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a b s t r a c t

Cihai and Cinan are Permian magnetite deposits related to mafic-ultramafic intrusions in the Beishan
region, Xinjiang, NW China. The Cihai mafic intrusion is dominantly composed of dolerite, gabbro and
fine-grained massive magnetite ore, while gabbro, pyrrhotite + pyrite-bearing clinopyroxenite and
magnetite ore comprise the major units in Cinan. Clinopyroxene occurs in both deposits as 0.1–2 mm
in diameter subhedral to anhedral grains in dolerite, gabbro and clinopyroxenite. High FeO contents
(11.7–28.9 wt%), low SiO2 (43.6–54.3 wt%) and Al2O3 contents (0.15–6.08 wt%), and low total REE and
trace element contents of clinopyroxene in the Cinan clinopyroxenite imply crystallization early, at high
pressure. This clinopyroxene is FeO-rich and Si and Ti-poor, consistent with the clinopyroxene compo-
nent of large-scale Cu-Ni sulfide deposits in the Eastern Tianshan and Panxi ares, as well as Tarim mafic
intrusion and basalt, implying the Cinan mafic intrusion and sulfide is related to tectonic activity in the
Tarim LIP. The similar mineral chemistry of clinopyroxene, apatite and magnetite in the Cihai and Cinan
gabbros (e.g., depleted LREE, negative Zr, Hf, Nb and Ta anomalies in clinopyroxene, lack of Eu anomaly in
apatite and similarity of oxygen fugacity as indicated by V in magnetite), indicate similar parental mag-
matic characteristics. Mineral compositions suggest a crystallization sequence of clinopyroxenite/with a
small amount of sulfide – gabbro – magnetite ore in the Cinan deposit, and magnetite ore – gabbro –
dolerite in Cihai. The basaltic magma was emplaced at depth, with magnetite segregation (and formation
of the Cinan magnetite ores) occurring in relatively low fO2 conditions, after clinopyroxenite and gabbro
fractional crystallization. The evolved Fe-rich basaltic magma rapidly rose to intermediate or shallow
depths, forming an immiscible Fe-Ti oxide magma as fO2 increased and leaving a Fe-poor residual magma
in the chamber. The residual magmas was emplaced at different levels in the crust, forming the Cihai
gabbro and dolerite, respectively. Finally, the immiscible Fe-Ti oxide magma was emplaced into the ear-
lier formed dolerite because of late magma pulse uplift, resulting in a distinct boundary between the
magnetite ores and dolerite.

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

Magmatic Fe-Ti oxide deposits are mainly associated with two
types of rock: (i) large layered mafic-ultramafic intrusions where
ore-bearing rocks are either gabbro without ultramafic rocks, such
as at the Panzhihua, Baima and Taihe deposits in southwest China
(Zhou et al., 2005; Pang et al., 2008; Shellnutt et al., 2009) or a
combination of mafic and ultramafic rocks, such as at the Bushveld
layered complex in South Africa (Naldrett, 1999), Duluth intrusion
in the USA (Ripley, 1981), Jameson Range in the central Australia
(Karykowski et al., 2016), Xinjie and Hongge deposits in southwest
China (Zhong et al., 2002, 2006); and (ii) anorthosites, where the
rock assemblage is generally plagioclase-gabbro-norite-monzo
nite-charnockite (AMCG) (Kerr and Ryan, 2000), such as in the Tell-
nes Fe oxide deposit in Norway (Wilmart et al., 1989), Lac Tio Fe-Ti
deposits in Canada (Ashwal, 1993), Damiao V-Ti-Fe oxide deposit
in China, Windimurra deposit in Australia, and Rooiwater and Ush-
wana deposit in South Africa (Reynolds, 1980; Lee, 1996).

Many mechanisms have been proposed to explain the petroge-
nesis of mafic-related iron ore deposits including gravity segrega-
tion (Emmons, 1904; Charlier et al., 2006), fractional segregation
(Obsorne, 1959; Cawthorn and McCarthy, 1980), magma mixing,
assimilation or contamination (Harney et al., 1990), magma immis-
cibility (Duchesne, 1999; Charlier and Grove, 2012; Lester et al.,
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2013; Liu et al., 2014; Wang et al., 2008), and change of oxygen
fugacity conditions (Klemm et al., 1985; Karkkainen and
Appelqvist, 1999). In fact, large deposits might have been gener-
ated by some combination of these factors.

The Beishan area, at the southern margin of the Central Asian
Orogenic Belt (CAOB), is located in the northeastern part of the
Tarim Block and adjacent to the Middle Tianshan Massif (Fig. 1a).
During the prolonged orogenic events associated with the collision
between the Junggar and Tarim blocks in the Paleozoic, a suite of
mafic-ultramafic rocks (267–285 Ma; Su et al., 2011; Xue et al.,
2016) that typically host magmatic Cu-Ni and Pt ore deposits, were
emplaced along the ENE axis in the Beishan area (Jiang et al., 2006;
Su et al., 2011, 2015; Xia et al., 2013; Xue et al., 2016) (Fig. 1b). In
recent years, several Fe deposits have also been discovered includ-
ing the Cihai and Cinan deposits, both located in the Cihai mining
district, Beishan. Zircon U-Pb dating of Fe deposits has yielded ages
of 264–295 Ma (Xue et al., 2000; Qi et al., 2012; Huang et al., 2013;
Meng et al., 2014; Chen et al., 2015) and, in fact, many studies have
documented mineralization coeval with dolerite and gabbro (the
major intrusions) in the Cihai and Cinan deposits (Tang et al.,
2012; Hou et al., 2013; Meng et al., 2014). In the northwest area
of the Tarim Block, there are many Permian (269–282 Ma, Cao
et al., 2014) Fe oxide deposits associated with mafic intrusions,
including the Wajlitage and Piqiang V-Ti magnetite deposits. How-
ever, the genetic relationship between these Permian deposits and
intrusions in Tarim basin and the coeval Cihai and Cinan Fe depos-
its and related mafic intrusion has not yet clear.

The mineralization mechanisms that have been proposed for
the Cihai deposit include magmatic, magmatic and hydrothermal
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Fig. 1. (a) Tectonic units and location of Beishan region in Xinjiang, NW China, modified
(2009). (b) Distribution of the Cihai mining camp in the Beishan region and coveal magat
the adjacent area, modified after Qin et al. (2003).
metasomatism, and skarn genesis (Tang et al., 2010; Qi et al.,
2012; Huang et al., 2013; Meng et al., 2014). The formation age
of the Cihai and Cinan mafic–ultramafic rocks are similar, and they
both contain Fe ores. However, as the Cinan deposit also contains
Cu-Ni sulfide, it is unclear as to whether all of the oxide and sulfide
originated from the same metallogenic system. The genetic rela-
tionships between the sulfide and oxide deposits, and between
the deposits and mafic intrusions, remain essentially unknown.

Primary and accessory minerals (e.g., clinopyroxene, magnetite
and apatite) can be used to understand the tectonic setting, miner-
alization mechanism(s), and physical and geochemical conditions
of host rock formation (Nimis and Ulmer, 1998; Belousova et al.,
2002; Downes et al., 2003; Yogodzinski and Kelemen, 2007;
Driouch et al., 2010; Bonnetti et al., 2015). CaO contents of clinopy-
roxene have related to temperature, while several oxides have been
used for pressure calculation (Brey and Kohler, 1990; Nimis and
Ulmer, 1998), and SiO2 and Al2O3 contents in clinopyroxene can
indicate the magma characteristics (Kushiro, 1960). Magnetite
may be a significant host for Fe, Mn, Al, Ti, V, Nb and Ta, and the con-
centrations of all lithophile elements (Cr, Ti, V, Al, Mn, Sc, Nb, Ga, Ge,
Ta, Hf, W and Zr) are highest in the early-forming Fe oxide (Melluso
et al., 2008; Dare et al., 2012). Magnetite is also an useful indicator
of redox conditions (Knipping et al., 2015; Bonnetti et al., 2015).

In this study, we present new major oxide and trace element
data from clinopyroxene, magnetite and apatite obtained from a
variety of Cihai and Cinan samples in order to elucidate the struc-
tural setting and genesis of mafic-ultramafic rocks and ores and to
unravel the mineralization processes and paragenetic relationships
at the two deposits.
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2. Geological background

The CAOB represents the world’s largest Late Paleozoic orogenic
belt and is located between the Siberian Craton in the north and
the Tarim Craton and North China Craton in the south (Fig. 1a)
(Xiao et al., 2004, 2013; Windley et al., 2007; Wong et al., 2010;
Rojas-Agramonte et al., 2011). The Beishan area is at the conjunc-
tion of the CAOB and the Sino-Korean and Tarim cratons. It is
located in the northeastern part of the Tarim Basin, adjacent to
the Middle Tianshan Massif in the north (Fig. 1b; Xu et al., 2009)
and is mainly composed of Precambrian crystalline basement and
overlying sedimentary rocks, including the Beishan, Gutongjing,
Yangjibulake, and Aierlanjigan groups. The Precambrian to Per-
mian strata in the Beishan region are separated by well-
developed fault-related uplifts and sags (Fig. 1b) (Su et al., 2011;
Xu et al., 2009). Late Paleozoic tectonic evolution in this region
was closely related to the subduction and subsequent closure of
the South Tianshan Ocean (e.g., Gao et al., 1998, 2006, 2009; Xiao
et al., 2003, 2004, 2009; Zhang et al., 2002). A rift developed in
the Carboniferous and Permian, accompanied by intermediate-
basic volcanic eruptions (Su et al., 2012). From west to east, the
Permian mafic-ultramafic intrusion related magmatic Cu-Ni sulfide
deposits that have been successively explored in the past two dec-
ades are: Luodong, Poshi, Poyi, Bijiashan, Hongshishan, and Xuan-
woling (Fig. 1b). Permian mafic-related Fe-Ti oxide deposits are
located in the Xiaochangshan and Cihai districts.
3. Geology of the Cihai and Cinan deposits

The Cihai ore district can be divided into three deposits: Cihai,
Cinan and Cixi (Fig. 2a). All three are associated with Permian
mafic-ultramafic intrusions and are located in the northern part
of the Beishan area, bounded by the ENE trending secondary fault
of the Hongliuhe Fault, near the northeast edge of the Tarim block
(Li et al., 2008a). The ENE-trending faults, secondary faults and
tight folds are the most well developed structures in the Beishan
area. The stratum in the Cihai district mainly comprises Protero-
zoic Pingtoushan group and lower Permian rocks, which lay uncon-
formably on the Pingtoushan group. Tertiary rocks occur
sporadically, while Quaternary rocks are widely distributed in
the Cihai ore district (Li et al., 2008a). Magmatic activity is mainly
focused in the Variscan, with volcanic rocks including rhyolite,
andesite and basalt, and intrusive dolerite, gabbro, olivine gabbro
and clinopyroxenite (NGPBMMI, 1999). The Cihai deposit is oper-
ated as an open-pit mine (Fig. 2b), while the Cinan deposits are
being mined underground. The Cixi deposit is strongly altered
(and currently closed) so this study focuses on the Cihai and Cinan
deposits where samples are fresher and more readily available.
3.1. Cinan intrusive rocks and orebody

The clinopyroxenite in the Cinan deposit contains 75–85 vol%
clinopyroxene, with 10–15 vol% magnetite, and 1–5 vol% horn-
blende, calcite, ilvaite and apatite. The clinopyroxene grains are
anhedral to subhedral and commonly range from 200 lm to
800 lm (larger than clinopyroxene at Cihai) (Fig. 3a, c and e). The
gabbro contains 30–40 vol% clinopyroxene, 35–40 vol% plagioclase,
15–20 vol% magnetite and 5–10 vol% hornblende, plus minor
apatite.

The Cinan clinopyroxenite and gabbro both contain magnetite
mineralization and Cu-Ni sulfide (Fig. 3b, d, f and h), but magnetite
mineralization is weaker than at Cihai, and Cu-Ni sulfide does not
reach economic grades. While most of the magnetite ore is dissem-
inated and net-textured (Fig. 4a and d), there are also enclaves of
massive magnetite ore (Fig. 4b and c). Cu-Ni sulfides are mainly
disseminated (Fig. 3b, d and f). The gabbro contains sparse dissem-
inated pyrrhotite, pentlandite and chalcopyrite, and veinlet pyrite.
Oxide and sulfide occur in some ore samples. The mineralized gab-
bro contains needles of ilmenite, while almost no ilmenite is found
in clinopyroxenite (Fig. 4).

Dating of zircon from the Cinan gabbro yielded a SIMS age of
273.0 ± 1.9 Ma (Chen et al., 2015), while apatite from clinopyrox-
enite had a U-Pb age of 273.1 ± 2.3 Ma (Table 1, Chen et al.,
2015). The formation ages of both the Cinan gabbro and clinopy-
roxenite are early Permian. Furthermore, the Cinan and Cihai intru-
sions are coeval with most sulfide-bearing mafic-ultramafic
intrusions (and some basalt) in the Beishan region and adjacent
area (Yang et al., 2006; Zhou et al., 2006; Pan et al., 2008; Zhang
et al., 2010a,b; Su et al., 2011).
3.2. Cihai intrusive rocks and orebody

The Cihai complex consists of dolerite and gabbro with vein and
ellipse-shaped magnetitite intruding the mafic rock nearly verti-
cally. The iron orebody is contained within the dolerite and there
are sharp and clear intrusive contacts between orebody and coun-
try rock (Fig. 2c and d). The surface exposure of the Cihai gabbro is
diamond-shaped, �7 km in length and 1.5–3 km in width, with a
total outcrop area of 10.5–21 km2 (Fig. 2a). The dolerite and gabbro
were emplaced within Permian andesite, volcanic conglomerate
and basalt, Neoproterozoic marble and quaternary sedimentary
rocks. The intrusion has been dated by zircon U-Pb SIMS and pyrite
re-Os methods, with the dolerite and gabbro unit yielding crystal-
lization ages of 275 ± 2.2 Ma and 281.9 ± 3.2 Ma (Chen et al., 2015),
respectively, while sulfide formation occurred at 262.3 ± 5.6 Ma
(Huang et al., 2013).

The Cihai dolerite is altered, but the most weakly altered rocks
contain euhedral, 200– 600 lm plagioclase crystals and interstitial,
anhedral clinopyroxene grains (less than 200 lm) (Fig. 5a). The
dolerite is composed of 50–65 vol% plagioclase, 15–25 vol%
clinopyroxene, 1–5 vol% hornblende and apatite, with minor ilme-
nite and titanite (<vol 1%). The gabbro contains interlocking and
randomly orientated tabular plagioclase and anhedral clinopyrox-
ene (Fig. 5b), with minor hornblende and ilmenite. The gabbro con-
tains 40–55 vol% plagioclase, 35 vol% clinopyroxene, 5–10 vol%
hornblende and apatite, with minor ilmenite (�5 vol%). The bound-
ary between dolerite and gabbro is gradual.

The Fe ore reserve of the Cihai deposit is estimated to be more
than 100 million tons, with an average tenor of 45 wt% Fe. There
are many magnetite orebodies that cannot be clearly distinguished
from one another but present exposure suggests the ore extends
50–500 m in length, with a width of 50–270 m and thickness of
2–52 m. In profile, orebodies occur as layers, veins and elongated
lenses. Most of the magnetite ores are massive. The silicate miner-
als in the ore are fine-grained clinopyroxene, euhedral (10–20 lm)
and equigranular (Fig. 5c, d, e and f), with minor (<vol 1%) horn-
blende, apatite, calcite, ilvaite and garnet. The major ore minerals
in the Cihai deposit include magnetite and chalcopyrite (Fig. 5g
and h), with minor ilmenite, pyrrhotite, pentlandite and pyrite
(Fig. 6). Dolerite country rock is associated with all magnetite
orebodies.
4. Samples and analytical methods

More than 80 samples were collected representing the different
rock types from various depths in the open-pit. Altered portions of
rocks and ores have been avoided during sampling. 46 samples (27
from Cihai and 19 from Cinan-) were submitted to Tianjin Geolog-
ical Research Center Analytical Laboratories for mineral EPMA and
LA-ICP-MS analysis after observation, description and photography.



Fig. 2. (a) Simplified geologic map of Cihai region, (modified after Hou et al., 2013; and Huang et al., 2013). (b) Open pit of the Cihai Fe oxide deposit. (c and d) The contact
between magnetite orebody and dolerite.

82 D. Tang et al. / Ore Geology Reviews 86 (2017) 79–99
Mineral compositions were determined by wavelength disper-
sive spectrometry using an EPMA-1600 electron probe at Tianjin
Geological Research Center, operating at an accelerating voltage
of 15 kV with a 12 nA beam current, 5 lm beam, and peaking
counting time of 20 s and background time of 10 s for major ele-
ments. The precision for all analyzed elements was <2.0%. Natural
minerals and synthetic oxides were used as standards (the results
of standards are displayed in Table 2), and a program based on the
ZAF procedure was used for data reduction. Fe2+–Fe3+ redistribu-
tion from electron microprobe analyses was carried out using the
general equation of Droop (1987) for estimating Fe3+. A correction
was applied to magnetite and ilmenite analysis to account for the



Fig. 3. Microphotographs showing the textures of major rock and magnetite ore types in the Cinan intrusion. Cpx = clinopyroxene, Pl = plagioclase, Mt = magnetite,
Chp = chalcopyrite, Py = pyrite.
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interference of the V Ka and Ti Kb X-ray peaks. Representative
results for each of the analyzed phases are given in Tables 3 and
4 and Appendices 1–4.
Trace elements in clinopyroxene, magnetite and apatite were
determined by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) at the Tianjin Geological Research



Fig. 4. Back scattered electron image of sulfide and magnetite ores from the Cinan intrusion. Cpx = clinopyroxene, Pl = plagioclase, Mt = magnetite, Chp = chalcopyrite,
Py = pyrite, Sul = sulfide, Amp = amphibole.

Table 1
Age of the Cihai and Cinan mafic-ultramafic rocks and sulfide ore.

Deposit Rock Age Method References

Cihai Diabase 268 ± 7 Ma Whole-rock Rb-Sr isochron Xue et al. (2000)
263.8 ± 3.6 Ma Zircon SHRIMP U-Pb Qi et al. (2012)
291.9 Ma Zircon LA-ICP-MS U-Pb Chen et al. (2013)
128.5 ± 0.3 Ma Zircon LA-ICP-MS U-Pb Hou et al. (2013)
275.1 ± 2.2 Ma Zircon SIMS U-Pb Chen et al. (2015)

Diabase-gabbro 281.9 ± 3.2 Ma Zircon SIMS U-Pb Chen et al. (2015)
Gabbro 294.8 ± 1.3 Ma Zircon LA-ICP-MS U-Pb Meng et al. (2014)
Pyrite 262.3 ± 5.6 Ma re-Os model age Huang et al. (2013)

Cinan Clinopyroxenite 273.6 ± 2.3 Ma Apatite LA-ICP-MS U-Pb isochron Chen et al. (2015)
270.6 ± 2.1 Ma Apatite LA-ICP-MS U-Pb concord Chen et al. (2015)

Gabbro 276.1 ± 0.63 Ma Zircon LA-ICP-MS U-Pb Meng et al. (2014)
273.0 ± 1.9 Ma Zircon SIMS U-Pb Chen et al. (2015)

84 D. Tang et al. / Ore Geology Reviews 86 (2017) 79–99
Center using a GeoLas 2005 coupled to an Agilent 7500a. Detailed
operating conditions and data reduction methods are described in
Liu et al. (2008). Helium was used as the carrier gas, with argon as
the make-up gas, added to the carrier gas via a T-connector before
entering the ICP-MS. Nitrogen was added into the central gas flow
(Ar + He) of the Ar plasma to decrease detection limits and improve
precision (Hu et al., 2008). Each analysis incorporated a back-
ground acquisition of approximately 20–30 s (gas blank) followed
by 50 s of sample ablation. Elemental contents were calibrated
against multiple-reference materials (BCR-2G, BIR-1G and
BHVO-2G; preferred values from the GeoRem database) without
applying internal standardization (Liu et al., 2008). Off-line selec-
tion and integration of background and analyte signals, time-drift
correction and quantitative calibration were performed using
ICPMSDataCal (Liu et al., 2008, 2010).

5. Analytical results

5.1. Clinopyroxene

Clinopyroxene is present in almost all of the lithofacies and ores
of the Cihai and Cinan deposits. The major oxide and trace element
compositions of clinopyroxene in the Cihai and Cinan intrusions
are presented in Tables 3 and 4. Variations of major oxide contents
and calculated cations are shown in Figs. 7–9.

Based on major oxide compositions, the clinopyroxene from the
Cinan gabbro and clinopyroxenite varies from diopside to heden-
bergite (Wo = 44–56, En = 5–47 and Fs = 7–51), whereas clinopy-
roxene from the Cihai gabbro and dolerite are classified as
diopside (Wo = 32–52, En = 25–43 and Fs = 7–27) (Fig. 7a and b).
The clinopyroxene grains from the Cinan clinopyroxenite have
higher FeO and slightly lower SiO2, MgO, CaO and TiO2 contents
than those from the gabbro (Fig. 8a, b, d and e). The clinopyroxene
from the clinopyroxenite contains <0.4 wt% TiO2 (Fig. 8e), <0.25 wt
% total alkaline oxides and shows a decrease in total Fe oxide
(expressed as FeO) with increasing MgO content (Fig. 8b). The
clinopyroxene from the gabbro contains 0.42–1.2 wt% TiO2 and
higher total alkaline oxides (0.2–0.4 wt%). The clinopyroxene
grains in the Cinan magnetitite and sulfide ore are mainly diopside
(Fig. 7a), with major element compositions characterized by inter-
mediate MgO and SiO2 contents (between that of the Cinan
clinopyroxenite and gabbro).

With the exception of CaO contents, oxides in clinopyroxene
from the Cinan gabbro, massive magnetitite and sulfide ore all



Fig. 5. Microphotographs showing the textures of major rocks and magnetite ore types in the Cihai intrusion. Cpx = clinopyroxene, Pl = plagioclase, Mt = magnetite,
Chp = chalcopyrite, Py = pyrite.
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correlate well with each other. Clinopyroxene from the magnetite
ore contains 8.5–13.3 wt% MgO and 7.3–14.8 wt% FeO. CaO varies
from 23.6 to 25.2 wt%, while the Al2O3 contents range from 0.01
to 1.7 wt% (Fig. 8). These clinopyroxenes have a low Cr2O3 content
(<0.06 wt%). They also have relatively low TiO2 (<0.1 wt%), and
near-uniform Mg# (51–76, Mg# = Mg2+/(Mg2+ + Fe2+)) relative to



Fig. 6. Back scattered electron image of magnetite and sulfide ores from the Cihai deposit. Cpx = clinopyroxene, Pl = plagioclase, Mt = magnetite, Ilm = ilmentie, Py = pyrite.

Table 2
Oxide composition of standard.

Standard name SPI-ol SPI-bust SPI-di SPI-kaers SPI-grt JN-V SPI-TiO2 SPI-Cr2O3 SPI-Fe2O3

Number N = 4 N = 2 N = 2 N = 2 N = 1 N = 3 N = 3 N = 1 N = 3

SiO2 41.75 48.74 55.52 40.24 39.53 0.25 0.12 0.08 0.06
TiO2 0.01 0.01 0.00 4.94 0.08 0.03 98.91 0.00 0.00
Al2O3 0.00 0.00 0.03 12.69 22.54 0.09 0.05 0.03 0.02
Cr2O3 0.01 0.01 0.02 0.00 0.00 0.02 0.00 98.56 0.00
FeO 7.13 7.83 0.05 11.04 22.95 0.04 0.05 0.02 90.78
MnO 0.11 24.19 0.05 0.17 0.54 0.00 0.03 0.00 0.00
MgO 51.07 0.22 18.48 12.57 10.37 0.01 0.00 0.00 0.00
CaO 0.01 19.1 25.87 11.17 4.09 0.01 0.00 0.01 0.00
Na2O 0.00 0.03 0.01 2.52 0.00 0.01 0.00 0.00 0.00
K2O 0.00 0.00 0.00 1.00 0.00 0.01 0.00 0.01 0.01
NiO 0.38 0.00 0.00 0.02 0.00 0.02 0.01 0.02 0.01
V2O3 0.00 0.00 0.00 0.00 0.00 151.80 0.00 0.00 0.01
Total 100.46 100.15 100.03 96.33 100.1 152.28 99.16 98.72 90.91
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those of the clinopyroxenite and gabbro. Clinopyroxenes in sulfide
ore have a higher Al2O3 content (3.1–5.1 wt%) than those from the
magnetite ore, clinopyroxenite and gabbro. The TiO2 content of
clinopyroxene decreases from Cinan gabbro, to sulfide ore and
clinopyroxenite to magnetite ore.

The clinopyroxene from the Cihai dolerite, gabbro and mag-
netite ore have similar MgO (8.5–15.4 wt%), FeO (4.8–15.6 wt%),
CaO (14.2–25.5 wt%), Al2O3 (0.05–3.9 wt%) and Cr2O3 contents
(<0.6 wt%) (Fig. 9). However, compared to those from Cinan, the
Cihai clinopyroxenes have lower Al2O3, TiO2 and FeO contents
and higher MgO and SiO2 contents.

Fig. 7 provides a comparison of the clinopyroxene compositions
for samples studied herein, and those previously studied in sam-
ples from the Beishan and Eastern Tianshan magmatic Cu-Ni sul-
fide deposits, Panxi and Xiangshanxi magnetite deposits and
Tarim mafic-ultramafic intrusions and basalts. The clinopyroxene
from the Beishan and Eastern Tianshan Cu-Ni deposits and the
Panxi magnetite deposit all have variable but high En and Fs values
(Fig. 7 a and b; Sun, 2009; Lin et al., 2011; Mao, 2014; Guo et al.,
2012; Liu et al., 2012), distinct from those of the Cihai and Cinan
intrusive rocks and ores. The major element geochemical features
of the clinopyroxene from the Cihai dolerite, Cihai gabbro and
Cinan gabbro are similar to those of the Xiangshanxi magnetite
deposit and Tarim mafic-ultramafic intrusions (Jiang et al., 2004;
Yang et al., 2007; Li et al., 2008b; Xiao, 2010), whereas clinopyrox-
ene from the Cinan clinopyroxenite and the Cihai and Cinan sulfide
and magnetite ores display variable and higher Fs, and lower En
values than those in the dolerite and gabbro.

Clinopyroxene chondrite-normalized rare-earth element (REE)
and primitive mantle-normalized trace element patterns for Cihai
and Cinan mafic-ultramafic rock and ore samples are shown in
Fig. 10. The primitive mantle-normalized trace element and
chondrite-normalized REE patterns for clinopyroxene from the
Cinan gabbro are similar to those of clinopyroxene from the Cihai
gabbro and dolerite and display enrichments in large ion lithophile
elements (LILE), negative high field strength element (HFSE)
anomalies (Zr, Nb and Ta) and heavy rare earth element (HREE)
enrichment, but no or weak negative Eu anomalies (Fig. 10).



Table 3
Average oxide compositions of clinopyroxene in the Cihai and Cinan deposits.

Deposit Cihai Cinan

Rock Dolerite Gabbro Fine-grained cpx-bearing
massive magnetitite

Sulfide-bearing
massive magnetitite

Medium-grained cpx-bearing
massive magnetitite

Sparse
disseminated
gabbro

Gabbro Clinopyroxenite

Number 46 26 82 17 31 10 19 105

SiO2 52.81 53.34 52.06 51.87 51.84 49.64 52.36 48.68
TiO2 0.07 0.07 0.02 0.04 0.03 0.59 0.75 0.14
Al2O3 0.41 0.50 0.86 0.88 0.64 3.99 2.35 1.96
Cr2O3 0.03 0.05 0.01 0.01 0.01 0.02 0.36 0.02
FeO 11.51 12.71 10.86 12.57 12.70 9.98 5.54 10.82
MnO 0.26 0.23 0.29 0.26 0.35 0.32 0.19 0.45
MgO 11.33 11.97 11.17 10.21 10.17 10.62 15.47 14.85
CaO 22.93 20.31 24.45 24.02 24.20 24.47 21.90 22.51
Na2O 0.28 0.28 0.05 0.11 0.03 0.04 0.27 0.09
K2O 0.01 0.04 0.01 0.00 0.00 0.00 0.01 0.00
Total 99.65 99.50 99.78 99.99 99.96 99.67 99.20 99.51

Based on 6 Oxygen

Si4+ 2.00 2.02 1.98 1.98 1.98 1.89 1.94 1.86
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00
AlIV 0.00 -0.02 0.02 0.02 0.02 0.11 0.06 0.14
AlVI 0.02 0.04 0.02 0.02 0.01 0.06 0.04 -0.05
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Fe2+ 0.37 0.40 0.35 0.40 0.41 0.32 0.17 0.35
Mn2+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg2+ 0.64 0.68 0.63 0.58 0.58 0.60 0.85 0.85
Ca2+ 0.93 0.82 1.00 0.98 0.99 1.00 0.87 0.92
Na+ 0.02 0.02 0.00 0.01 0.00 0.00 0.02 0.01
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 63.7 62.7 64.7 59.1 58.8 65.5 83.3 71.0
Wo 48 43 50 50 50 52 46 44
En 33 36 32 30 29 31 45 40
Fs 19 21 17 20 21 17 9 16
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Clinopyroxene from the magnetite and sulfide ores have higher
total trace element contents and weak negative Nb, Ta and Zr
anomalies compared to gabbro (Fig. 10a), enrichment in LREE rela-
tive to HREE on chondrite-normalized plots and flat HREE patterns,
with a positive or no Eu anomaly (Fig. 10b). In summary, the trace
element and REEs characteristics of the clinopyroxene from the
Cinan clinopyroxenite are different from those of other mafic intru-
sions (the Cihai and Cinan gabbro and dolerite) but similar to sul-
fide and magnetite ores in Cihai and Cinan. The total trace element
content of Cinan clinopyroxenite clinopyroxene is lower than that
in other mafic intrusive rocks and ores.

The clinopyroxene from the Cihai dolerite and gabbro has sim-
ilar chondrite-normalized and primitive mantle-normalized pat-
terns with each other, in contrast to clinopyroxene from the
Cihai magnetite and sulfide ores (Fig. 10c and d). All of the clinopy-
roxene grains are enriched in LILE, and have negative HSFE anoma-
lies (Zr, Nb and Ta). The chondrite-normalized REE patterns show
enrichments in the LREE relative to HREE with positive Eu anoma-
lies in the magnetite and sulfide ore samples (Fig. 10). Most of the
dolerite and gabbro samples are depleted in LREE and slightly
enriched in HREE, showing negative or no Eu anomalies. The mag-
netite and sulfide ores have lower total REE contents than those of
dolerite and gabbro intrusive rocks (Fig. 10).

5.2. Magnetite

Major oxide compositions and trace element contents for mag-
netite from the Cinan and Cihai intrusions and ores are given in
Appendices 1 and 2. In situ major oxide and trace element analysis
was conducted on both the Cinan and Cihai massive magnetite ore
and Cinan clinopyroxenite, targeting material that displayed no
compositional zoning on back scattered electron (BSE) images
(Figs. 4 and 6). The magnetite from the Cinan and Cihai magnetite
ores show high Cr, Ni, V, Co, Ti, Mn, Ge and Sc (which substitute
into magnetite) (Fig. 11g), and low Zr, Hf, Ta and Nb concentrations
(incompatible in magnetite).

The calculated FeO and Fe2O3 contents of magnetite range from
29.5 wt% to 34.3 wt% and 52.3 wt% to 68.3 wt%, respectively, but
magnetite from the Cinan clinopyroxenite shows various and
higher FeO, Fe2+/Fe total ratios, and lower FeO total and Fe3+/Fe2+

ratios relative to magnetite from the iron ores (Fig. 11b). The
MnO contents of magnetite from the clinopyroxenite are relatively
high and restricted in range (0.1 wt% to 0.9 wt%), whereas Al2O3

varies from 0.6 wt% to 6.8 wt% (Fig. 11a). The magnetite ores from
the Cihai and Cinan deposits show similar TiO2, MnO and Al2O3

contents (0.01–0.8 wt%, 0.01–0.5 wt% and 0.01–4 wt%, respec-
tively). The Cr, V, Ti, Ge and Ni contents in magnetite decrease from
Cinan clinopyroxenite and Cinan magnetite ore to Cihai magnetite
ores (Fig. 11g).

The geochemical analyses of magnetite from the iron oxide
deposit related to the Emeishan mafic-ultramafic layered intrusion
are also plotted in Fig. 11. These magnetite have concentration
ranges and correlative trends that are similar to magnetite from
the Cinan clinopyroxenite, but higher V, Ti and Cr contents than
the magnetite in the Cihai and Cinan iron ore.
5.3. Apatite

Apatite is much more abundant in the dolerite, gabbro and
clinopyroxenite samples. It is regarded as a magmatic phase rather
than a hydrothermal mineral as it occurs as euhedral to subhedral
prisms (100–200 lm) in all rocks. The compositional variability of
the apatite is shown in Appendices 3 and 4.

The CaO and P2O5 contents of apatite are negatively correlated.
The SiO2 contents range from 0.17 wt% to 4.5 wt%, the FeO contents
are generally <1 wt%. The apatite from the Cinan gabbro and
clinopyroxenite has low F and high Cl contents, whereas apatite



Table 4
Average trace element contents of clinopyroxene in the Cihai and Cinan deposits.

Deposit Cihai Cinan

Rock Dolerite Gabbro Fine-grained cpx-bearing
assive magnetitite

Sulfide-bearing massive
magnetitite

Sparse
disseminated
gabbro

Medium-grained cpx-bearing
massive magnetitite

Clinopyroxenite

Number 28 17 25 6 13 38 73

Sc 861.0 809.6 406.7 481.0 960.7 739.6 843.5
Ti 1546.6 2482.2 0.03 222.1 7036.3 2.9 748.7
V 743.1 893.7 176.1 11.5 843.3 18.3 390.1
Cr 274.6 458.0 3.3 32.6 3403.5 3.2 32.8
Co 73.8 79.4 53.7 81.4 73.7 31.6 41.0
Ni 95.7 132.6 38.4 107.6 156.8 77.2 167.0
Cu 1.6 2.4 42.2 0.4 1.2 60.0 5.9
Zn 92.7 78.4 1.0 81.9 65.5 3.8 141.5
Ga 13.3 17.0 149.5 5.5 8.8 365.4 23.0
Ge 8.8 8.0 5.0 1.8 5.8 4.8 21.1
Rb 3.2 2.3 2.0 0.2 2.2 2.5 6.0
Sr 58.5 44.3 1.1 22.1 34.5 2.6 23.1
Y 115.5 93.2 25.2 2.7 53.4 26.1 9.1
Zr 8.6 35.1 2.2 4.0 14.5 32.1 6.4
Nb 0.1 0.5 4.9 0.7 0.1 2.8 1.3
Mo 0.2 0.2 2.5 0.1 0.1 0.1 0.3
Ag 0.4 2.5 0.2 0.1 0.8 0.3 2.7
Cd 0.2 0.1 0.3 0.1 0.5 0.1 0.4
Sn 3.8 3.2 0.1 7.8 2.6 0.3 7.1
Sb 0.6 0.7 7.8 0.4 0.2 3.6 2.1
Cs 0.2 0.3 0.2 0.2 0.1 0.3 4.3
Ba 5.6 5.5 0.2 13.2 4.4 0.3 11.8
La 5.1 2.2 6.8 4.5 1.5 0.4 8.1
Ce 22.6 10.4 19.4 11.3 7.0 12.3 19.9
Pr 4.7 2.6 38.7 1.3 1.6 32.1 5.0
Nd 29.2 18.2 3.9 4.6 11.2 5.2 7.9
Sm 12.0 8.5 12.6 0.7 5.3 22.9 3.6
Eu 2.7 1.7 1.4 0.4 1.5 5.6 1.0
Gd 16.3 12.0 1.0 0.6 8.0 1.2 2.4
Tb 3.1 2.3 0.8 0.1 1.5 5.6 0.5
Dy 20.9 16.3 0.1 0.5 9.8 1.0 1.6
Ho 4.4 3.5 0.5 0.1 2.1 5.8 0.4
Er 12.4 10.4 0.1 0.3 5.7 1.2 1.1
Tm 1.8 1.6 0.2 0.04 0.8 3.1 0.2
Yb 13.2 12.4 0.03 0.3 5.0 0.5 0.9
Lu 2.2 2.2 0.2 0.07 0.7 2.8 0.2
Hf 5.7 6.7 0.04 0.3 3.1 0.4 0.8
Ta 0.01 0.04 0.4 0.04 0.0 1.2 0.2
Pb 1.4 1.3 0.1 1.4 2.0 0.1 0.6
Th 0.4 1.3 0.7 0.2 0.3 0.2 0.1
U 0.1 0.5 3.0 0.3 0.1 0.3 0.3
RREE 266.1 197.4 110.7 27.5 115.0 125.8 61.9
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from the Cihai dolerite and gabbro has relative high F and low Cl
contents (Fig. 12a and b).

Apatites from the Cinan gabbro have low LREE concentrations
(mostly <9200 ppm) and total REE concentrations (2932 ppm to
9566 ppm), while those from the Cinan clinopyroxenite are gener-
ally higher in LREE (7400 ppm to 15,042 ppm) and total REE con-
centrations (7721 ppm to 15,436 ppm). The apatites in the Cihai
dolerite and gabbro have similar total REE concentrations, between
1000 and 10,000 times chondrite values (Appendix 4, Fig. 12g and
h). The REE chondrite-normalized patterns of the Cihai dolerite,
gabbro and Cinan gabbro apatites show low LREE/HREE ratios
and no Eu anomaly (Fig. 12g and h), while the Cinan clinopyroxen-
ite apatites show a pronounced positive Eu anomaly and high
LREE/HREE ratios (Fig. 12f).

6. Discussion

6.1. Structural setting and parental magma characteristics

Differences between parental magma types can be reflected in
the Ti, Na, Si and Al composition of pyroxene (Nisbet and Pearce,
1977; Leterrier et al., 1982). In the TiO2, Na2O and MnO triangular
diagram (Fig. 7c), diopside from the Cinan clinopyroxenite shows
high TiO2 and Na2O contents, while clinopyroxene from the Cinan
gabbro samples show TiO2, Na2O and MnO contents consistent
with the clinopyroxene from Tarim mafic-ultramafic intrusive rock
and basalts, as well as with clinopyroxene from the Panxi Fe-Ti
oxide ore-related gabbro. Some clinopyroxene from Cinan
sulfide-bearing samples have the same high TiO2 content as
clinopyroxene from the Panxi magnetite ore. The Panxi mafic
intrusion and Fe-Ti oxide formed from highly evolved Fe-Ti-V rich
ferrobasaltic magmas related to the Emeishan large igneous pro-
vince (LIP) (Zhou et al., 2005; Pang et al., 2008; Wang et al.,
2008). The Tarim basalts are considered to represent a LIP resulting
from mantle plume activity as demonstrated by geochronologic,
geophysical, tectonic and geochemical studies (Zhang et al., 2009,
2010a,b; Tian et al., 2010; Xia et al., 2012; Zhang et al., 2012;
Yang et al., 2012). The equivalent-formational ages, location, and
clinopyroxene major oxide characteristics implies that the Cinan
mafic intrusion, iron ore and sulfide are related to tectonic activity
in the Tarim LIP (Fig. 7a and c).

Clinopyroxene composition depends on primitive magma char-
acteristics and the crystallization environment. In the spinel facies
of anhydrous mantle peridotites, the most incompatible trace
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elements are preferentially partitioned into clinopyroxene (Hart
and Dunn, 1993; Hauri et al., 1994; Witt-Eckschen and O’Neill,
2005; Claeson et al., 2007). Trace element abundance in clinopy-
roxene reflects the trace element content of the parental magma
when the mineral grains segregated. As the incompatible element
content in the residual magma increases during magma evolution
and fractional crystallization, incompatible element contents in
sequentially crystallized clinopyroxene increase due to the rela-
tively stable partition coefficient between clinopyroxene and the
trapped melt (Hart and Dunn, 1993; Hauri et al., 1994). The
clinopyroxene chondrite-normalized REE and primitive mantle-
normalized trace element patterns of the Cinan clinopyroxenite,
sulfide-bearing samples and magnetite ores (Fig. 10a and b) all
demonstrate similar LREE enrichment, depletion of Nb, Ta and Zr
and positive Eu anomalies, suggesting that these clinopyroxenes
were all derived from magma with the same trace element charac-
teristics. However, total trace elements and REE contents increase
from clinopyroxenite, through sulfide-bearing rocks to magnetite
ores, implying that the crystallization order of different rocks and
ores was clinopyroxenite, followed by sulfide-bearing rocks and
finally, magnetitite. In contrast, the clinopyroxene from the
clinopyroxenite has major oxides signatures (especially MgO) that
do not suggest the above crystallization order. The earliest crystal-
lized clinopyroxenite has clinopyroxene with the lowest MgO con-
tents and Mg# value, but higher FeO contents. Compared to the
gabbro, sulfide-bearing rocks and magnetitite, the clinopyroxenes
in clinopyroxenite are characterized by slightly restricted and
lower Al2O3 contents, lower TiO2, CaO and SiO2, and consistently
with low trace element contents, all of which suggest uniform
temperature and pressure during the early stages of magmatic evo-
lution. The earliest crystallized clinopyroxene in the clinopyroxen-
ite displays low MgO and SiO2 and high FeO, suggesting that
parental magma of the Cinan deposit may have been rich in FeO.

6.2. Crystallization temperature, pressure and fO2 as recorded in the
Cinan and Cihai magnetite

Magnetite is the main ore mineral in the Cinan and Cihai depos-
its, with magnetitite in the Cihai deposit containing a small
amount of fine-grained pyroxenite (total pyroxene content <5%).
Gabbro and clinopyroxenite in the Cinan deposit both contain
magnetite, and the magnetite grade of the gabbro is significantly
higher than that of the clinopyroxenite. Based on Fe-Ti oxide
geothermometry of the silicic magma (Ghiorso and Sack, 1991),
the calculated crystallization temperature of the Cinan magnetitite
is 523–593 �C, and the crystallization temperature of magnetite
from the Cinan clinopyroxenite is 570–598 �C. Using the same
method, the crystallization temperature for the Cihai magnetite
is estimated to be 463–568 �C. The reliability of the calculated
temperature will be reduced when the actual fO2 of the mineral
is high, and therefore, the temperature estimates for the various
rock units in the Cinan and Cihai magnetite ores and intrusion
are only a relative indicator, for the purposes of discussion. The
crystallization temperature of clinopyroxenite (570–598 �C) is
higher than that of most magnetite ores, implying that the ultra-
mafic phase in the Cinan deposit could represent earlier crystal-
lization products.

Clinopyroxene major oxide contents are directly correlated with
the pressure of crystallization (Brey and Kohler, 1990; Nimis and
Ulmer, 1998). Using the equation reported in Nimis (1995), a more
straightforward formulation that gives pressure as a function of
atomic fractions based on basalt clinopyroxene is:
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PðkbarÞ ¼ 771:48þ 4:956 � AlT � 28:756 � Fe2þM1

�5:345 � Fe3þ þ 56:904 � AlM1 þ 1:848 � Ti
þ14:827 � Cr
�773:74 � Ca� 736:57 �Na� 754:81 �MgM2

�763:20 � Fe2þM2 � 759:66 �Mn� 1:185ðMgM2Þ2

�1:876 � ðFe2þM2Þ
2

ð1Þ
where, (Fe2+M1 * MgM2)/(Fe2+M2 * MgM1) = exp (0.238 * R3++0.289 *
CNM-2.315)

CNM ¼ Caþ NaþMn;

R3þ ¼ AlM1 þ Fe3þ þ Tiþ Cr;

AlM1 ¼ Altot � AlT;

AlT ¼ ð2� SiÞ
This formula is suitable for the pressure calculations in both

high and low pressure samples. The pressure of the Cinan and Cihai
sulfide ores, magnetitite, clinopyroxenite and gabbro rocks accord-
ing to the clinopyroxene component range from 0.10 to 0.16 kbar
and 0.09 to 0.14 kbar, respectively. The pressure order of clinopy-
roxene (from high to low) is clinopyroxenite, sulfide-bearing rocks,
gabbro and magnetitite in Cinan, and iron ores to gabbro/dolerite
in Cihai.

We used the Fe2+/Fetotal ratio of magnetite to calculate eV based
on the equation of Knipping et al., 2015:

Fe2þ=Fetotal ¼ 1� 0:5879 � ðC� 7111:9Þ1:2527

where C is the centroid position in eV. We can then produce a redox
curve according to the eV and Fe2+/Fetotal ratio in magnetite
(Fig. 11e). A correlation diagram of V versus Ni in magnetite
(Fig. 11f) can be used to distinguish the fO2 trend. V is very sensitive
to the changes in oxygen fugacity as a multivalent element, and its
partition coefficient between magnetite and silicate melt is mainly
controlled by the oxygen fugacity (Horn et al., 1994; Canil and
O’Neill, 1996; Toplis and Corgne, 2002; Mallmann and O’Neil,
2009). V is trivalent in magnetite, and the V content in magnetite
will increase with decreasing oxygen fugacity, the decreasing varied
V compositional range from the Cinan clinopyroxenite to Cinan
magnetitite and Cihai magnetitite suggested a magmatic origin of
magnetite (Fig. 11f), which strongly resembles that of the Bushveld
Upper Zone, Jameson Range and Emeishan layered intrusion Fe-Ti-V
deposits (Tegner et al., 2006; Pang et al., 2008; Liu et al., 2014;
Karykowski et al., 2016). Furthermore, V in magnetite also heavily



Si
O

2

60.0

55.0

50.0

45.0
3.0

2.5

2.0

1.5

1.0

0.5

0.0

Al
2O

3

Fe
O

C
aO

Ti
O

2

M
nO

20.0

15.0

10.0

5.0

0.0

30.0

25.0

20.0

15.0

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

MgO
5.0 7.0 9.0 11.0 13.0 15.0 17.0

MgO
5.0 7.0 9.0 11.0 13.0 15.0 17.0

ba

dc

fe

Cihai magnetite+pyrite ore

Cihai gabbro
Cihai massive magnetite ore

Cihai dolerite

Fig. 9. Harker plots for clinopyroxene from the Cihai mafic-ultramafic intrusions and ores.

D. Tang et al. / Ore Geology Reviews 86 (2017) 79–99 91
depends on the V concentrations of the parental magma. Magnetite
in Jameson Range layered intrusion Fe-Ti-P-V-PGE-Au deposit has
the highest V contents, suggesting the high V content in parental
magma (Karykowski et al., 2016). The magnetite in the Cinan and
Cihai intrusion and iron ores show normal V contents, which is
much lower than Jameson Range, Bushveld layered intrusion and
Emeishan layered intrusion, so we considered that the parental
magma may not be rich in V. Furthermore, the V and Ti contents
in magnetite from the Cihai and Cinan deposit show well linear cor-
relation, so we propose the effect of crystallization fractionation and
redox condition controlling the V content in magnetite. The Cinan
clinopyroxenite magnetite signature suggests it crystallized at
lower oxygen fugacity than that in Cinan and Cihai magnetitite
(Fig. 11e), suggesting increasing fO2 with magmatic evolution. This
all implies that the Cinan clinopyroxenite crystallized earlier than
the Cinan magnetite ores, which conforms to normal basaltic
magma evolution and fractional crystallization sequences.

The occurrence, form and composition of magnetite and apatite
can be used as an indicator of deposit genesis and hydrothermal
function (Dare et al., 2012, 2014, 2015; Apukhtina et al., 2016).
The Cinan and Cihai magnetite show no compositional zoning in
BSE images (Figs. 4 and 6; distinct from typical hydrothermal mag-
netite), high TiO2, Al2O3 and Cr2O3 contents, positive Zr, Hf and Sc
anomalies, and low total REE contents and Ni/Cu ratios, all of
which define classic magmatic magnetite. Apatite in the Cinan
clinopyroxenite and gabbro exhibited high Cl and low F contents.
As magma evolves from basaltic to granitic compositions, sequen-
tially crystallized apatite will be characterized by lower Cl and
higher F contents (Cherniak, 2000). Consequently, the lower Cl
and higher F contents of the Cihai dolerite and gabbro suggest that
they were derived from highly evolved basaltic magma. On plots of
magnetite Ni/Cr ratios and apatite Sr versus Y correlations
(Figs. 11d and 12d), the Cinan clinopyroxenite and gabbro plot in
the area of magmatic magnetite and mafic rock related Fe ores,
respectively. But the lower Ni/Cr ratios of magnetite in the Cihai
massive iron ores and higher Sr and Y contents of apatite in the
Cihai dolerite and gabbro imply that, after massive iron ore crystal-
lization, gabbro and dolerite underwent hydrothermal alteration.
However, the trace and rare earth element contents in apatite
decrease with mineral segregation according to their compatibility
in apatite (Ayers and Watson, 1993; Zirner et al., 2015;
Ladenburger et al., 2016), so the higher total REE, Th and U
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contents of the Cinan clinopyroxenite apatite (Fig. 12c and f) sup-
port the crystallization sequence suggested earlier (i.e., Cinan
clinopyroxenite crystallized early). In summary, we propose that
fractional crystallization was the primary process controlling mag-
netite and apatite composition.

6.3. Eu anomalies in clinopyroxene and apatite from the Cinan and
Cihai rocks and ores

Mineral Eu anomalies are mainly controlled by three factors:
magmatic characteristics, mineral crystallization order and redox
conditions (Weill and Drake, 1973; Rudnick, 1992; Mazzucchelli
et al., 1992; Bindeman and Davis, 2000). Mazzucchelli et al.
(1992) considered that metamorphic redistribution of Eu from pla-
gioclase could not account for positive Eu anomalies in whole
rocks, clinopyroxenes and feldspar in gabbros of the deep crustal
mafic intrusion of the Ivrea zone (northwestern Italy), and that
the positive Eu anomaly might be related to the parent melt. There
is a positive Eu anomaly in the clinopyroxene from the Cinan mag-
netitite and a small number of sulfide-bearing rocks, but not all of
the clinopyroxenes show positive Eu anomalies (Fig. 10b). In addi-
tion, there is no significant Eu anomaly in the whole rock samples
(Chen et al., 2015), suggesting that the positive Eu anomalies in
clinopyroxene from the Cinan magnetitite and sulfide ores are
not related to the composition of the parental magma.

Early crystallizing plagioclase preferentially incorporates Eu
(Weill and Drake, 1973), leaving a Eu-depleted melt. Given that
there is no Eu anomaly in the clinopyroxene from the Cinan
clinopyroxenite and major sulfide-bearing rocks, large-scale pla-
gioclase crystallization did not occur prior to clinopyroxene crys-
tallization in those rocks and ores. The clinopyroxene in the
Cinan gabbro has a completely different normalized pattern with
no positive Eu anomaly and depleted LREE patterns (Fig. 10b), sug-
gesting co-crystallization with plagioclase, consistent with the
petrologic features observed in the gabbro. However, this plagio-
clase crystallization process did not lead to positive Eu anomalies
in the clinopyroxene in magnetitite, most likely due to redox con-
ditions. The dEu value in minerals increase with increasing oxygen
fugacity (Weill and Drake, 1973). In the Cinan deposit, the oxygen
fugacity was the highest when the magnetite crystallized, so the
positive Eu anomalies in the clinopyroxene from the magnetite
ore are higher than those in the other rocks. The same pattern
can be seen in the Cihai gabbroic rocks and iron ores (Fig. 10d),
Clinopyroxene in Cihai iron ores shows a significant positive Eu
anomaly. Residual magma oxygen fugacity decreased, with the
large amount of magnetite crystallization, so the later crystallized
gabbro and dolerite clinopyroxene show strong negative Eu
anomalies.

The positive Eu anomalies in clinopyroxene from the magnetite
ore and magnetite + sulfide-bearing rocks from the Cinan and Cihai
deposits are related directly to the oxygen fugacity. The dEu values
in clinopyroxene from magnetite ore in the Cihai and Cinan depos-
its are high because the oxygen fugacity was high in the magma
when they crystallized, while other clinopyroxene in the Cinan
gabbro and clinopyroxenite with no or weakly negative Eu anoma-
lies, can be related to the crystallization order of the clinopyroxene
and plagioclase. The Cihai gabbro and dolerite clinopyroxene show
pronounced negative Eu anomalies due to the sudden change in
oxygen fugacity.

In the Cihai and Cinan deposits, apatite is a secondary mineral,
as well as a fluid/volatile-rich mineral. In addition to the control-
ling factors discussed above, the Eu anomaly is also related to crys-
tallization temperature, pressure and PH value in fluid-rich
minerals. The higher the temperature and pressure and the lower
PH value of the fluid/melt, the more obviously positive the apatite
Eu anomaly (Sverjensky, 1984; Bau, 1991). The apatite in clinopy-
roxenite crystallized earlier than that in other rocks, at high pres-
sure and temperature, resulting in the observed positive Eu
anomaly. With decreasing crystallization temperature, apatite in
other rocks shows no Eu anomaly.
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6.4. Fractional crystallization at the Cinan and Cihai deposits

6.4.1. Mineral crystallization sequence at the Cinan deposit
The partition coefficients for major oxides between sulfides, sil-

icate minerals, oxides and melt are relatively stable (Peach and
Mathez, 1993). In addition to, the Fe, Ni and other elements
exchange reaction between silicate and sulfide minerals requires
restrictive conditions (Hirschmann and Ghiorso, 1994; Li et al.,
2001). Furthermore, while Na, Ti and V diffusion/reequilibration
rates in olivine are fast (Qian et al., 2010), the same cannot be said
for clinopyroxene. We chose unaltered clinopyroxene in fresh sam-
ples for in situ major oxide and trace element analysis and placed
the analysis spots in the core of the grain to minimize the impact
of diffusion and alteration. For these reasons we consider that ree-
quilibration/diffusion and alteration are not major controls on the
clinopyroxene major element composition and we focused on the
effects of fractional crystallization.

The clinopyroxene in the Cinan sulfide-bearing rocks has higher
MgO, Al2O3 and TiO2 contents, and lower FeO contents than the
clinopyroxene in the Cinan magnetite ores (Fig. 8). This suggests
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that the sulfide-bearing rocks crystallized earlier from the magma
than the Cinan magnetite ores, which is consistent with the calcu-
lated pressures. The low TiO2 contents in clinopyroxene from the
Cinan magnetite ores is likely due to the preferential incorporation
of Ti into co-precipitated magnetite.

The Al2O3 and TiO2 contents of clinopyroxene in the Cinan gab-
bro are intermediate between that of sulfide-bearing rocks and
magnetite ores (Fig. 8), indicating that the pressure and crystalliza-
tion time of the gabbro were interposed between the sulfide-
bearing rocks and magnetite ores. The clinopyroxene crystalliza-
tion sequence at the Cinan deposit can, therefore, be interpreted
as clinopyroxenite, followed by sulfide-bearing rocks, gabbro and
magnetite ore. However, the clinopyroxene from the Cinan
clinopyroxenite can be classified as diopside and hedenbergite.
Diopside has high MgO and Al2O3 contents, and low FeO and
TiO2 contents, while hedenbergite has low MgO and Al2O3 con-
tents, and high FeO and MnO contents. Both types of clinopyroxene
in Cinan display uniform trace element and REE patterns, indicat-
ing that they crystallized from the same magma. Assuming that
oxide element analysis indicates crystallization at different degrees
of evolution, the diopside must be the earlier crystallizing phase.

6.4.2. Mineral crystallization sequence at the Cihai deposit
All of the clinopyroxene in the Cihai intrusive rocks and ores is

diopside. The LREE enrichment, depleted Nb, Ta and Zr, high Al2O3,
and low TiO2 and total REE contents in the clinopyroxene from the
Cihai magnetite ores suggest that these grains crystallized before
plagioclase. On the other hand, the HREE enrichment, negative
Eu anomalies and low Al2O3 contents of the clinopyroxene from
the Cihai gabbro and dolerite, indicate that the clinopyroxene crys-
tallized significantly later than the clinopyroxene in magnetite
ores. All of the lithophile elements (Cr, Ti, V, Al, Mn, Sc, Nb, Ga,
Ge, Ta, Hf, W and Zr) are compatible in Fe oxide, and concentra-
tions of these elements are highest in the early-forming Fe oxide
(Dare et al., 2012). This might be the key reason for the varied trace
element contents, low TiO2 and higher LREE/HREE ratios in the
clinopyroxene from the magnetite ores in the Cihai deposit.
Accordingly, we propose that clinopyroxene in magnetite ores
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are the earliest crystallizing phase in the Cihai deposit. Based on
the similar fO2, clinopyroxene content and pressure, we cannot dis-
cern the crystallization order between gabbro and dolerite in the
Cihai deposit.

6.5. Mineralization mechanisms and relationship between the Cinan
and Cihai deposits

The Cinan and Cihai parental magmas were derived from the
similar mantle source. Low oxygen fugacity magnetite in clinopy-
roxenite, early sulfide segregation, accompanied by the high FeO
and Al2O3 contents clinopyroxene, both proved the parental
magma was Fe-rich and partially reduced. The similarity in V, Ti,
Cr and Ni/Cr ratios between the Cinan magnetite and typical mag-
matic genesis in the Emeishan layered intrusion iron oxide ores,
further argue for magmatic genesis for the Cinan iron ore. Several
lines of evidence suggest that the earliest crystallized phase in the
Cinan deposit was clinopyroxenite, such as the high Al2O3 con-
tents, low SiO2 and total REE contents, and lack of Eu anomaly in
clinopyroxene. Magnetite crystallized during the late stages of
magma evolution as fO2 and Fe content increased, and fractional
crystallization was the key factor controlling Cinan iron ore miner-
alization. The sulfide and Fe oxide ores originated from Fe-rich
basaltic parental magma, where sulfur saturation and sulfide seg-
regation occurred first due to Fe-rich clinopyroxene crystallization,
followed by gabbro crystallization. Finally, the increasing fO2 and
FeO contents of the residual magma, led to magnetite segregation
(Fig. 13b).

The density of Fe-Ti oxide (4.5–4.6g/cm3) is greater than that of
basaltic magma (3.1–3.2 g/cm3) (Emmons, 1904; Charlier et al.,
2006), and the liquidus temperature of Fe-Ti oxide is 1400 �C, so
at high oxygen fugacity, Fe-Ti oxides segregate early from Fe-rich
magma (Taylor, 1963). The fine-grained clinopyroxene-bearing
magnetite ore was the earliest crystallized rock in the Cihai
deposit. Moreover, magnetite from the fine-grained
clinopyroxene-bearing iron ores shows typical characteristics of
magmatic genesis. Accordingly, it is proposed that, in the deeper
portions of the Cihai district, there was an intermediate or shallow
magma chamber that, with decreasing temperature and pressure,
formed a denser Fe-rich immiscible liquid and residual Fe-poor liq-
uid. The relatively depleted residual liquid, at the top of the magma
chamber, ascended and was emplaced at shallow upper crustal
levels, and formed gabbro, then magma was continually emplaced
along the fault and formed sub-volcanic dolerite. This is consistent
with dolerite and gabbro zircon U-Pb crystallization ages of
275.1 ± 2.2 Ma and 281.9 ± 3.2 Ma, respectively (Chen et al.,
2015), and the compositional characteristics of the clinopyroxene
from the Cihai gabbro described earlier (low total REE and FeO con-
tents, high MgO contents, and negative Eu anomalies). The Fe-rich
immiscible liquid was emplaced into the former dolerite and gab-
bro along the magma channel and formed magnetite ore (Fig. 13a).
The dolerite and gabbro experienced alteration during the
emplacement and mineralization of magnetite. The pivotal miner-
alization mechanism responsible for the formation of magnetite
ores at Cihai was formation of an immiscible Fe-rich melt at high
fO2, during the early stages of magma evolution.

The Cihai and Cinan deposits are both Fe oxide deposits, inher-
ently suggesting relatively oxidized conditions. The whole rock
major and trace element geochemical characteristics of the Cinan
clinopyroxenite and gabbro imply that crustal contamination func-
tion was weak (Chen et al., 2015). While d34S values of three sulfide
minerals (pyrrhotite, chalcopyrite and pyrite) are characteristic of
S derived from mantle (Xue et al., 2000). Oxidized conditions, lim-
ited crustal contamination and lack of crustal S signatures are not
conducive to magmatic Cu-Ni sulfide deposit formation. S solubil-
ity heavily depends on the Fe activity of the magma and in most
magnetitite-hosted PGE-(Cu) reefs, S saturation is believed to be
reached in response to the segregation of magnetite, leading to a
drop in iron activity (Karykowski et al., 2016). Nevertheless, mag-
netite crystallized after sulfide minerals in the Cinan deposit, so the
most probable reason for the presence of small amounts of sulfides
in the Cinan deposit was Fe-rich clinopyroxene fractional crystal-
lization, leading to a decrease in the residual magma Fe content
and a reduction in iron activity. However, magma evolution and
the differentiation of Fe-rich clinopyroxene alone did not trigger
large-scale S saturation and the Cinan iron deposit did not form
an independent, economic-grade Cu-Ni sulfide deposit.
7. Conclusions

The clinopyroxene in the Cinan clinopyroxenite is FeO-rich and
Si and Ti-poor, consistent with the clinopyroxene component of
large-scale Cu-Ni sulfide deposits in the Eastern Tianshan and
Panxi areas, as well as Tarim mafic intrusion and basalt, implying
the Cinan mafic intrusion and sulfide is related to tectonic activity
in the Tarim LIP. This also suggests a Fe-rich basaltic magma. The
similar clinopyroxene, apatite and magnetite chemical features
between the Cihai and Cinan gabbro (e.g., depleted LREE, negative
Zr, Hf, Nb and Ta, anomalies in clinopyroxene, lack of Eu anomalies
in apatite and similar oxygen fugacity), illustrate that they origi-
nated from the same magmatic source. The parental magmas for
the Cinan and Cihai deposits evolved separately and were
emplaced into different parts of the upper crust. Basaltic magma
evolution and emplacement was deeper, where magnetite segre-
gated and formed the Cinan disseminated magnetite ores in low
fO2 conditions after clinopyroxenite and gabbro fractional crystal-
lization. The evolved Fe-rich basaltic magma rose to shallow crus-
tal levels rapidly, forming a denser immiscible Fe-Ti oxide magma
and residual Fe-poor magma with increasing fO2. Both magmas
were emplaced at different crustal depths, and formed the Cihai
magnetitite, dolerite and gabbro, respectively. Firstly, the Fe-poor
magma was emplaced, and formed dolerite and gabbro. Then
immiscible Fe-Ti oxide magma was emplaced into the earlier
formed dolerite because of uplift of a late magma pulse and the
boundary between magnetitite and dolerite is distinct.
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