sulfide li-
quids, and Cu and PPGE are strongly incompatible with it whilst IPGE
are compatible (Barnes and Lightfoot, 2005). Crystal fractionation of
Fe-rich mss from the Lubei sulfide liquids may have formed the ob-
served metal compositions of the Lubei sulfides which are enriched in
Cu and PPGE relative to IPGE. The sample LB16-38 shows a relatively

flat pattern (Fig. 7) with lower (Pd/Ir)N, and significantly, it may re-
present a kind of sulfide ores enriched in Fe-rich mss which were rarely
identified in the Lubei district.

The Lubei sulfides have Cu/Pd ratios (104–105) one to two orders of
magnitude higher than mantle values (103–104, Barnes and Picard,
1993). As Cu and PPGE are strongly incompatible with Fe-rich mss,
crystal fractionation of Fe-rich mss from the sulfide liquids likely did
not result in the high Cu/Pd ratios in the Lubei sulfides. Most Ni–Cu
sulfide ore deposits in the southern CAOB, including those in North
Xinjiang (Song and Li, 2009; Tang et al., 2011; Zhang et al., 2011; Mao
et al., 2014, 2015, 2017; Wang et al., 2015; Zhao et al., 2015a,b) and
the Hongqiling in Jilin province (Wei et al., 2013), are characterized by
high Cu/Pd ratios (Fig. 9a–h, 10a–b and 11a; Table 6). Actually, many
world-class Ni–Cu sulfide ore deposits which underwent early sulfide
segregation would have obtained a high Cu/Pd ratio such as the Voi-
sey’s Bay in Canada, Jinchuan in China and Pechanga in Russia (Barnes
and Lightfoot, 2005; Song and Li, 2009; Song et al., 2009; Lightfoot

Table 4
The sulfur isotopic compositions of sulfides from the Lubei primary sulfide ores.

Sample No. Mineral δ34SV-CDT (‰) Geological description

LB16-21 Pyrrhotite 1.4 Disseminated sulfide ore in harzburgite
LB16-22 Pyrrhotite 0.8 Disseminated sulfide ore in harzburgite
LB16-23 Pyrite 1.2 Disseminated sulfide ore in harzburgite
LB16-23 Chalcopyrite 1.8 Disseminated sulfide ore in harzburgite
LB16-23 Pyrrhotite 0.1 Disseminated sulfide ore in harzburgite
LB16-26 Pyrrhotite 1.2 Disseminated sulfide ore in harzburgite
LB16-28 Pyrrhotite 0.7 Disseminated sulfide ore hosted by harzburgite
LB16-28 Pentlandite -0.3 Disseminated sulfide ore hosted by harzburgite
LB16-30 Pyrrhotite 1.3 Net-textured sulfide ore in harzburgite
LB16-31 Chalcopyrite 1.3 Net-textured sulfide ore in harzburgite

Fig. 6. Histograms of sulfur isotopic compositions for the Lubei, Huangshanxi,
Huangshandong, Huangshannan and Kalatongke sulfide ores. Sulfur isotopes:
Huangshanxi and Huangshandong (Wang et al., 1987), Huangshannan (Mao
et al., 2017) and Kalatongke (Wang and Zhao, 1991).

Table 5
Sulfur and chalcophile element abundances of sulfide-poor gabbro and sulfide ores in the Lubei Ni–Cu sulfide ore deposit.

Sample No. S Os Ir Ru Rh Pt Pd Ni Cu Cr Co (Pd/Ir)N (Pt/Pd)N Cu/Pd Geological description

wt% ppb ppm

LB16-16 0.01 0.11 0.06 0.06 0.08 0.37 0.58 276 57 784 49.9 8.22 0.36 98,276 Sulfide-poor gabbro
LB17-05 0.08 0.89 0.61 1.07 0.27 1.1 3.08 579 135 769 47.2 4.29 0.20 43,831 Sulfide-poor gabbro
LB16-38 0.42 4.79 2.42 5.52 1.02 4.75 4.03 2153 51.9 3022 114 1.42 0.67 128,783 Pentlandite-dominated disseminated ore in

harzburgite
LB16-159 1.25 0.15 0.09 0.1 0.17 4.08 3.17 3704 2522 813 294 29.94 0.74 795,584 Vein sulfide ore in hornblende gabbro
LB16-27 0.20 0.19 0.09 0.18 0.13 1.26 1.02 1229 206 2031 102 9.63 0.71 201,961 Disseminated sulfide ore in harzburgite
LB16-34 0.24 0.27 0.1 0.18 0.12 1.24 1.17 1666 349 2169 108 9.95 0.61 298,291 Disseminated sulfide ore in harzburgite
LB16-36 0.11 0.1 0.05 0.1 0.14 0.77 0.52 1092 173 2311 118 8.84 0.85 332,692 Disseminated sulfide ore in harzburgite
LB16-25 0.77 0.59 0.27 0.48 0.29 4.25 5.61 3463 926 2330 175 17.66 0.43 165,062 Disseminated sulfide ore in harzburgite
LB16-29 0.50 0.32 0.17 0.3 0.14 2.93 2.59 1883 518 2112 117 12.95 0.65 200,000 Disseminated sulfide ore in harzburgite
LB16-32 6.32 4.82 2.45 3.09 1.36 69.6 24.6 8326 22,710 893 236 8.53 1.62 923,171 Net-textured sulfide ore in harzburgite

N: primitive mantle normalized (McDonough and Sun, 1995).

Fig. 7. Primitive mantle-normalized Cu, Ni and PGE patterns for 100% sulfide
from the Lubei Ni–Cu sulfide ore deposit. The normalizing values are from
McDonough and Sun (1995).
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et al., 2012), whereas those with no significant early sulfide segregation
have lower Cu/Pd ratios such as the Noril’sk in Russia and Cape Smith
in Canada (Barnes et al., 1997) (Fig. 10c, d; Table 6). Therefore, it
appears that the low PGE contents of the Lubei sulfides as well as those
in the southern CAOB were attributed to an early sulfide segregation
process. This inference has been corroborated by the Kalatongke,
Huangshandong, Huangshannan, Hulu, and Tianyu Ni–Cu sulfide ore
deposits in North Xinjiang (Figs. 9a, b, e, h and 10a) and the Hongqiling
Ni–Cu sulfide ore deposit in Jilin province (Fig. 10b; Song and Li, 2009;
Wei et al., 2013; Deng et al., 2014; Zhao et al., 2015a,b). The southern
CAOB, especially the North Xinjiang region, has a maximum crustal
thickness of> 50 km in the Early Permian (Li et al., 2006) due to Pa-
leozoic subduction and subsequent collision processes (Zhou et al.,
2004). Such thickened crust could result in a unique magmatic system
with long magma conduits, low magma velocity, and a significant
temperature decrease, favoring early sulfide segregation. The observed
widespread early sulfide segregation in Ni–Cu sulfide ore deposits in the
southern CAOB is likely due to thickened crust and a distinct magmatic
system.

6.2. Processes leading to ore formation

As stated above, early sulfide saturation and segregation had

occurred in an earlier stage of the primary magma evolution. Following
the early sulfide segregation, the parental magmas would have reached
a second or in situ sulfide saturation, and the associated sulfide liquids
would interact with silicate liquids (i.e., later sulfide–magma interac-
tion). The second or in situ sulfide saturation was possibly related to
magma crystallization, especially olivine fractionation.

6.2.1. Early sulfide segregation and later sulfide–magma interaction
The Lubei Ni–Cu sulfide ores contain sulfides, silicates, and minor

oxides (Chen et al., 2018). Compared with sulfides, the silicates and
oxides contain no significant Cu or Pd and do not significantly affect
Cu/Pd ratios of the sulfide ores (Barnes and Picard, 1993; Barnes and
Lightfoot, 2005). Hence, the Cu/Pd ratios of the Lubei sulfide ores can
be employed to reveal the history of sulfide saturation and segregation.
Early segregated sulfide liquids from the primary magmas have Cu/Pd
ratios lower than that of the primary magmas whilst the residual
magmas and later segregated sulfides will obtain a higher Cu/Pd ratio
(Barnes and Picard, 1993). This is due to the fact that the partition
coefficient of Pd between sulfide and silicate liquids (DPd) is much
higher than that of Cu (DCu). DPd values are commonly in the range
(2.0–8.8)× 104 and possibly> 107 (Fonseca et al., 2009), whereas DCu

values are< 1.4×103 (Francis, 1990; Peach et al., 1990). Because the
residual magmas are parental to the Lubei mafic–ultramafic rocks, they

Fig. 8. Simulation of adiabatic-decompression partial melting of the hydrous mantle. (a) SiO2 vs MgO, and (b) SiO2 vs. Al2O3 showing modeling results from partial
mantle melting with 0.29 wt% H2O and continuously decreasing pressures from 20 to 10 kbar in 0.1 kbar decrements (changing the given temperature from 1450 °C
to 1100 °C by 5 °C decrement). (c) SiO2 vs MgO and (d) SiO2 vs Al2O3 showing modeling results at 1298.5 °C with continuously decreasing pressures from 20 to 10
kbar in 0.1 kbar decrements, and with variable H2O contents (0.1–0.5 wt%). The crosses represent primitive magma compositions obtained by the pMELTS modeling
with variable degrees of partial mantle melting, as listed in Tables S3 and S4. The pentagram represents the compositions of the Lubei primary magmas. See text for
further explanation.
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are therefore referred to as parental magmas in this paper. Early sulfide
segregation from the primary magmas would therefore cause a marked
decrease in Pd content of the parental magmas, leaving Cu content
relatively unchanged. Changes in metal contents of the parental
magmas due to early sulfide segregation can be modeled using the
equilibrium fractionation equation (Barnes and Picard, 1993):

= + − −C C X D/ 1/(1 ( 1)/100),i
parental

i
primary

i (1)

where Ci
primary is the initial concentration of element i in the primary

magma; Ci
parental is the final concentration of element i in the parental

magma; Di is the partition coefficient of element i between sulfide and
silicate liquids; and X is the weight percent of segregated sulfide.

A batch partial melting model (Barnes and Lightfoot, 2005), applied
with PGE contents of the upper mantle (McDonough and Sun, 1995),
indicates that the Lubei primary magmas contained 95–116 ppm Cu,
276–380 ppm Ni and 4–10 ppb Pd at 13–17% partial mantle melting.
Because the melt compositions obtained at 16% partial mantle melting
highly approximate the Lubei primary magma compositions, the cor-
responding Cu (110 ppm) and Pd (6 ppb) contents were thus selected as
the initial magma compositions for determining early sulfide losses.
This composition is indicated as a grey star in the Cu/Pd vs Pd diagram
(Fig. 11b). Changes in Cu/Pd ratios and Pd contents of the parental
magmas, induced by increasing sulfide losses, were estimated using Eq.
(1), and these changes are shown in Fig. 11b as a dashed line. The Lubei
disseminated sulfide ores have higher Cu/Pd ratios than those of the

primary magmas (Fig. 11b). This depletion in Pd relative to Cu is at-
tributed to early sulfide losses from the primary magmas during ascent,
and the proportion of early segregated sulfides was estimated to be at
least 0.02 wt% (Fig. 11b). This proportion of segregated sulfides has
largely depleted PGE and mediumly depleted Cu and Ni, leaving the
parental magmas with 89.25 ppm Cu, 330 ppm Ni and 0.19 ppb Pd.
Most Ni–Cu sulfide ores in North Xinjiang and Jilin province on the
southern margin of the CAOB have high Cu/Pd ratios (Fig. 11a) and
underwent early sulfide segregation processes such as the Huang-
shandong (extraction of> 0.012wt% sulfides; Deng et al., 2014),
Huangshannan (0.016 wt%; Zhao et al., 2015a), Hulu (0.0135wt%;
Zhao et al., 2015b), Tianyu (0.05 wt%; Tang et al., 2011), Kalatongke
(0.018 wt%; Song and Li, 2009), and Hongqiling (0.2 wt%; Wei et al.,
2013) Ni–Cu sulfide ore deposits (Table 6).

The parental magmas would reach second sulfide saturation pro-
gressively after early sulfide segregation, and sulfide liquids would in-
evitably interact with silicate liquids. This interaction would collect Cu,
Ni and PGE from silicate liquids at different levels due to the high
partition coefficients of these metals between sulfide and silicate liquids
(Barnes and Picard, 1993; Barnes and Lightfoot, 2005). The enrichment
of these metals during sulfide–magma interaction largely depends on
the mass ratio of silicate to sulfide liquids, expressed as a R factor
(Barnes and Picard, 1993). When the composition of the parental
magmas is known, the R factor can thus be estimated, and the com-
position of sulfide ores can be modeled using the equilibrium

Fig. 9. Primitive mantle-normalized Cu, Ni and PGE patterns for 100% sulfide from deposits in East Tianshan.
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fractionation equation (Campbell and Naldrett, 1979):

= + +C C D R R D/ ( 1)/( )i
sulfide

i
silicate

i i (2)

where Ci
sulfide is the concentration of element i in sulfide liquid, Ci

silicate

is the concentration of element i in silicate liquid, Di is the partition
coefficient of element i between sulfide and silicate liquids, and R is the
mass ratio of silicate to sulfide liquids, which quantifies the relative
amount of magma that reacts with sulfide liquid (Barnes and Picard,
1993).

Calculations using Eq. (1) indicate that 89.25 ppm Cu, 330 ppm Ni
and 0.19 ppb Pd remained in the Lubei parental magmas after early
sulfide losses of 0.02 wt% from the Lubei primary magmas. Based on
Eq. (2) and the Cu and Pd contents of the parental magmas, the Cu/Pd
ratio varies as a function of R factor and Pd content as shown in
Fig. 11b. The composition of most disseminated sulfide ores in the
Lubei Ni–Cu sulfide ore deposit was quite well modeled at various R
factors of 100–1000 except for two samples having a R factor of
5000–10,000 (Fig. 11b). These values are similar to those of the

Table 6
Compiled Ni, Cu, S and PGE data of Ni-Cu sulfide ores from the deposits in the southern CAOB and several important deposits in the world.

Locations Sample
numbers

Sulfide types S Ni Cu Os Ir Ru Rh Pt Pd (Pd/Pt)N (Pd/Ir)N Cu/Pd Early Sulfide
segregation

Date
sources

wt% ppb

*Huangshannan 17 Diss. 2 18.7 6.1 72.3 28.5 49.1 27.1 990.8 636.2 18 304 96,169 0.016 wt% Zhao
et al.
(2015a)

Mass. 12 12.1 0.8 10.2 6.3 6.6 6.4 4.2 92.1 612 198 82,959

*Huangshanxi 16 Sul.poor 0.5 9.4 3.2 12.3 5.9 42.7 3.6 66.0 65.2 28 150 489,510 Mao et al.
(2014)Diss. 2.1 6.2 3.2 7.8 4.5 18.4 3.6 69.1 78.6 32 236 411,848

Mass. 14.7 3.3 4.5 5.5 3.0 5.2 6.0 5.4 19.7 102 89 2,303,619

*Huangshandong 22 Sul.poor 0.24 10.6 3.1 14.3 11.5 24.1 11.3 270.4 210.4 1 23 160,827 0.012 wt% Deng
et al.
(2014)
and Mao
et al.
(2015)

Diss. 4.60 7.1 3.5 10.4 5.3 13.4 5.8 72.8 100.2 2 21 725,567
Mass. 23.22 5.9 0.5 8.0 4.8 6.2 4.4 18.9 21.6 9 11 235,634

*Tudun 11 Sul.poor 0.2 19.5 4.1 20.0 8.3 11.7 27.9 167.7 233.5 39 381 177,005 Wang
et al.
(2015)

Diss. 4.8 7.2 8.3 4.5 4.4 3.4 4.3 124.5 102.9 23 317 804,511
Mass. 29.2 5.2 5.3 3.7 3.1 4.3 3.6 29.7 28.0 26 123 1,880,882

*Hulu 28 Sul.poor 0.4 7.5 3.0 5.8 8.2 5.8 6.3 186.4 270.6 41 450 112,419 0.0135 wt% Zhao
et al.
(2015b)

Diss. 5.3 5.1 2.6 2.9 3.0 1.9 5.9 175.9 280.2 45 1285 91,690
Mass. 31.5 6.2 0.9 3.3 3.4 2.2 5.9 112.7 126.5 31 509 73,623

*Xiangshan 9 Sul.poor 0.2 11.9 5.7 13.5 14.1 18.9 14.9 329.9 448.9 38 434 149,857 Xiao et al.
(2013)Mass. 23.5 5.8 9.7 9.8 10.8 11.1 14.5 78.1 58.3 21 73 1,175,500

*Tulargen 10 Sul.poor 0.5 7.5 2.2 8.5 6.0 6.6 6.4 118.9 161.8 38 367 135,029 Jiao et al.
(2012)Diss. 3.9 4.9 9.0 3.1 2.2 2.3 2.9 146.5 480.8 92 2933 186,997

Mass. 25.7 6.7 0.4 0.0 0.5 0.6 1.5 94.9 89.9 27 2347 48,005

*Lubei 10 Diss. 0.34 28.3 9.9 85.2 42.4 89.8 32.5 320.0 273.7 2 15 286,638 > 0.02 wt% This study
Mass. 6.32 4.9 13.3 28.1 14.3 18.0 7.9 406.1 143.5 1 10 923,171

Karatongke China 13 Diss. 3.86 4.1 5.7 14.6 10.6 15.9 10.8 348.3 497.0 3 43 292,886 0.018 wt% Song and
Li (2009)Mass. 24.46 2.5 11.1 3.9 3.5 9.9 4.2 338.6 354.3 2 246 722,013

*Tianyu 12 Diss. 4.37 4.6 6.5 9.1 3.5 5.3 3.3 247.0 77.9 17 29 1,251,210 > 0.05 wt% Tang
et al.
(2011)

Mass. 21.01 3.6 10.4 19.7 12.2 21.4 10.1 1.6 104.6 131 32 1,681,861

Hongqiling China 18 Sul.poor 0.39 13.3 2.9 14.3 9.4 14.3 5.8 140.9 93.1 1 9 301,285 0.2 wt% Wei et al.
(2013)Diss. 5.45 7.8 5.1 3.7 2.0 2.9 1.9 29.9 14.9 1 10 3,995,658

Mass. 25.56 10.2 2.8 5.2 2.9 4.6 2.1 26.8 8.2 1 5 4,966,918

Jinchuan China 45 Diss. 5.6 9.3 5.3 n.a. 142.7 242.6 86.7 474.0 1218.7 7 17 93,684 0.008 wt% Song et al.
(2009)Mass. 21.5 8.9 1.9 n.a. 32.5 69.5 24.1 35.6 257.0 69 12 106,405

Pechenga Russia 37 Diss. 37.08 8.2 3.6 26 26 57 36 917 998 2 38 35,772 0.01 wt% Barnes
et al.
(2001)

Massive 37.24 9.4 2.1 63 47 103 57 333 417 2 9 49,640

Voisey’s bay Canada 46 Diss. 2.1 0.4 0.2 n.a. 0.4 1.0 0.8 7.5 21.8 82 826 71,469 Lightfoot
et al.
(2012)

Massive 14.6 1.1 0.6 n.a. 3.0 9.0 5.7 7.7 51.7 187 232 112,477

PMD Canada 12 Diss. 4.27 0.2 0.2 6.65 8.71 10.91 2.15 151.01 232.84 3 27 100,000 0.1–0.008 wt
%

Sappin
et al.
(2011)

Noril'Sk Russia 44 Diss. 37.14 3.4 13.4 57 46 136 321 6808 25,184 7 547 5309 Barnes
et al.
(1997)

Mass. 37.24 3.6 12.3 30 24 63 259 9421 29,049 6 1210 4224

Cape Smith Canada 146 Diss. 36.99 11.4 3.4 351 264 1553 625 3530 9581 5 36 3528 Barnes
et al.
(1997)

Mass. 37.74 0.8 2.0 146 117 717 483 2052 3227 3 28 6043

*Deposits in East Tianshan on the southern margin of the CAOB. Notes: the average metal values were reported recalculated to 100% sulfides, n.a.= no analyses;
Sul.poor= sulfide poor; Diss. =Disseminated sulfide ores; Mass. =Massive sulfide ores. N: primitive mantle-normalized (McDonough and Sun, 1995).
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Huangshandong (100–1000, Mao et al., 2015), Huangshannan
(200–3000, Mao et al., 2017), Tudun (168–1080, Wang et al., 2015),
and Hulu (200–1600, Tang et al., 2014) Ni–Cu sulfide ore deposits in
East Tianshan. One disseminated sample (sample LB16-38) was poorly
modeled (Fig. 11b), plotting below the grey star of the Lubei primary
magmas, possibly because the sulfides were dominated by Fe-rich mss

with low Cu and PPGE relative to IPGE (Table 5), as evidenced by the
flat Cu, Ni and PGE pattern (Fig. 7). The vein and net-textured sulfides
plotted higher than the disseminated sulfide ores with high Cu/Pd ra-
tios in Fig. 11b, indicating a very low R factor revealing weak inter-
action between the sulfide and silicate liquids. This inference was also
evidenced by the lower metal tenors of vein and net-textured sulfides

Fig. 10. Primitive mantle-normalized Cu, Ni and PGE patterns for 100% sulfide from the Kalatongke (Song and Li, 2009), Hongqiling (Wei et al., 2013), Jinchuan
(Song et al., 2009), Noril’sk (Barnes et al., 1997), Pechenga (Barnes et al., 2001), Voisey’s Bay (Naldrett et al., 2000), and Cape Smith Ni–Cu sulfide ore deposits
(Barnes et al., 1997).

Fig. 11. (a) Plot of Cu/Pd vs Pd showing the dis-
tributions of Ni–Cu sulfide ore deposits in the
southern CAOB. Date sources are the same as in
Table 6; (b) plot of Cu/Pd ratio as a function of Pd
showing the composition of the Lubei ultramafic
rocks hosting disseminated to net-textured sulfide
ores (based on Barnes and Picard, 1993). Values for
the mantle and PGE-dominated deposits are from
Barnes and Picard (1993). The gray star indicates the
Lubei primary magma composition, derived from 13
to 17 % partial melting of a metasomatized mantle.
The blue solid circle indicates the composition of the
Lubei parental magmas after 0.02 wt% early sulfide
losses from the Lubei primary magmas. The dashed
line represents different proportions of sulfides seg-
regated from the Lubei parental magmas. Solid lines
link the silicate liquid and the sulfide in equilibrium
with this silicate liquid for various R factors. Divi-
sions on the solid lines indicate 0.1, 1, 10, and 100%
sulfide in the rock. Data from Tian et al. (2017) are
listed in Table S1. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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than those of disseminated sulfides in the Lubei district (Fig. 7). The
two sulfide-poor gabbro samples are plotted below the dashed line,
suggesting phase-I gabbro rarely involved in the formation of the Lubei
sulfide ores.

6.2.2. Relations of later sulfide saturation and olivine crystallization
Nickel is compatible with both olivine and sulfide (Keays, 1995; Li

et al., 2003; Barnes and Lightfoot, 2005). Olivine would obtain a lower
Ni content than expected when sulfides concurrently segregate from the
parental magmas whilst the olivine Fo is left unchanged. The more
sulfides saturated in the parental magmas, the lower Ni contents in
olivine (Li et al., 2003, 2004, 2007). Therefore, the time and degree of
sulfide saturation will be recorded at a Fo–Ni diagram revealing Fo–Ni
variations of the associated olivine (Li et al., 2003, 2004, 2007). The
detailed procedures to establish Fo–Ni variation can be found in Li et al.
(2003, 2004, 2007).

The expected Fo variation of olivine against magma crystallization
can be modeled using the silicate–liquid model MELTS (Ghiorso and
Sack, 1995) (JAVA version 8 update 1.5.1) and the parental magma
compositions. The estimated major elements of the Lubei parental
magmas reported by Chen et al. (2018) were used as the initial magma
compositions for the MELTS modeling. The initial H2O content of the
Lubei parental magmas was set at 1.6 wt%, assuming that the H2O
content was not significantly changed compared with the Lubei primary
magmas. The oxygen fugacity (fO2) in this modeling was calculated on
the basis of hornblende compositions (Chen et al., 2018) according to
the method of Ridolfi et al. (2010). The hornblende geothermometer
(Ridolfi et al., 2010) yields a temperature range of 975–1019 °C for
hornblendes in the Lubei ultramafic rocks indicative of a magmatic
origin. The calculated fO2 was in the range of 0.4–1.2 ΔNNO (0.4–1.2
log unit higher than the nickel–nickel oxide oxygen fugacity buffer)
with an average value of 0.9, which was employed in this modeling. At
the beginning, MELTS was applied at pressures of 1–9 kbar to obtain the
most appropriate pressure at which this simulation would generate
mineral assemblages petrographically matching the Lubei ultramafic
rocks, with 2.4 kbar being the outcome (corresponding to a crustal
depth of ∼7 km). This simulation continued with a liquidus tempera-
ture range of 1310–1072 °C, decreasing in 0.5 °C decrements at 2.4
kbar. The degree of crystallization and the compositions of olivine and
residual melts were observed at 2 °C temperature intervals, and are
recorded at< 12 °C temperature intervals (Table S5). The modeled
relationship between the olivine Fo content and the degree of crystal-
lization at 2.4 kbar is given in Table S5. Nickel fractionation and its
relationship with the degree of crystallization were modeled using the
Rayleigh fractionation equation for trace elements (Barnes and
Lightfoot, 2005; Li et al., 2007):

= ∗
−−C C F ,Ni

residual
Ni
parental D( 1) (3)

where CNi
parental is the concentration of Ni in the Lubei parental magma;

CNi
residual is the concentration of Ni in the residual liquid after fractio-

nation of (1-F) vol. % spinel and olivine; F is the weight fraction liquid
remaining; D is the bulk partition coefficient of Ni (DNi). DNi for spinel,
olivine, orthopyroxene–clinopyroxene, and plagioclase in basaltic
magmas were assumed to be 2, 7, 1, and 0, respectively (Li et al., 2003;
https:// earthref.org), and DNi for immiscible sulfide liquid in basaltic
magmas was assumed to be 500 (Naldrett, 2011; Mao et al., 2015).
Modeled results are shown in Table S5.

Modeled Fo–Ni relations of olivine are shown in Fig. 12, where line
a represents the expected spinel and olivine crystallization at various
temperatures without sulfide saturation, based on the Lubei parental
magma compositions (Chen et al., 2018) and an initial Ni content of
330 ppm calculated using Eq. (1). This is also an average Ni content of
basaltic magmas (Li et al., 2004). This modeling thus predicts crystal-
lization of spinel and Fo86.9 olivine at a liquidus temperature of 1308 °C,
followed by orthopyroxene at 1176 °C, plagioclase at 1114 °C, and

clinopyroxene at 1084 °C (Fig. 12). The mineral assemblages and
crystallization sequence are broadly comparable with the petrological
observations of the Lubei ultramafic rocks (spinel→ olivine→ ortho-
pyroxene→ plagioclase/clinopyroxene→ hornblende, Chen et al.,
2018). The compositions of olivine from phases II and III of the Lubei
ultramafic rocks plot below the model line a, indicating cotectic sulfide
saturation with olivine and spinel crystallization. Model line b in Fig. 12
simulates olivine crystallization with cotectic sulfide saturation, with
silicate to sulfide ratios in the range of 60–100 (Fig. 12). Voluminous in
situ sulfide saturation occurs at 5–15 vol% magma crystallization, with
the dominant silicates being olivine and spinel. Model dashed line c
indicates olivine fractionation from the Ni-depleted magma (160 ppm
Ni) after voluminous sulfide segregation (Fig. 12). Olivine from the
phase II ultramafic rocks is more depleted in Ni than that from the
phase III, with ratios of silicates to cotectic sulfides for the phase II
being 60–80, and for the phase III 80–100 (Fig. 12). This indicates that
the magmas of the phase II ultramafic rocks underwent more sulfide
segregation than those of the phase III, with rocks of the two phases
being formed from different magma pulses, as suggested by Chen et al.
(2018).

6.2.3. The formation of the Lubei sulfide ores
The formation of the Lubei Ni–Cu sulfide ores is associated with the

evolution of the Lubei primary magmas. The Lubei primary magmas
were supposed to have evolved into two magma pluses in the deep
magma chamber, one was more mafic (Mg#>0.65) that formed the
southern ultramafic sub-intrusion, and another was less mafic
(Mg#<0.6) that formed the central gabbro and northern hornblende
gabbro (Chen et al., 2018). The ultramafic sub-intrusion hosts primary
mineralization, and hence the formation of the Lubei sulfide ores is
associated with the more mafic magma pulse.

The formation of the Lubei Ni–Cu sulfide ores includes two stages:
(1) early sulfide segregation and (2) later sulfide saturation and se-
paration, similar to the formation of the Huangshannan (Zhao et al.,
2015a), Huangshandong (Mao et al., 2015), Hulu (Zhao et al., 2015b),
Kalatongke (Song and Li, 2009) and Hongqiling (Wei et al., 2013)
Ni–Cu sulfide ore deposits in the southern CAOB. In stage (1), the more
mafic magma reached sulfide saturation at a lower level of the long
magma conduit and lost at least 0.02 wt% sulfides from the Lubei pri-
mary magmas. These early formed sulfides either remained at depth or
were injected into the lower crust (Fig. 13a), causing depletion of the
parental magmas in metals, especially in PGE. In stage (2), the parental
magmas reached second or in situ sulfide saturation during ascent, and
metal depletion of these sulfides due to early sulfide losses was partially
compensated by later sulfide–magma interaction with a R factor of
100–1000 (Fig. 13b). Most of the second sulfide liquids were settled
downward when meeting a structural trap in the upper magma conduit
with some sulfides escaping and inserting into the faults in hornblende
gabbro to form the Ni-6 and Ni-7 orebodies (Fig. 13b). In situ fractio-
nated sulfide liquids tend to descend and concentrate at a lower level of
the structural trap due to their high gravity, consistent with the rising
Ni (Cu) grades with depth in harzburgite in the Lubei Ni–Cu sulfide ore
deposit (Fig. 3).

7. Implications for exploration

Most of the world’s large magmatic sulfide deposits are interpreted
to have formed in continental rift settings (Naldrett,1997; Naldrett,
1999; Maier et al., 2008), such as the Noril’SK in Russia (Lightfoot and
Keays, 2005), Cape smith in Canada (Barnes et al., 1997), and Cu–Ni
sulfide mineralization in the Duluth Complex (USA) (Ripley et al.,
2007). An ideal site for the formation of these large ore deposits is
where a mantle plume intersects a continental rift (Barnes and
Lightfoot, 2005). The plume provides a large volume of magmas with
high metal contents, produced by a high degree of partial melting. The
normal faults of the rift provide easy access to the crust so that the
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magma is transported efficiently (Barnes and Lightfoot, 2005), without
significant early sulfide segregation.

Recently, many magmatic Ni–Cu sulfide ore deposits were dis-
covered in orogenic settings or subduction-related magmatic arcs
(Maier et al., 2008; Sappin et al., 2011), and they have significantly
contributed to the Ni and Cu resources in China or the world, such as
the Devonian Xiarihamu (157 Mt at 0.65 wt% Ni and 0.14 wt% Cu;
Song et al., 2016) in Qinghai province (West China), the Early Permian
Kalatongke (33 Mt at 0.8 wt% Ni and 1.3 wt% Cu; Song and Li, 2009)
and Huangshan-Jing’erquan Ni–Cu belt (> 50 Mt at an average grade of
0.52 wt% Ni and 0.27 wt% Cu; Mao et al., 2015) in North Xinjiang (NW
China), and the Early Carboniferous Ni–Cu ore deposits (16 Mt at
0.66 wt% Ni and 0.46% wt% Cu; Pina et al. 2006) hosted in the
Aguablanca intrusion in Spain. The formation of these Ni–Cu deposits
are distinct from that in rift settings in that (1) generation of mantle
magmas is related to flux melting of mantle wedges overlying sub-
duction zones (Maier et al., 2008) rather than mantle plumes, resulting
in a low degree of partial mantle melting (Song and Li, 2009), (2) early
sulfide segregation is more prevalent during magma ascent which
would deplete the sulfide ores in chalcophile elements due to thickened
crust (Barnes and Lightfoot, 2005), and (3) the predominantly com-
pressive environments of orogenic belts may result in relatively few
dilatant sites through which magmas can ascend, and orogenic belts
tend to contain fewer S-bearing sedimentary strata than rifts (Maier

et al., 2008).
The abovementioned factors appear unfavorable in making a giant

magmatic Ni–Cu deposit. Nevertheless, the key factor that make an
orogenic or post-subduction setting a good site for magmatic Ni–Cu
sulfide ore deposits is a hydrous mantle accompanied by activation of
translithospheric faults during post-collisional extension, because (1)
water will lower the solidus temperature and arise the degree of partial
mantle melting (Thompson, 1992), and (2) hydrous mantle magmas
will dissolve much more sulfides from the source rocks than dry
magmas even at a low degree of partial mantle melting (Song and Li,
2009). Post-collisional extension following subduction is also a re-
quisite in the formation of magmatic Ni–Cu sulfide ore deposits because
it would lead to activation of translithospheric faults and provide di-
latant sites through which magmas can ascend. That is why most
magmatic Ni–Cu deposits in the southern CAOB generally occur along
translithospheric faults such as the Kalatongke along the Irtysh fault,
the Tianyu and Baishiquan along the Arqikekuduke fault, and the
Huangshan-Jing’erquan Ni–Cu ore belt along the Kanggurtag fault (Mao
et al., 2008). Therefore, these translithospheric faults are still targets for
Ni–Cu exploration in the southern CAOB. Base on the abovementioned
analysis, except rift settings intersected by a mantle plume, another
good site for the formation of magmatic Ni–Cu sulfide ore deposits is a
post-subduction tectonic setting with a hydrous mantle accompanied by
activation of translithospheric faults during post-collisional extension.

Fig. 12. Modeling of mineral fractionation of the
Lubei ultramafic rocks from the Lubei parental
magmas. The model line a represents expected oli-
vine crystallization at various temperatures without
sulfide saturation, using the compositions of the
Lubei parental magmas (Chen et al., 2018) and an
initial Ni content of 330 ppm calculated using Eq. (1).
The model line b simulates olivine crystallization
with cotectic sulfide saturation. The model dashed
line c represents expected olivine fractionation from
Ni-depleted magma (160 ppm Ni) after voluminous
sulfide saturation and segregation. See text for ex-
planations. Abbreviations: Sil – Silicates, Sul – Sul-
fide, Ol – olivine, Opx – orthopyroxene, Cpx – clin-
opyroxene, Sp – Spinel, Pl – plagioclase. The major
element compositions of the Lubei parental magmas
were given in Chen et al. (2018). The simulation of
fractional crystallization was performed at 2.4 kbar
and at 0.9 ΔNNO fO2 using the silicate–liquid model
MELTS of Ghiorso and Sack (1995) (JAVA version 8
update 1.5.1).

Fig. 13. Illustrations showing (a) early sulfide segregation from the Lubei primary magmas in the lower magma conduit; (b) second or in situ sulfide saturation in a
structural trap in the upper magma conduit.
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8. Conclusions

(1) The primary magmas responsible for the Lubei mafic–ultramafic
intrusion were derived from 13 to 17 % partial mantle melting with
a H2O content of 0.29 wt% in the mantle. Early sulfide segregation
played a significant role in depletion of the Lubei Ni–Cu sulfide ores
in PGE.

(2) Two stages of sulfide segregation were involved in the formation of
the Lubei sulfide ores during magma ascent. In stage (1), the pri-
mary magmas segregated at least 0.02 wt% sulfides in the lower
magma conduit, leading to depletion of the parental magmas in
chalcophile elements, especially in PGE. In stage (2), the parental
magmas reached a second or in situ sulfide saturation, and the de-
pletion of the second sulfides in chalcophile elements were then
compensated by sulfide–magma interaction with an R factor of
100–1000. Orebodies hosted by the Lubei ultramafic rocks resulted
from in situ sulfide saturation of the Lubei parental magmas,
whereas a pulse of sulfide liquids, fractionated from the Lubei
parental magmas in the upper magma conduit, was injected into
faults in hornblende gabbro to form local orebodies.

(3) Another possible site for the formation of magmatic Ni–Cu deposits
except rift settings is a post-subduction setting with a metasoma-
tized/hydrous mantle accompanied by activation of translitho-
spheric faults during post-collisional extension.
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