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A B S T R A C T

The East Kunlun Orogenic Belt experienced two periods of mantle-derived magmatic activity during its post-
collisional stages. One occurred during the Late Silurian-Early Devonian, and the other occurred during the
Middle-Late Triassic. The Late Silurian-Early Devonian Xiarihamu mafic-ultramafic intrusions were found to be
associated with a giant magmatic sulfide Ni-Co deposit discovered in 2012. The U-Pb age of websterite in the
Kaimuqi mafic-ultramafic intrusion is 221.1 ± 2.3Ma. None of the Middle-Late Triassic mafic-ultramafic in-
trusions in the East Kunlun Orogenic Belt contain Cu-Ni mineralization. Based on simulations by the software
MELTS, we found that the crystallization process leads to a drop in the sulfur content at sulfide saturation. The
mineralized Late Silurian-Early Devonian mafic-ultramafic intrusions exhibit both a broader range of m/f values
and higher m/f values than the non-mineralized intrusions in the East Kunlun Orogenic Belt, which means that
the mineralized intrusions experienced a long process of crystallization differentiation. This process is probably
responsible for Cu-Ni mineralization in the Early Devonian Xiarihamu mafic-ultramafic intrusion. Compared to
the olivine and clinopyroxene in the Xiarihamu giant Cu-Ni deposit, the Late Triassic Kaimuqi olivine contains
significantly lower MgO, Fo and SiO2 contents and higher CaO and FeO contents, and the Kaimuqi clinopyroxene
contains higher FeO and CaO contents. Therefore, we infer that the Kaimuqi intrusion formed from a melt with
higher FeO and CaO contents and a lower SiO2 content. This melt required more sulfur to achieve sulfide
saturation. This characteristic most likely hindered mineralization in the Kaimuqi mafic-ultramafic intrusion. All
of the mafic-ultramafic intrusions that host Cu-Ni deposits in the East Kunlun Orogenic Belt contain lherzolite,
harzburgite, and orthopyroxenite, indicating that the pyroxene in these intrusions is mainly the orthopyroxene.
If an intrusion contains more clinopyroxene, it indicates that its magma contains more calcium. The magma with
higher calcium content will need a higher sulfur content to achieve sulfide saturation. Although websterite
occurred in the Kaimuqi intrusion, the clinopyroxene and orthopyroxene content in the websterite is 75% and
20%, respectively, and the peridotite lithofacies is wehrlite. Therefore, orthopyroxene is rare in the Kaimuqi
mafic-ultramafic intrusions. Thus, the Kaimuqi mafic-ultramafic intrusion may not have had the potential to
form Cu-Ni ore deposits. Finally, this paper summarizes some geological and geochemical indicators for Cu-Ni
mineralization in the mafic-ultramafic intrusions in the East Kunlun Orogenic Belt. These indicators provide
some enlightenment to the exploration of Cu-Ni deposits in mafic-ultramafic intrusions, especially for the
geological exploration bureaus or companies, which do not have the budget for large numbers of geological
dating, isotopes, major elements, and platinum group elements during the exploration evaluation process in the
current global mining recession situation.
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1. Introduction

Many well-known magmatic Cu-Ni-PGE sulfide deposits in the
world are found in mafic-ultramafic intrusions, such as the Jinchuan
Cu-Ni-PGE deposit (Tang et al., 2005, 2007; Lehmann et al., 2007; Song
et al., 2009; Zhang et al., 2010; Li and Ripley, 2011; Duan et al., 2016;
Yang et al., 2018) and the Xiarihamu Cu-Ni in China (Jiang et al., 2015;
Li et al., 2015; Song et al., 2016; Zhang et al., 2017; Liu et al., 2018),
the J-M PGE reef in Stillwater complex in USA (Page, 1971; Barnes and
Naldrett, 1985; Wall and Scoates, 2016), the Voisey's Bay Ni-Cu-Co
deposit (Lightfoot and Naldrett, 1999; Naldrett et al., 2000; Ripley
et al., 2000; Lightfoot et al., 2012; Hiebert et al., 2013) and the Mascot
Ni-Cu-PGE deposit in Canada (Nixon, 2002; Manor et al., 2014; Manor
et al., 2016), and so on. However, most of the world's mafic-ultramafic
intrusions are not mineralized. Two common features of some mafic-
ultramafic intrusions hosting Cu-Ni-PGE ore deposits are: (1) the ob-
vious differentiation from ultramafic rocks to mafic rocks, even to in-
termediate rocks; (2) a large amount of orthopyroxene existed, and the
content of orthopyroxene is obviously larger than that of clinopyroxene.
For example, the lithofacies in the Stillwater complex include dunite,
bronzitites, norite, gabbronorite, troctolite, and anorthosite, and the
sulfides are hosted in norite and cumulate bronzitites (Barnes and
Naldrett, 1985). The orthorhombic crystallization promotes the for-
mation of the J-M PGE reef in the Stillwater complex (Raedeke and
Vian, 1986; Zientek et al., 2002). The Cu-Ni deposits in the East Kunlun
Orogenic Belt (EKOB) in this study also have these two characteristics.
The EKOB experienced two periods of mantle-derived magmatic ac-
tivity occurred in the post-collisional geological setting: one occurred
during the Late Silurian-Early Devonian (Zhu et al., 2006; B. Liu et al.,
2012, 2013a), and the other occurred during the Middle-Late Triassic
(Luo et al., 2002; Feng et al., 2012; Chen et al., 2013; Li et al., 2014; B.
Liu et al., 2014; Luo et al., 2014; Wang et al., 2014; Xiong et al., 2014a).
During these periods of mantle-derived magmatic activity, many mafic-
ultramafic intrusions formed. The mafic-ultramafic intrusions produced
during the Late Silurian to the Early Devonian include the Xiarihamu
and Binggounan intrusions (Wang, 2014; Li et al., 2015; Song et al.,
2016; Liu et al., 2018); the representative mafic-ultramafic intrusions
produced during the Middle-Late Triassic are the Xiaojianshan and
Lalingaoli intrusions (Ao et al., 2015). Some of the Late Silurian-Early
Devonian mafic-ultramafic intrusions contains significant Cu-Ni sul-
fides, such as the Xiarihamu giant Cu-Ni deposit. The Xiarihamu Cu-Ni
sulfide deposit contains ~157 million metric tons (Mt) of sulfide ores
with average metal grades of 0.65 wt% Ni, 0.14 wt% Cu, and 0.013 wt%

Co (No. 5 GMSQH, 2014). This makes the Xiarihamu deposit not only
the second-largest Ni deposit in China (after Jinchuan) but also one of
the largest Ni deposits in an orogenic setting in the world (Li et al.,
2012; Song et al., 2016; Liu et al., 2018). The discovery of the Xiar-
ihamu giant Cu-Ni deposit in 2012 has led to an increase in the number
of studies on the mafic-ultramafic intrusions in the EKOB. However,
only some of the Late Silurian-Early Devonian mafic-ultramafic intru-
sions and none of the Middle-Late Triassic mafic-ultramafic intrusions
contain Cu-Ni mineralization. No systematic studies or mineralization
potential evaluations have been conducted on the Kaimuqi mafic-ul-
tramafic complex by any research team. Therefore, in this paper, we
used petrographic, geochronologic, Sr-Nd-Hf isotopic and mineralogical
methods to gain a better understanding of the Kaimuqi mafic-ultramafic
intrusion. By comparing all of the geological and geochemical features
described above with those of the Xiarihamu Cu-Ni deposit, we eval-
uated the metallogenic potential of the Kaimuqi intrusion and sum-
marized the geological and geochemical indicators for Cu-Ni miner-
alization in the mafic-ultramafic intrusions in the EKOB.

Although magmatic origin, whether sulfide liquid settled out of
magma prior to emplacement or not, and crustal sulfur contamination
are important for the Cu-Ni deposits formation in the mafic-ultramafic
intrusions (Barnes et al., 1993; Barnes and Lightfoot, 2005; Lightfoot
and Milkereit, 2007; Mao et al., 2008; Naldrett, 2011; Wei et al., 2013;
Liu et al., 2016, 2017; Lacono-Marziano et al., 2017), this paper at-
tempts to analyze the metallogenic potential of mafic-ultramafic in-
trusions the EKOB from the perspective of lithofacies differentiation
and mineralogy. In the current global mining recession situation, geo-
logical exploration bureaus or companies in China do not have the
budget for the test of a large number of geological dating, isotopes,
major elements, and platinum group elements during the exploration
evaluation. Therefore, it is necessary to summarize some indicators
from basic lithofacies and mineralogy.

2. Geologic background

The Kaimuqi mafic-ultramafic complex is located in the EKOB,
which is located in the northern region of the Qinghai-Tibet Plateau
(Fig. 1a). The EKOB is located in the western region of the central
orogenic belt in mainland China (Fig. 1a). This belt is bordered by the
Qaidam Block to the north and the Bayan Har-Sonpanganzi Terrane to
the south (Fig. 1). The EKOB trends E-W and is approximately 1500 km
long and 50–200 km wide. The belt is cut by three closely related, deep,
E-W-trending regional faults: from north to south, the Northern Kunlun

Fig. 1. (a). Tectonic sketch map of China. (b). Simplified tectonic units of the East Kunlun Orogenic Belt (modified after Xiao et al. (2014)).
Binggounan age (Wang, 2014); Xiaojianshan age (Ao et al., 2015); Xiarihamu age (Li et al., 2015; Song et al., 2016); Shitoukengde age: 333.9 ± 4.2Ma (Zhang et al.,
2018), 422.1 ± 1.5Ma (Li et al., 2018); Lalinggaoli age (Wang et al., 2017).
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fault, the Central Kunlun fault, and the Southern Kunlun fault (Fig. 1b)
(Huang et al., 1984; Jiang et al., 1992). The EKOB can be further di-
vided into the Southern, Central, and Northern Kunlun zones by the
Central Kunlun fault and the Northern Kunlun fault (Fig. 1b).

The exposed rocks in the Central Kunlun zone include the
Proterozoic Baishahe Formation, Neoproterozoic granitic gneiss, the
Upper Silurian to Lower Devonian Qimantage Group, the Upper
Devonian Maoniushan Formation, the Lower Carboniferous Dagangou
Formation, the Upper Triassic Elashan Formation and Cenozoic sedi-
ments (QGS, 2012; No. 5 GMSQH, 2014). In the Kaimuqi area, the
Proterozoic Baishahe Formation is composed of granitic gneiss, biotite-
quartz schist, and marble.

The Central Kunlun Fault represents the remains of a small Early
Paleozoic oceanic basin; the youngest age from the Qingshuiquan
ophiolite complexes in the Central Kunlun region is 508Ma (Li et al.,
2006). Furthermore, an arc-related granite in the East Kunlun region
has been dated to 508Ma (CUG, 2003). Therefore, the East Kunlun
region entered an oceanic subduction stage after 508Ma (Mo et al.,
2007). The tectonic transition from oceanic subduction to continent-
continent collision occurred at 438Ma (B. Liu et al., 2013a). The
eclogites in the Wenquan area of the Central Kunlun Fault, which have
been dated to 428Ma, are associated with this continent-continent
collisional event (Meng et al., 2013).

In the EKOB, considerable mantle-related magmatic activity oc-
curred after 428Ma (Fig. 1b, c). The products of this activity include
Middle-Upper Silurian (428–419Ma) basalt (Zhu et al., 2006; QGS,
2012), Lower-Middle Devonian (411.5–382.8Ma) mafic dykes (Sun
et al., 2004; Xiong et al., 2014b; Yang et al., 2014), and Upper Silurian-
Middle Devonian (419.0–391.1Ma) A2-type granite (Chen et al., 2013;
B. Liu et al., 2013b; Wang et al., 2013; Gan, 2014; Yan et al., 2016).
This mantle-related magmatic activity was produced in a post-colli-
sional environment (B. Liu et al., 2012, 2013b; Gan, 2014; Peng et al.,
2016; Song et al., 2016).

The formation of the early Carboniferous Buqingshan ophiolite in
the Southern Kunlun Fault has been interpreted to mark the opening of
the Late Paleozoic Kunlun ocean basin (Chen et al., 2003; Yang et al.,
2004).

Subduction-associated magmatic rocks were mainly produced from
the Middle-Late Permian to the Middle Triassic (227–260Ma); these
rocks are distributed mainly in the Central Kunlun zone and have a
tendency to decrease in abundance from south to north (Mo et al.,
2007; Wang et al., 2014). The Late Permian granite assemblage formed
in a continental margin arc setting, probably due to the subduction of
the Paleo-Tethys Ocean; in contrast, the widespread Middle Triassic

granites formed during a subduction-collisional conversion stage due to
the break-off of the subducting lithospheric slab (Wang et al., 2014).
The East Kunlun region entered a post-collisional stage during the Late
Triassic and formed a rock assemblage comprising A-type granites,
mafic dykes and mafic-ultramafic intrusions produced by mantle-de-
rived magmatic activity (Feng et al., 2012; B. Liu et al., 2014; Wang
et al., 2014; Ao et al., 2015).

In summary, the EKOB experienced two periods of mantle-derived
magmatic activity during its post-collisional stages; one occurred
during the Late Silurian-Early Devonian, and the other occurred during
the Middle-Late Triassic (Luo et al., 2002; Mo et al., 2007). The Xiar-
ihamu giant Cu-Ni deposit (406–431Ma) (Li et al., 2015; Song et al.,
2016; Zhang et al., 2017; Liu et al., 2018), which were produced by
Late Silurian-Early Devonian mantle-derived magmatic activity, are
located in the Central Kunlun zone (Fig. 1b). These two periods of
mantle-derived magmatic activity also produced some non-mineralized
mafic-ultramafic intrusions, such as the Binggounan (427.5Ma), Xiao-
jianshan (227.8Ma) and Lalinggaoli (238–245Ma) intrusions (Wang,
2014; Ao et al., 2015; Wang et al., 2017). The Kaimuqi mafic-ultramafic
complex is also located in the Central Kunlun zone, 41 km to the
northwest of the Xiarihamu giant Cu-Ni deposit.

3. Geology of the Kaimuqi intrusion

The strata in the study area are composed mainly of Proterozoic
granitic gneiss, biotite-quartz schist and marble (Fig. 2). The Kaimuqi
mafic-ultramafic complex consists mainly of three intrusions, which
from the southeast to the northwest are composed of gabbro, olivine
gabbro, and websterite (the websterite intrusion includes a very small
amount of plagioclase wehrlite) (Fig. 2). The websterite is located
within the olivine gabbro, and it covers an area of approximately
0.06 km2. Late Triassic biotite monzogranite, granite diorite, and
diorite are also exposed around the Kaimuqi mafic-ultramafic complex.
The contact boundary between the olivine gabbro and websterite fea-
tures a chilled border in the olivine gabbro (Fig. 3a), confirming that
the olivine gabbro formed later than the websterite. The biotite mon-
zogranite also has chilled border when it contacts with the olivine
gabbro (Fig. 3b). Thus, the biotite monzogranite formed later than the
olivine gabbro.

The plagioclase wehrlite contains approximately 40% olivine (Ol),
45% clinopyroxene (Cpx), 10% plagioclase (Pl), approximately 2–5%
amphibole, and 0.5% chromite (Fig. 4a). No sulfides were found in the
plagioclase wehrlite.

The clinopyroxene (Cpx) content in the websterite is 75% (Fig. 4b).

Fig. 2. Geologic map of the Kaimuqi mafic-ultramafic complex.
(Modified from Sino Shaanxi Nuclear Industry Group Geological Survey Co, Ltd, 2014). Age data are from this paper.
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The clinopyroxene grains are platy and have dimensions of 0.5× 1mm,
with some reaching sizes of up to 2–2.5mm. The orthopyroxene (Opx)
and plagioclase (Pl) contents in the websterite are 20% and 5%, re-
spectively. The orthopyroxene and plagioclase grains are approximately
0.3 mm in diameter (Fig. 4b). Most of the websterite contains no sul-
fides, although a minor amount contains sparse disseminated sulfides
(0.1–0.2%) located in the interstitial spaces between pyroxene grains.
These sulfides mainly include pentlandite (Pn), pyrrhotite (Po), and
chalcopyrite (Ccp) (Fig. 4c).

4. Analytical methodology

4.1. U-Pb dating

The U-Pb dating and trace element analyses of zircon collected from
the websterite were conducted synchronously using laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS) at the Wuhan
Sample Solution Analytical Technology Co., Ltd. The detailed operating
conditions for the laser ablation system, the ICP-MS instrument and the
data reduction process are described in Hu et al. (2008, 2012) and Liu
et al. (2008, 2010). Time-dependent drifts of U-Th-Pb isotopic ratios
were corrected using a linear interpolation (with time) for every five
analyses (i.e. 91,500+ six zircon samples+ 91,500) according to the
variations of the 91,500 zircon standard and preferred U-Th-Pb isotopic
ratios used for 91,500 are from (Wiedenbeck et al., 1995). Zircon
standards GJ-1 (Jackson et al., 2004) and Plešovice (Sláma et al., 2008)
were used as unknown samples to monitor the stability and accuracy of
acquired U-Pb data. The uncertainty associated with the preferred va-
lues of the 91,500 external standard was propagated throughout the
ultimate results. Concordia diagrams and weighted mean calculations
were made using Isoplot/Ex_v.3 (Ludwig, 2003). The preferred ele-
mental concentration values of the USGS reference glasses were taken
from the GeoReM database (http://georem.mpch-mainz.gwdg.de/).

4.2. In situ Hf isotopic analyses

In situ zircon Hf isotopic analyses were performed using a Geolas Pro
laser ablation system coupled to a Neptune multi-collector ICP-MS at
the Key Laboratory for the Study of Focused Magmatism and Giant Ore
Deposits, MLR, at the Xi'an Center of Geological Survey, China
Geological Survey. The detailed instrumental conditions and data ac-
quisition procedures are similar to those described by Hou et al. (2007)
and Meng et al. (2014). A stationary laser ablation spot with a beam
diameter of 30 μm was used for these analyses. The ablated aerosol was
carried by helium and combined with argon in a mixing chamber before
being introduced to the ICP-MS plasma. All of the Hf analyses were
performed on the same spots that underwent U-Pb laser ablation ana-
lysis. The GJ-1 zircon standard was used as a reference standard; during
this study, it yielded a weighted mean 176Hf/177Hf ratio of 0.282030
± 40 (2SE).

4.3. Sr-Nd isotopes

High-precision Sr and Nd isotopic measurements were obtained at
the Nanjing Focus MS Technology Co., Ltd. Geological rock powders
were decomposed in high-pressure PTFE bombs. Sr and Nd were pur-
ified from the same digestion solution. An exchange column containing
BioRad AG50W×8 and Sr Spec resins were used to separate Sr, rare
earth elements (REEs) and Pb from the sample matrix. Neodymium was
separated from the other REEs in a second column using Ln Spec-coated
Teflon powder. The Sr- and Nd-bearing elution was dried down and re-
dissolved in 1.0ml of 2 wt% HNO3. Small aliquots of each sample were
analyzed using an Agilent Technologies 7700× quadrupole Multiple
Collector Inductively Coupled Plasma mass spectrometry (MC-ICP-MS)
(Hachioji, Tokyo, Japan) to determine the exact contents of Sr and Nd.
Each diluted solution (containing 50 ppb Sr and 50 ppb Nd and doped
with 10 ppb Tl) was introduced into a Nu Instruments Nu Plasma II
multi-collector ICP-MS (Wrexham, Wales, UK) by a Teledyne Cetac

Fig. 3. Contact relationships between the major lithofacies (A: chilled border in the olivine gabbro; B: chilled border in the biotite monzogranite).

Fig. 4. Photomicrographs of the main rock types in the Kaimuqi mafic-ultramafic complex. Ol= olivine, Sul= sulfides, Opx=orthopyroxene, Cpx= clinopyroxene,
Po=pyrrhotite, Pn= pentlandite, Ccp= chalcopyrite, and Pl= plagioclase.
a. Photomicrograph of plagioclase wehrlite; b. photomicrograph of websterite under transmitted light; c. photomicrograph of websterite under reflected light.
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Technologies Aridus II desolvating nebulizer system (Omaha, Nebraska,
USA). The raw isotopic ratios were corrected for mass fractionation by
normalizing to values of 86Sr/88Sr= 0.1194 for Sr and 146Nd/144Nd
=0.7219 for Nd using an exponential law. International isotopic
standards (NIST SRM 987 for Sr and JNdi-1 for Nd) were periodically
analyzed to correct for instrumental drift. The USGS geochemical re-
ference materials BCR-2, BHVO-2, AVG-2, and RGM-2 were analyzed
for quality control. The Sr isotopic ratios obtained following the che-
mical pre-treatment and mass spectrometry procedures described above
are consistent with the reported values within error (Weis et al., 2013).

4.4. Major element compositions of minerals

Mineral compositions were determined using a JXA-8100 electron
microprobe at Chang'an University. The analytical conditions included
an energy of 15 kV, a beam current of 20 nA, a beam diameter of
1–5 μm and a peak-counting time of 20 s. The standard materials used
in the analysis were: albite, K-feldspar, hematite, forsterite, xenotime,
pyrophanite, corundum, wollastonite, Cr-spinel, kynite, pyrophanite,
metallic nickel, and metal zinc, respectively. All the materials are ac-
cording to the National Standard of the People's Republic of China
(1998). The standard title is the general specification of X-ray EDS
Quantitative analysis for EPMA and SEM. The standard number is GB/
T17359-1998. The lower limits of detection for all the elements under
such conditions are 0.01%. The relative analytical error was± 2%.

5. Results

5.1. Geochronology

The zircon grains from all samples are transparent, mostly sub-
hedral, and 100–300 μm in length. The internal structures of the zircon
crystals selected from the websterite were studied using cath-
odoluminescence images (Fig. 5). Some of the grains exhibit concentric
zoning, for example, the points 4, 6, 7, 13, and 14 in Fig. 5, whereas
some grains do not show clear concentric zoning, for example, the
points 8 and 12 in Fig. 5. The width of the concentric zone in zircon are
related to the temperature of the magma when zircon crystallizes: rapid
diffusion of trace elements in high-temperature condition often forms a
broader concentric zoning (such as zircon in mafic-ultramafic rocks);
under low-temperature condition, the slow diffusion of trace elements
generally forms a narrow magmatic annulus (such as zircon in type I
and S granites) (Rubatto and Gebauer, 2000). The zircon concentric
zone is very wide at high temperature, and the zircon cross-section
exposed in points 8 and 12 in Fig. 5 perhaps is the plane which is
parallel with a concentric zone. Therefore, these two grains do not show
concentric zoning. All zircons yield nearly a same age. We believe that
all the grains are magmatic zircons. The analytical results of the se-
lected zircon crystals are listed in Table 1. The concordia plots pro-
duced from these analyses are shown in Fig. 6. These zircons have U,
Th, and Pb concentrations of 716–2027 ppm, 636–3832 ppm and
99–357 ppm, respectively, and their Th/U ratios range from
~0.70–2.56. The Th/U ratio of magmatic zircon is generally greater
than 0.4; whereas the Th/U of metamorphic zircon is less than 0.1
(Rubatto and Gebauer, 2000; Moller et al., 2003). This is consistent
with our judgment that all the grains are magmatic zircons. All analyses
yield concordant U-Pb ages, within analytical error; thus, the websterite
yields a concordia age of 221.1 ± 2.3Ma (MSWD=0.2) (Fig. 6).

5.2. Lutetium-Hafnium (Lu-Hf) isotopes

The Lu-Hf isotopic compositions of the zircon crystals from the
websterite in the Kaimuqi intrusion are listed in Table 2. The calculated
εHf(t) values of these zircon crystals range from −0.74 to 3.51, with an
average value of 1.09. Additionally, the εHf(t) values of the zircon
crystals from the Xiarihamu websterite and plagioclase-bearing

websterite range from 0.9 to 4.7, with an average value of 2.5 (Li et al.,
2015). Thus, the εHf(t) values of the zircon crystals in the Kaimuqi
websterite are similar to those in the Xiarihamu websterite and plagi-
oclase-bearing websterite. The zircon single-stage Hf model ages
(T(DM1)) and the two-stage Hf model ages (T(DM2)) from the Kaimuqi
websterite are 731–896Ma and 1033–1316Ma, respectively (Table 2).

5.3. Strontium-Neodymium (Sr-Nd) isotopes

The Rb-Sr and Sm-Nd isotopic data are listed in Table 3. The initial
isotopic ratios of the Kaimuqi websterite were calculated using a zircon
U-Pb age of 221.1Ma. The (87Sr/86Sr)i ratios of the Kaimuqi websterite
range from 0.709047 to 0.709818, with an average value of 0.709433
(Fig. 7), and the (87Sr/86Sr)i values of the Xiarihamu orthopyroxenite
range from 0.706426 to 0.708995, with an average value of 0.708132.
The εNd(t) values of the Kaimuqi websterite range from −4.1 to −5.1,
with an average value of −4.6, and the εNd(t) values of the Xiarihamu
orthopyroxenite range from −3.2 to −4.0, with an average value of
−3.6 (Fig. 7).

5.4. Major element compositions of minerals

All of the major element compositions of olivine and clinopyroxene
are listed in Supplementaries 1 and 2, respectively.

The MgO, Fo, NiO, SiO2, CaO, and FeO contents of the
Kaimuqi olivine are 37.948–44.583%, 74.86–84.77, 0.06–0.102%,
37.759–39.738%, 0.022–0.133%, and 13.777–22.888%, respectively,
whereas those of the Xiarihamu olivine are 43.4–49.03%, 81.95–89.90,
0.07–0.61%, 38.41–41.02%, 0–0.09%, and 10.49–16.86%, respec-
tively. Compared with the Xiarihamu olivine, the Kaimuqi olivine
contains significantly lower contents of MgO, NiO, Fo, and SiO2 but
higher contents of CaO and FeO (Fig. 8). We also find the olivine
composition difference between the contemporary no mineralized
Binggounan mafic-ultramafic intrusions and the Giant Xiarihamu Cu-Ni
deposit. The MgO, Fo, SiO2, CaO, and FeO contents of the Binggounan
olivine are 41.12–44.69%, 79.14–83.59, 38.03–40.07%, 0.08–0.25%,
and 15.35–19.03%, respectively. Thus, the Binggounan olivine also
contains lower contents of MgO, Fo, and SiO2 but higher contents of
CaO and FeO than the Xiarihamu olivine (Fig. 8).

The MgO, FeO, CaO, and SiO2 contents of the Kaimuqi clinopyroxene
range from 14.654–15.978%, 3.202–6.356%, 21.261–23.968%, and
49.731–53.086%, respectively, whereas those of the Xiarihamu clinopyr-
oxene range from 14.79–17.60%, 3.69–5.93%, 12.306–23.820% and
48.78–52.32%, respectively. The average MgO, FeO, CaO, and SiO2 contents
of the Kaimuqi clinopyroxene are 15.427%, 5.205%, 22.392%, and 51.723%,
respectively, whereas these of the Xiarihamu clinopyroxene are 16.34%,
4.08%, 19.54%, and 51.31%, respectively. Therefore, the Kaimuqi clinopyr-
oxene contains similar contents of MgO and SiO2 as the Xiarihamu clin-
opyroxene, but it contains higher FeO and CaO contents than the Xiarihamu
clinopyroxene (Fig. 8).

6. Discussion

All of the mineralized mafic-ultramafic intrusions in the EKOB are
Late Silurian-Early Devonian in age (Table 4). None of the Middle-Late
Triassic and only some of the Late Silurian-Early Devonian mafic-ul-
tramafic intrusions have been mineralized. The U-Pb age of the Kaimuqi
websterite is 221.1 ± 2.3Ma (n=14, MSWD=0.2; Fig. 6). Thus, the
Kaimuqi mafic-ultramafic intrusion may not have had the potential to
form a Cu-Ni ore deposit.

The two periods mantle-derived magmatic activity occurred in the
post-collisional geological setting in the EKOB was probably related to
the upwelling of the asthenosphere caused by the slab break-off (Luo
et al., 2002; Mo et al., 2007; Chen et al., 2013; Zhang et al., 2014; Liu
et al., 2018). The εHf(t) values of the gabbro from the Xiarihamu II
intrusion range from 6.0–12.9, with an average value of 10.9 (Peng
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et al., 2016). These high εHf(t) values and all of the Sr-Nd isotopic
values of the orthopyroxenite plot near the EM-2 field (Fig. 7), which
indicates that the Xiarihamu intrusion is unlikely to have been derived
from the continental lithospheric mantle, which is characterized by εHf
(t) values of less than 0 (Griffin et al., 2000) and plots near the EM-1
field on the (87Sr/86Sr)i - εNd(t) diagram (Basu et al., 1991; Jiang et al.,
2005; Ye et al., 2013). Consequently, most of the researchers including
the experts who discovered the Xiarihamu Ni deposit conclude that the
Xiarihamu mafic-ultramafic intrusions were derived from the astheno-
spheric mantle (Li et al., 2012; Ao, 2014; Wang, 2014; Peng et al.,

2016). The 213Ma high Nb-Ta rhyolite (Ding et al., 2011), the 215Ma
adakite-like high-Mg diorite dike (Ding et al., 2014), and the 218Ma
late Triassic mafic dikes in the EKOB (Hu et al., 2016), was produced by
the asthenospheric upwelling. Therefore, the Kaimuqi 221Ma web-
sterite with higher Mg content than the above rocks perhaps also de-
rived from the asthenospheric mantle. The εHf(t) values of the web-
sterite from the Xiarihamu and Kaimuqi are much lower than that of the
typical gabbro derived from the asthenospheric mantle and the εNd(t)
values are lower than the MORB in the EKOB (Fig. 7), are probably due
to crustal contamination.

Fig. 5. Cathodoluminescence images of selected zircons from the Kaimuqi websterite.

Table 1
LA-ICP-MS U-Pb age data of zircons from websterite.

No. Pb(total) Th U Th/U Pb (common) 207Pb/235U 208Pb/232Th 206Pb/238U 207Pb/235U 208Pb/232Th 206Pb/238U

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

1 357.15 2478.53 1095.56 2.26 4.09 0.2550 0.0128 0.0177 0.0008 0.0354 0.0005 230.62 10.38 354.21 16.62 224.32 3.25
2 150.24 888.19 1260.18 0.70 9.21 0.2983 0.0140 0.0188 0.0010 0.0350 0.0005 265.04 10.93 377.24 20.14 222.07 3.16
3 106.15 727.21 715.58 1.02 0.00 0.2690 0.0167 0.0191 0.0011 0.0350 0.0006 241.89 13.40 381.90 21.84 221.88 3.58
4 177.12 1271.20 924.09 1.38 11.25 0.2956 0.0180 0.0197 0.0012 0.0360 0.0006 262.97 14.09 393.91 23.04 227.80 3.44
5 173.58 1111.42 1451.52 0.77 0.00 0.2627 0.0134 0.0178 0.0010 0.0356 0.0004 236.88 10.76 357.24 19.45 225.45 2.79
6 201.41 1412.66 1307.77 1.08 14.18 0.2595 0.0134 0.0149 0.0007 0.0354 0.0005 234.27 10.83 299.32 14.61 223.96 2.81
7 515.25 3831.70 2026.86 1.89 1.83 0.2403 0.0128 0.0132 0.0006 0.0350 0.0005 218.69 10.44 265.73 11.40 222.04 2.88
8 168.36 1285.87 722.95 1.78 0.00 0.2160 0.0166 0.0103 0.0004 0.0344 0.0006 198.56 13.88 207.32 8.48 218.16 3.53
9 99.20 636.45 775.85 0.82 0.00 0.2173 0.0215 0.0097 0.0007 0.0345 0.0007 199.63 17.95 194.52 14.26 218.68 4.42
10 133.00 916.11 915.98 1.00 26.89 0.2252 0.0142 0.0084 0.0003 0.0358 0.0006 206.26 11.80 169.20 6.94 226.79 3.45
11 219.46 1560.63 1374.17 1.14 63.57 0.2120 0.0126 0.0086 0.0003 0.0339 0.0005 195.23 10.53 174.00 6.57 214.67 2.86
12 418.76 3332.70 1303.16 2.56 0.54 0.2107 0.0108 0.0086 0.0003 0.0337 0.0005 194.10 9.06 172.39 6.49 213.94 3.08
13 297.41 2261.37 1501.42 1.51 25.14 0.2157 0.0103 0.0088 0.0004 0.0337 0.0005 198.34 8.59 176.84 7.47 213.78 3.42
14 243.20 1797.07 1392.56 1.29 14.13 0.2183 0.0106 0.0088 0.0004 0.0348 0.0005 200.52 8.84 176.55 8.22 220.59 2.94
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We calculated the degree of contamination by the country rocks
using a two-endmember isotopic mixing model (Fig. 9). The sur-
rounding rock of Kaimuqi mafic-ultramafic intrusion is the Late Triassic
biotite monzogranite, and the surrounding rock of the Lata Triassic
biotite monzogranite is Proterozoic rocks (Fig. 3). The biotite monzo-
granite is formed later than the mafic-ultramafic intrusion (Fig. 3).
Thus, the Kaimuqi mafic-ultramafic intrusion should be contaminated
by the Proterozoic rock. The isotopic compositions of the Hf observed in
the studied zircons represent mixtures of different sources, the calcu-
lated model ages may represent an average age of the mixed source
(Arndt and Goldstein, 1987; Ortega-Obregon et al., 2014). In other
words, the two-stage Hf model ages (T(DM2)) provides age information
for crust contamination. The zircon two-stage Hf model ages (T(DM2))
from the Kaimuqi websterite are 7 1033–1316Ma (Table 2). This is
consistent with our view that the Kaimuqi mafic-ultramafic intrusion
was contaminated by the Proterozoic rocks. The country rocks of the

Xiarihamu intrusions are also the Proterozoic rocks. Therefore, we
chose the Proterozoic gneiss in the Xiarihamu mine area as one of the
endmembers; this rock has 5.35 ppm Hf, an εHf (t= 221Ma) value of
−16.8 and an εHf (t =411Ma) value of −12.8 (Gan, 2014), calculated
from an εHf (t= 915.2Ma) value of −2.1. We chose the depleted
mantle as the other endmember. The Hf content of the depleted mantle
(Fig. 9) is 2.05 ppm (Sun and McDonough, 1989), and the εHf
(t= 221Ma) and εHf (t= 411Ma) values of the depleted mantle are
18.2 and 17.1, respectively, as calculated from (Griffin et al., 2000).
Comparing the εHf(t) values of the depleted mantle with those of the
Proterozoic gneiss (a potential contaminant) from the Xiarihamu mine
area (Gan, 2014) reveals that the Kaimuqi websterite and the Xiar-
ihamu websterite could have experienced up to 26% and 27% con-
tamination, respectively (Fig. 9). Therefore, these samples appear to
have experienced similar degrees of crustal contamination. This is
consistent with their similar (87Sr/86Sr)i and εNd(t) composition.
However, the Xiarihamu websterite and orthopyroxenite contain sig-
nificant amounts of sulfides (Table 4), but nearly no sulfides were found
in the Kaimuqi websterite. These differences in sulfide abundance likely
resulted from factors other than the origin or the degree of crustal
contamination.

In Fig. 8, the following differences between the mineralized Xiar-
ihamu mafic-ultramafic intrusion and the non-mineralized Kaimuqi and
Binggounan intrusion can be observed: (1) the Kaimuqi and Bing-
gounan olivine contains significantly lower contents of MgO, Fo, and
SiO2 but higher contents of CaO and FeO than the Xiarihamu olivine,
and (2) the Kaimuqi clinopyroxene contains higher contents of FeO and
CaO than the Xiarihamu clinopyroxene (Fig. 8). The content of major
elements in the mineral can reflect the content of the corresponding
element in the melt coexisting with it. For example, the relationship
between the olivine CaO content and the coexisting melt CaO content,
in wt%, follows the following rule (Libourel, 1999):

CaO 0.0877 (e 1).Olivine
(0.106 CaO )melt=

That is, the more Ca-rich the melt, the more Ca-rich the olivine
(Libourel, 1999). Therefore, we infer that the Kaimuqi and Binggounan
intrusions formed from a magma with higher FeO and CaO contents and
lower MgO and SiO2 contents relative to the Xiarihamu intrusion.

Fig. 6. Zircon U-Pb isotope concordia plot for websterite in the Kaimuqi mafic-
ultramafic intrusion.

Table 2
Hf isotopic data of zircons from websterite.

No. 176Hf/177Hf 2σ 176Lu/177Hf 2σ 176Yb/177Hf 2σ Age εHf(t) fLu/Hf T(DM1) T(DM2)

(Ma) (Ma) (Ma)

1 0.282650 0.000028 0.000373 0.000001 0.019267 0.000252 224.3 0.57 −0.99 839 1219
2 0.282620 0.000031 0.000450 0.000003 0.022717 0.000376 222.1 −0.57 −0.99 883 1289
3 0.282685 0.000034 0.000490 0.000019 0.023829 0.000843 221.9 1.70 −0.99 794 1145
4 0.282677 0.000047 0.000647 0.000011 0.034556 0.000886 227.8 1.56 −0.98 807 1158
5 0.282614 0.000029 0.000611 0.000010 0.031671 0.000757 225.5 −0.74 −0.98 895 1302
6 0.282705 0.000040 0.000890 0.000007 0.042285 0.000175 224.0 2.40 −0.97 774 1102
7 0.282667 0.000039 0.000779 0.000001 0.040756 0.000176 222.0 1.03 −0.98 825 1187
8 0.282608 0.000037 0.000301 0.000003 0.015579 0.000313 218.2 −1.05 −0.99 896 1316
9 0.282634 0.000038 0.000155 0.000003 0.007792 0.000083 218.7 −0.12 −1.00 857 1258
10 0.282734 0.000044 0.000826 0.000006 0.042220 0.000506 226.8 3.51 −0.98 731 1033
11 0.282685 0.000045 0.000722 0.000013 0.036888 0.000933 214.7 1.54 −0.98 798 1150
12 0.282645 0.000037 0.000480 0.000004 0.024263 0.000109 213.9 0.13 −0.99 849 1238
13 0.282728 0.000043 0.000672 0.000005 0.033991 0.000328 213.8 3.06 −0.98 736 1052
14 0.282700 0.000042 0.000627 0.000004 0.031435 0.000077 220.6 2.21 −0.98 775 1111
Average 0.282668 0.000038 0.000573 0.000007 0.029089 0.000415 221.0 1.09 −0.98 818 1183

Note: εHf(t)= {[(176Hf/177Hf)S-(176Lu/177Hf)s× (eλt− 1)]/(176Hf/177Hf)CHUR(t)− 1}×10,000; (176Hf/177Hf)CHUR(t)= (176Hf/177Hf)CHUR(0) -(176Lu/177Hf)CHUR
× (eλt− 1); T(DM1)= (1/λ)× ln{1+ [(176Hf/177Hf)DM-(176Hf/177Hf)s]/[(176Lu/177Hf)DM -(176Lu/177Hf)s]}; T(DM2)=T(DM1)− [T(DM1)− t]× (fCC-fs)/(fcc-

fDM); fLu/Hf= (176Lu/177Hf)S/(176Lu/177Hf) CHUR-1; t is the crystallization age of the zircon, and T(DM1)and T(DM2) are single- and two-stage Hf model ages,
respectively; subscript S= analyzed zircon sample, CHUR= chondritic uniform reservoir; DM=depleted mantle; λ=1.867× 10−11 year−1 (Amelin, 2005), decay
constant of 176Lu; (176Hf/177Hf)DM=0.28325 (Griffin et al., 2000); (176Lu/177Hf)DM=0.0384 (Griffin et al., 2000); present-day (176Hf/177Hf)CHUR(0)= 0.282772
and (176Lu/177Hf)CHUR= 0.0332 (Blichert-Toft and Albarède, 1997). (176Lu/177Hf)S and (176Hf/177Hf)S are the measured values of samples, fCC, fS, and fDM are the
fLu/Hf values of the crustal source, sample, and depleted mantle, respectively. fCC=−0.548, (176Lu/177Hf= 0.0093 in average continental crust; Amelin et al., 1999),
and fDM=0.157 (176Lu/177Hf=0.0384; Griffin et al., 2000).

Y. Liu et al. Journal of Geochemical Exploration 198 (2019) 41–53

47



Table 3
Sr-Nd data for the Kaimuqi intrusion and the Xiarihamu Cu-Ni deposit.

Intrusion Rock type Age Rb (/10−6) Sr(/10−6) 87Rb/86Sr 87Sr/86Sr 2σ (87Sr/86Sr)i Data source

Kaimuqi Websterite 221.1Ma 59.8 92.7 1.866631 0.715685 0.000006 0.709818 This paper
Kaimuqi websterite 221.1Ma 17.6 247 0.206183 0.709696 0.000005 0.709047 This paper
Xiarihamu Orthopyroxenite 411Ma 6.5 48.1 0.392319 0.711274 0.000010 0.708974 Zhang et al., 2017
Xiarihamu Orthopyroxenite 411Ma 6.5 48 0.392320 0.711294 0.000008 0.708995 Zhang et al., 2017
Xiarihamu Orthopyroxenite 411Ma 6.1 24.0 0.734379 0.710730 0.000005 0.706426 Zhang et al., 2017
Intrusion Rock type Age Sm (/10−6) Nd(/10−6) 147Sm/144Nd 143Nd/144Nd 2σ εNd(t) Data source
Kaimuqi Websterite 221.1Ma 1.63 6.10 0.161465 0.512326 0.000005 −5.1 This paper
Kaimuqi Websterite 221.1Ma 1.42 6.20 0.138394 0.512345 0.000005 −4.1 This paper
Xiarihamu Orthopyroxenite 411Ma 1.36 4.12 0.199555 0.512466 0.000009 −3.5 Zhang et al., 2017
Xiarihamu Orthopyroxenite 411Ma 1.36 4.12 0.199554 0.512442 0.000007 −4.0 Zhang et al., 2017
Xiarihamu Orthopyroxenite 411Ma 0.50 1.67 0.180997 0.512433 0.000009 −3.2 Zhang et al., 2017

Xiarihamu Age data from Li et al., 2015.

Fig. 7. εNd(t)–(87Sr/86Sr)i values of the Xiarihamu
orthopyroxenite and Kaimuqi websterite.
The Xiarihamu Sr-Nd isotopic values are from Zhang
et al. (2017).
EM-1=Enriched Mantle-1, and EM-2=Enriched
Mantle-2. The Sr-Nd isotope areas of these two
mantle sources are from Hofmann (2007). MORB and
Oceanic-island basalt (OIB) area of the EKOB are
from Guo et al. (2007). MORB and Oceanic-island
basalt (OIB) area of the EKOB are from Guo et al.
(2007). The field of Typical strong peraaluminous
granite in the EKOB is from Ba et al. (2012). S-type
granitoids derived from upper crust of EKOB is from
B. Liu et al. (2017).

Fig. 8. Comparison of the olivine and clinopyroxene compositions from the Xiarihamu and Kaimuqi mafic-ultramafic intrusions
The Xiarihamu olivine data are from Ling (2014), Wang (2014), Li et al. (2015), the Binggounan olivine data are from Wang (2014), and the Xiarihamu clin-
opyroxene data are from Ling (2014) and Wang (2014).
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Magmatic sulfide deposits are formed by the segregation of sulfides
from mantle-derived mafic-ultramafic magmas (Naldrett, 2004). The
distribution coefficients between sulfides and silicates (DSul/Sil) range
from 4×105 to 2–3×106 for platinum group elements (PGEs)
(Mungall and Brenan, 2014). Li and Audétat (2015) suggested that the
DSul/Sil of Ni is 2300 to 18,000, and Cu is 800 to 4600; Patten et al.
(2013) suggested that DSul/Sil of Ni is 776, and Cu is 1334. Therefore,
Cu, Ni, and PGEs are highly compatible in sulfides. The occurrence of
sulfides in silicate melts requires sulfide saturation in the magma
system, and the sulfur content at sulfide saturation (SCSS) is greatly
influenced by the composition of the magma (Liu et al., 2007; Li and
Ripley, 2009). Li and Ripley (2009) presented an empirical equation
with which to calculate the SCSS based on available experimental re-
sults. The SCSS conforms to Eq. (1), where P is in kbar, T is in Kelvin, X
is the mole fraction, and Xi is the mole fraction of oxide i in the melt:

lnX 1.76 0.474 (10 /T) 0.021P 5.559XFeO 2.565XTiO
2.709 XCaO 3.192 XSiO 3.049 XH O

S
4

2

2 2

= + +
+ + (1)

Generally, the SCSS is positively correlated with the contents of
FeO, TiO2, and CaO and negatively correlated with SiO2 (Wendlandt,
1982; Mavrogenes and O'Neill, 1999; Liu et al., 2007; Li and Ripley,
2009). The Kaimuqi and Binggounan intrusions formed from a melt
with higher FeO and CaO contents and a lower SiO2 content. This melt
thus required a higher sulfur content to achieve sulfide saturation. This
characteristic most likely hindered mineralization in the Kaimuqi and
Binggounan mafic-ultramafic intrusions.

In Table 4, the following differences between the mineralized mafic-
ultramafic intrusions and the non-mineralized mafic-ultramafic intru-
sions can be observed: (1) the mineralized intrusions contain dunite,
lherzolite, harzburgite and orthopyroxenite; and (2) the range of m/f
values ((Mg+Ni)/(Fe2++Fe3++Mn)) is broader (m/fmax-m/
fmin > 2.5) and the m/f values are higher (m/fmax > 5.5) in the mi-
neralized intrusions than in the non-mineralized intrusions. We used
the rhyolite-MELTS program (http://melts.ofm-research.org/macosx.
html) developed by Gualda et al. (2012) and Ghiorso and Gualda
(2015) to estimate the relationship between the fractional crystal-
lization of different minerals and the SCSS. We assumed the following
composition of the parental magma: MgO=14.48, FeO=6.38,
Fe2O3= 0.84, SiO2= 50.20, Al2O3=13.77, CaO=9.6, K2O=0.28,
MnO=0.11, Na2O=2.14, Cr2O3=0.06, P2O5=0.03, NiO=0.05,
TiO2=0.59 and LOI=1.47. We used this liquid composition of the
parental magma, a fixed logfO2 of FMQ +0 and a fixed pressure of
1 kbar in the rhyolite-MELTS program to simulate fractional crystal-
lization between 1200 °C (the primary temperature) and 900 °C
(Fig. 10). Fig. 10 shows that the sole crystalline phase that formsTa
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Fig. 9. Quantitative simulation of the degree of contamination with Proterozoic
gneiss for the Kaimuqi websterite and the Xiarihamu websterite.
The Xiarihamu Hf isotopic data are from Li et al. (2015).
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between 1200 °C and 1145 °C is olivine and that clinopyroxene, spinel,
plagioclase, and orthopyroxene crystallize at 1140 °C, 1135 °C, 1120 °C,
and 1025 °C, respectively. The crystallization process leads to a drop in
the SCSS (Fig. 10). The mineralized mafic-ultramafic intrusions exhibit
both a broader range of m/f values and higher m/f values than the non-
mineralized intrusions, which means that the mineralized intrusions
experienced a long process of crystallization differentiation. This pro-
cess is probably responsible for the Cu-Ni mineralization in the Xiar-
ihamu and Shitoukengde intrusions.

Clinopyroxene (Ca (Mg, Fe2+, Fe3+, Ti, Al) [(Si,Al)2O6]) is a cal-
cium-rich mineral. On the contrary, almost no calcium is contained in
the orthopyroxene ((Mg, Fe2+)2[Si2O6]). Therefore, an intrusion con-
tains more clinopyroxene indicates that its magma contains more cal-
cium. The magma with higher calcium content will need a higher sulfur
content to achieve sulfide saturation (Liu et al., 2017). Thus, the pyr-
oxene in an intrusion is mainly clinopyroxene is a bad news for the Cu-
Ni mineralization. The Xiarihamu and Shitoukengde mafic-ultramafic
intrusions contain harzburgite, orthopyroxenite, and websterite, in-
dicating that the pyroxene in these intrusions is mainly orthopyroxene.
This is probably one of the reasons why the Xiarihamu and Shitou-
kengde intrusions contain Cu-Ni mineralization. Although websterite
occurred in the Kaimuqi intrusion, the clinopyroxene and orthopyr-
oxene content in the websterite is 75% and 20%, respectively (Fig. 4b),
and the peridotite lithofacies is wehrlite. Therefore, the orthopyroxene
is rare in the Kaimuqi mafic-ultramafic intrusions, and the pyroxene is
mainly the clinopyroxene. Thus, the Kaimuqi mafic-ultramafic intru-
sions may not have had the potential to form Cu-Ni ore deposits.

7. Conclusions

The U-Pb age of websterite in the Kaimuqi mafic-ultramafic intru-
sion is 221.1 ± 2.3Ma. None the Middle-Late Triassic mafic-ultramafic
intrusions in the EKOB have Cu-Ni mineralization. Compared to the
olivine in the Xiarihamu giant Cu-Ni deposit, the Kaimuqi olivine
contains significantly lower contents of MgO, NiO, Fo, and SiO2 but
higher contents of CaO and FeO. Furthermore, the Kaimuqi clinopyr-
oxene also contains higher FeO and CaO contents than the Xiarihamu
clinopyroxene. Therefore, we infer that the Kaimuqi intrusion formed
from a melt with higher FeO and CaO contents and a lower SiO2 content
than the Xiarihamu intrusion. This melt required more sulfur to achieve
sulfide saturation, which probably hindered mineralization in the
Kaimuqi mafic-ultramafic intrusion. Mafic-ultramafic intrusions that
contain more orthopyroxene than clinopyroxene are more likely to
form Cu-Ni mineralization, as an intrusion contains more clinopyroxene
indicate that its magma contains more calcium. The magma with higher
calcium content will need a higher sulfur content to achieve sulfide
saturation. Orthopyroxene is rare in the Kaimuqi mafic-ultramafic in-
trusion, and the pyroxene is mainly the clinopyroxene, which most
likely indicate that the Kaimuqi mafic-ultramafic intrusion may not
have had the potential to form Cu-Ni ore deposits.

The mafic-ultramafic intrusions in the EKOB that have Cu-Ni mi-
neralization potential share the following characteristics: (1) the Late
Silurian-Early Devonian mafic-ultramafic intrusions may be better
suited for Cu-Ni mineralization; (2) mineralized mafic-ultramafic
complexes have a broader range of m/f values (m/fmax-m/fmin > 2.5)
and higher m/f values (m/fmax > 5.5); (3) the pyroxene in the intru-
sion is mainly orthopyroxene; (4) the olivine in mineralized intrusions
features high MgO (> 45%), NiO, Fo (> 85% ), and SiO2 contents and
low CaO (< 0.05%) and FeO (< 15%) contents; and (5) the clin-
opyroxene in mineralized intrusions contains low contents of FeO and
CaO (< 20%). These features provide some enlightenment to the ex-
ploration of Cu-Ni deposits in mafic-ultramafic intrusions, especially for
the geological exploration bureaus or companies, which do not have the
budget for large numbers of geological dating, isotopes, major ele-
ments, and platinum group elements during the exploration evaluation
process in the current global mining recession situation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gexplo.2018.12.002.
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