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Abstract
The Jinchuan Ni-Cu-(PGE) deposit is one of the world’s largest magmatic sulfide deposits. Recent studies 

have suggested that the Jinchuan intrusion originally comprised two individual intrusions, the Eastern and the 
Western intrusions. The Western intrusion consists of an Upper and a Lower unit. The Upper unit is largely 
free of sulfides with weakly disseminated sulfides only at the base of the unit; these sulfides are characterized by 
moderate Cu/Pd ratios of 5,500 to 14,900 and relatively high PGE tenors (PGE in 100% sulfides) in the range 
of 510 to 1,000 ppb Irsul, 420 to 1,200 ppb Rusul, and 2,900 to 8,000 ppb Pdsul. Disseminated, net-textured and 
minor massive sulfides in the Lower unit comprise the No. 24 orebody, the third largest at Jinchuan. The dis-
seminated ores have remarkably high Cu/Pd ratios (24,200−85,600) and low PGE tenors in the range of 120 
to 560 ppb Irsul, 100 to 480 ppb Rusul, and 430 to 3,600 ppb Pdsul. The net-textured and massive ores contain 
high IPGE contents (240−820 ppb Irsul and 170−630 ppb Rusul) and Ni/Cu ratios (1.7−11.3), low Pd/Ru ratios 
(0.53−3.1), and exhibit significant Pt depletion (<300 ppb Ptsul). Additionally, small Cu-rich orebodies occur at 
the base of the No. 24 orebody or in small intrusions within footwall schists, marbles, and granites beneath the 
Western intrusion. The Cu-rich sulfides have very low IPGE tenors (1.9−16 ppb Irsul and 6.4−21 ppb Rusul), and 
Ni/Cu ratios (0.3−2.8), high Pd/Ru ratios (37.3−378), and highly variable Ptsul between 43 and 11,000 ppb. The 
PGE geochemistry and model calculations indicate that the disseminated sulfides of the Upper and Lower units 
segregated from PGE-undepleted and -depleted parental magmas, respectively. The PGE-depleted magma 
had undergone a minor amount of earlier sulfide liquid extraction at depth. Furthermore, this PGE-depleted 
parental magma had slightly higher PGE contents than the magma from which the sulfides of the Nos. 1 and 2 
orebodies in the Eastern intrusion segregated. The significant variations in base and precious metal ratios of the 
net-textured and massive sulfide ores are attributed to fractionation of the sulfide melts that formed these ores. 
This led to both migration of the residual Cu-rich sulfide melts away from the early-formed monosulfide solid 
solution (mss) to form Cu-rich ores as well as back intrusion of the Cu-rich ores into the mss. The negative Pt 
anomalies of the net-textured and massive sulfides resulted from preferential extraction of Pt into the Cu-rich 
residual melts due to the presence of As, Te, and Bi. 

Introduction
The Jinchuan Ni-Cu-(PGE) deposit, which occurs at the 
southwestern margin of the North China craton (Fig. 1), 
contains more than 500 million metric tons (Mt) of sulfide 
ore with average grades of 1.06 wt % Ni and 0.7 wt % Cu 
(Sixth Geological Unit, 1984; Chai and Naldrett, 1992a). The 
Jinchuan intrusion consists of four elongate ultramafic seg-
ments. Structural, lithological, and geochemical studies have 
shown that these segments belong to two individual intrusions 
separated by the NNE-SSW–trending fault F16-1, named as 
the Western and Eastern intrusions (Song et al., 2012). Two 
largest orebodies (Nos. 1 and 2) are hosted in the Eastern 
intrusion, while the third largest orebody (No. 24) is situated 
in the Western intrusion. Most authors (e.g., Tang and Li, 
1995; de Waal et al., 2004; Li et al., 2004; Song et al., 2006; 
Su et al., 2008; Chen et al., 2009b) have suggested that the 
Jinchuan intrusion and its orebodies are the products of mul-
tiple injections of olivine-bearing crystal mushes followed 
by sulfide-laden crystal mushes from a deep-seated staging 
magma chamber. Furthermore, Song et al. (2009) proposed 

that the parental magma of the Nos. 1 and 2 orebodies had 
experienced segregation of a small proportion of sulfide liq-
uid before entering the staging chamber, which is a part of a 
magma conduit system. As a result, the sulfides of these ore-
bodies have low PGE contents. 

Although Song et al. (2012) proposed that the Lower and 
Upper units of the Western intrusion formed by different 
pulses of magma, sulfide segregation processes in the two 
units and chalcophile element differentiation in the Lower 
unit have still not been well constrained. Our data show that 
the sulfides of the two units have distinct chalcophile element 
compositions and Cu/Pd ratios. These data indicate that the 
sulfides of the Upper and Lower units segregated from PGE-
undepleted and -depleted magmas, respectively. In addition, 
large variations in PGE tenors of sulfides in the Lower unit 
suggest fractionation of the sulfide melts and migration of the 
residual sulfide liquids.

Geologic Background
The Jinchuan ultramafic intrusion, recently dated at Neo-

proterozoic (827 ± 8 Ma, Li et al., 2005; 833 ± 35 Ma, Yang et 
al., 2008; 831.8 ± 0.6 Ma, Zhang et al., 2010), is situated in the 
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NW-striking Longshoushan terrane, which is located at the 
southwestern margin of the North China craton (Fig. 1; Tang 
and Li, 1995; Zhou et al., 2002). In the Longshoushan terrane, 
Neoproterozoic and Paleozoic conglomerates, sandstones, 
and limestones unconformably overlie Paleo-Mesoprotero-
zoic metamorphic units. Many sulfide-mineralized intrusions 
(e.g., Jinchuan, Zangbutai, and Qingjingzi) and unmineralized 
intrusions (e.g., Qingshiyao, Xijing, Maocaoquan, and Dong-
wan) occur in the Longshoushan terrane (Fig. 1b; Sixth Geo-
logical Unit, 1984).

The NW-SE-trending Jinchuan intrusion is ~6,500 m long 
and varies from 20 to ~500 m in width. It was emplaced into 
Paleo-Mesoproterozoic metamorphic gneisses, schists, mar-
bles, and granites and dips 50° to 80° to the southwest (Fig. 
2; Sixth Geological Unit, 1984; Tang and Li, 1995). The intru-
sion is divided by a series of NE-trending strike-slip faults into 
segments III, I, II, and IV from west to east (Fig. 2). Song et 
al. (2012) proposed that the segments on either side of fault 
F16-1 belong to two independent intrusions, the Eastern and 
Western intrusions.

The Western intrusion on the west side of fault F16-1 is fur-
ther divided into Segments I and III by fault F8 (Fig. 2a). It 

comprises two megacyclic units termed the Lower and 
Upper units, which have different lithologic features and are 
separated by sharp contacts (Fig. 2b; Song et al., 2012). The 
dominant mineral in the Upper unit rocks is cumulus olivine, 
which varies in size from 0.5 to 3 mm, together with lesser 
amounts of clinopyroxene and minor amounts of orthopyrox-
ene. From the base to its top, the Upper unit comprises fine-
grained dunite, lherzolite, and minor pyroxenite as olivine 
decreases and pyroxene increases gradually upward (Fig. 
2b). The clinopyroxene is present as oikocrysts that enclose 
some of the cumulus olivine, and thus these rocks are olivine 
orthocumulates with poikilitic clinopyroxene (Fig. 3a; cf. 
Wager et al., 1960). For the Lower unit, the basal rocks are 
coarse-grained olivine-sulfide cumulates in which the olivine 
grains normally range from 4 to 7 mm in size (but can be up 
to 10 mm diam). The olivine-sulfide cumulates are overlain 
by coarse-grained lherzolite and sometimes have small 
amounts of pyroxenite at the base of the unit (Fig. 2b). The 
olivine grains in these rocks are in contact with each other or 
isolated from each other by sulfides or included in large oiko-
crysts of clinopyroxene (Fig. 3b-c). Marble xenoliths of vari-
able sizes occur in the Lower unit (Fig. 2b, Sixth Geological 

Fig. 1.  (a). The main tectonic units of China. (b). Simplified regional geologic map showing locations of the Jinchuan intru-
sion and several other mafic-ultramafic intrusions in the Longshoushan terrane, which is located at the southwestern margin 
of the North China craton. Modified after Sixth Geological Unit (1984) and Song et al. (2009). 

Fig. 2.  (a). Geologic map of the Jinchuan intrusion and cross sections of II-14 and II-36 in segment II, showing concentric 
lithologic zonation in the west part of the Eastern intrusion. (b). Cross section of the Western intrusion; cross section of the 
exploration lines of III-5 in segment III and I-24, I-16, and I-6 in segment I; and Cu-rich orebody beneath the intrusion found 
during underground exploration. Samples of this study are collected from ZK 71 (JC06-201 to JC06-248), ZK59 (ZK59-1 to 
ZK59-25), Location A (JC06-801 to JC06-804), Location B (JC06-806 to JC06-820), Location C (JC06-821 to JC06-822), 
Location D (I24-1 to I24-7), Location E (JC06-JC06-823), and Location F (L07-1 to L07-14). Modified after Sixth Geological 
Unit (1981, 1984), Jinchuan Nonferrous Metal Corporation (1997, 2003), Tang and Li (1995), and Song et al. (2009).
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Unit, 1984; Tang and Li, 1995; Lehmann et al., 2007; Song et 
al., 2012).

The Eastern intrusion on the east side of fault F16-1 is 
divided into Segments II and IV by fault F23 (Fig. 2a). It is 
characterized by a concentric distribution of rock types in 
the western portion of the Eastern intrusion, where the very 
large No. 1 orebody comprised of net-textured and dissemi-
nated olivine-sulfide cumulate is enveloped by lherzolite. The 
eastern part of the Eastern intrusion consists of medium- to 
coarse-grained olivine-sulfide cumulate, sulfide-lherzolite 

that constitutes the No. 2 orebody, and sulfide-barren lher-
zolite (Fig. 2a, Sixth Geological Unit, 1984; Song et al., 2009). 

Sulfide Mineralization in the Western Intrusion
The No. 24 orebody occurs in the Lower unit of the West-

ern intrusion and consists of net-textured sulfides that give 
way upward to disseminated sulfides (Fig. 2b). The Upper 
unit is generally sulfide poor except for weakly disseminated 
sulfides that occur at its base. The tabular shaped No. 24 ore-
body is ~1,300 m long and ~20 to 70 m wide, and dips to 

Fig. 3.  Microphotographs showing olivine and sulfide textures in sulfides of the Western intrusion at Jinchuan.
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depths of 300 to 500 m southwestward. Its thickness is highly 
variable, generally ranging from ~20 to 100 m but up to 170 m 
in some locations where the footwall metamorphic rocks are 
at greater depths (Fig. 2b). The orebody usually occurs above 
the basal pyroxenite but may be in contact with the footwall 
metamorphic rocks where the basal pyroxenite is absent (Fig. 
2b, Sixth Geological Unit, 1984).

Four main types of sulfide mineralization occur in the 
Western intrusion:

1.  Weakly disseminated sulfides at the base of the Upper 
unit: This type of mineralization contains <5 modal % sulfides 
and occurs in the dunite of Segment I and in both the dunite 
and lherzolite of Segment III (Fig. 2b). The sulfides are inter-
stitial between olivine and pyroxene grains and are composed 
of pyrrhotite, pentlandite, and minor chalcopyrite (Fig. 3a).

2.  Disseminated sulfides in the Lower unit: This is the 
dominant type of economic mineralization of the No. 24 ore-
body. The disseminated sulfide zone is thin in the eastern por-
tion of Segment I but becomes thicker to the west and extends 
into Segment III (Fig. 2b). The disseminated ores generally 
contain 3 to 15 modal % sulfides, which include 1 to 8 modal % 
pyrrhotite, 1 to 5 modal % pentlandite, and 1 to 3 modal % 
chalcopyrite (Fig. 3b). In addition, the disseminated ore 
assemblages contain 0.1 to 1.2 modal % magmatic magnetite, 
which are enclosed in silicate crystals or interstitial between 
them (Sixth Geological Unit, 1984).

3.  Net-textured sulfides in the Lower unit: This is a major 
type of mineralization of the No. 24 orebody and occurs 
beneath the disseminated ores. It is very thick (up to 60 m 
wide) between exploration lines 8 and 24 in Segment I, but 
thins to the west and is absent in Segment III (Fig. 2b). The 
net-textured ores contain 15 to 40 modal % sulfides consisting 
of 10 to 30 modal % pyrrhotite, 4 to 10 modal % pentland-
ite, and 1 to 4 modal % chalcopyrite (Fig. 3c). In addition, 
small massive sulfide bodies occasionally occur in the eastern 
parts of the No. 24 orebody within the net-textured ores. Mas-
sive sulfides mainly consist of pyrrhotite (50−70 modal %), 
pentlandite (10−20 modal %), and only minor chalcopyrite 
(1−7 modal %; Fig. 3d). In these sulfides, anhedral pentland-
ite crystals occur between anhedral or subhedral pyrrhotite 
grains (Fig. 3b-d) or as exsolution flames in pyrrhotite. Both 
the net-textured and massive sulfides contain significant mag-
matic magnetite contents, varying from 1.01 to 4.4 modal % 
(Sixth Geological Unit, 1984).

4.  Cu-rich sulfides: These sulfides occur both at the base of 
the No. 24 orebody (Sixth Geological Unit, 1984) as well as in 
individual ultramafic intrusions in the Proterozoic metamorphic 

rocks beneath the eastern portion of the Western intrusion 
(Jinchuan Nonferrous Metal Corporation, 1997, 2003). The 
beanpod-shaped bodies are generally several meters thick and 
tens of meters long. The Cu-rich ores consist of disseminated 
or net-textured sulfides and are characterized by relatively high 
chalcopyrite proportions (2−14 modal % chalcopyrite, 5−15 
modal % pyrrhotite, and 1−6 modal % pentlandite; Fig. 3e).

Sampling and Analytical Methods
Fifty-seven ultramafic rocks and sulfide ores were collected 

from borehole ZK71, which was drilled through the middle 
part of Segment I, and borehole ZK59, which was drilled 
through the eastern part of Segment III (Fig. 2b). Unfortu-
nately, most of sulfide-rich ores in borehole ZK71 had already 
been extensively sampled. Consequently, an additional 25 
samples of net-textured, massive, and disseminated ores were 
collected from underground drifts in the No. 24 orebody. 
Thirteen Cu-rich ores were also collected. The locations of 
these samples in this study are presented in Figure 2.

Nickel and Cu contents were determined by inductively 
coupled plasma-optical emission spectrometry (ICP-OES) at 
the Institute of Geochemistry, Chinese Academy of Sciences. 
The international reference materials (GSR-1, -2, -3, -4, -5, 
AMH-1, OU-6, RTS-2, -3, GBPG-1, GBW-1, and GeoPT-12) 
were used for analytical quality control. The precision is gener-
ally better than ± 1% relative standard deviation (RSD) when 
the Ni and Cu concentrations of the samples are higher than 
200 ppm, and 1 to 3% RSD when less than 200 ppm. Arsenic, 
Te, and Bi contents were determined by ICP-OES at ALS 
Mineral-ALS Chemex (Guangzhou) Co., Ltd. (http://www.
alsglobal.com/minerals/ services.aspx). Whole-rock S contents 
were measured using a gravimetric method and infrared (IR) 
absorption in the Geological Analysis Central of the Metal-
logenic Geology Bureau of Southwest China; the detection 
limits are ~100 ppm and the accuracies are estimated to be 
better than ±8% RSD.

The PGE analyses were obtained by isotope dilution (ID)-
ICP-MS using the NiS fire assay coupled with the tellurium 
coprecipitation method of Jackson et al. (1990), with some 
modifications at the State Key Laboratory of Ore Deposit 
Geochemistry, Institute of Geochemistry, Chinese Academy 
of Sciences. The analytical procedures have been described 
by Qi et al. (2004, 2006). The total procedural blanks and ana-
lytical results of Certified Reference Materials (CRM) UMT-
1, WPR-1, and TDB-1 used in this study, together with their 
certified values, are given in Table 1. The analytical results 
for our samples are listed in Tables 2 and 3. In addition, the 
data from Song et al. (2006, 2009) and Su et al. (2008) are 

Table 1.  Analytical Quality Control Data for the PGE Analyses

		  Ir (ppb)	 Ru (ppb)	 Rh (ppb)	 Pt (ppb)	 Pd (ppb)

        UMT-1	 Expected	   8.8 ± 0.6	 10.9 ± 1.5	   9.5 ± 1.1	 129 ± 5	 106 ± 3
	 This study	     9.05	 10.6	   10.95	 142	     110.5
        WPR-1	 Expected	 13.5 ± 1.8	 21.6 ± 4.3	 13.4 ± 0.9	   285 ± 12	 235 ± 9
	 This study	 14.8	 23.4	 13.1	 259	 244
        TDB-1	 Expected	     0.15	   0.3	   0.7	     5.8 ± 1.1	   22.4 ± 1.4
	 This study	     0.13	     0.34	     0.52	         5.03	       22.0
        Blank1		      0.04	     0.08	     0.03	         0.30	           0.56 

1 Blank value is expressed as concentrations in 10-g sample
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compared in the following discussion. The calculation of the 
chalcophile element in 100% sulfides (= the metal tenors of 
the sulfides) was done following the procedure described by 
Naldrett and Duke (1980) and Song et al. (2009); these are 
expressed, for example, as Nisul. Samples with less 0.5 wt % S 
were eliminated from the tenor calculations. 

Analytical Results
The Upper unit of the Western intrusion has quite simi-

lar chalcophile element compositions in Segments I and III. 
Nickel, Cu, and the PGE all decrease upward in the Upper 
unit in both Segments I and III as illustrated by data for bore-
holes ZK71 and ZK59, respectively (Table 2, Fig. 4a-b). The 
weakly disseminated sulfides in the Upper unit have total 
PGE contents varying from 706 to 121 ppb. Both the sulfide-
barren lherzolite and samples with weakly disseminated sul-
fides have low Cu/Pd ratios from 9,200 to 15,900 and from 
5,500 to 14,900 (except for a few samples), respectively, as 
well as Ni/Cu ratios of 1.1 to 9.2. The chalcophile elements 
correlate positively with S in the rocks with weakly dissemi-
nated sulfides, but not in the sulfide-barren lherzolite (Fig. 
5). These samples have moderate Ni and Cu tenors and high 
PGE tenors (510−1,000 ppb Irsul, 420−1,200 ppb Rusul, and 
2,900−8,000 ppb Pdsul). The PGE tenors of these sulfides are 
generally well correlated (Fig. 6), indicating that these metals 
have not been modified by hydrothermal processes.

Compared with the weakly disseminated sulfides in the 
Upper unit, the disseminated sulfides of the No. 24 orebody in 
the Lower unit have higher Cu/Pd ratios (24,200−85,600) and 
lower PGE tenors (e.g., 120−560 ppb Irsul, 100−480 ppb Rusul, 
and 430–3,600 ppb Pdsul; Fig. 6). The well positive correla-
tions between Ru and Ir, Pt, and Pd suggest limited modifica-
tion of the PGE in these sulfides by hydrothermal processes 
(Fig. 6c-e). On the other hand, the disseminated sulfides of 
the No. 24 orebody have Pd/Ru and Pt/Pd ratios and primi-
tive mantle normalized chalcophile element patterns similar 
to those of the weakly disseminated sulfides in the Upper unit 
(Figs. 6e, f, 7a). Moreover, the very narrow Pd/Ru (and Pd/Ir) 
ratios of both the disseminated sulfides of the No. 24 orebody 
(Pd/Ru = 3.5−20.9) and the weakly disseminated sulfides in 
the Upper unit (Pd/Ru = 6.4−17.3) suggest that the sulfides 
have not experienced extensive fractional crystallization of sul-
fide liquid. The tenors of the disseminated sulfides in the No. 
24 orebody are lower than those of Noril’sk-Talnakh (Russia) 
and are slightly higher than those of Voisey’s Bay (Canada), 
but comparable with those of the Eagle deposit in the United 
States (Fig. 7d; Barnes and Maier, 1999; Naldrett et al., 2000; 
Ding et al., 2012; Lightfoot et al., 2012).

The net-textured and massive sulfides of the No. 24 ore-
body exhibit strong positive correlations between Ni, Ir, and 
Ru versus S (Fig. 5a, c, d), but weak correlations between 
Cu, Pt, and Pd versus S (Fig. 5b, e, f). They are distinguished 
from the disseminated sulfides by generally higher Ni/Cu 
ratios (1.7−11.3), slightly higher Irsul (240−820 ppb), and Rusul 
(170−630 ppb), but markedly lower Pdsul (<1,000 ppb) and 
Ptsul (<300 ppb; Fig. 6). As a result, they display notable Ir-
group PGE enrichment and Pt depletion metal patterns on a 
primitive mantle normalized basis (Fig. 7b).

In contrast with the net-textured and massive sulfides, the 
Cu-rich sulfides are characterized by low Irsul (1.9−16 ppb) and   
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Rusul (6.4−21 ppb), large variations in Ptsul (43−11,000 ppb) and 
enrichment in Cusul and Pdsul (Fig. 7c), resulting in lower Ni/Cu 
ratios (0.3−2.8) but much higher Pd/Ru ratios (37.3− 378; Fig. 
6a, e). Previously published data show that the highly heteroge-
neous Cu-rich orebodies at the base of the No. 24 orebody have 
Pt and Pd contents varying from 1.0 to 82 ppm and from 0.13 to 
12 ppm, respectively. Their Pt/Pd ratios range from 3.4 to 12 
and average 7.7 (Sixth Geological Unit, 1984); these ratios are 
significantly higher than those of our samples, which range from 
0.03 to 5.0 but are mostly <1 (Fig. 6f). More recently, our new 
unpublished analyses indicate that their whole-rock Pt concen-
trations generally vary from 580 to 14,000 ppb (two samples up 
to 50,000 and 68,000 ppb Pt) and their Pt/Pd ratios range from 
3.0 to 44 (Fig. 7c). The Jinchuan Cu-rich sulfides have similar 
PGE patterns to those of Cu-rich veins in the Noril’sk deposit 
and are much steeper patterns than those of other sulfides 
(Fig. 7d; Naldrett et al., 1994; Barnes and Maier, 1999).

The sulfides of the Western and Eastern intrusions have 
similar Ni and Cu tenors. However, the sulfides of the 

Western intrusion contain slightly higher whole-rock PGE 
contents at the same S concentrations relative to those of the 
Eastern intrusion (Fig. 5). The disseminated sulfides of the 
Nos. 1 and 2 orebodies in the Eastern intrusion have mark-
edly lower PGE tenors than those of the No. 24 orebody (Fig. 
7a) as well as higher Cu/Pd ratios (10,000−548,000, mostly 
> 30,000; Song et al., 2009). Although the net-textured and 
massive sulfides of the Nos. 1 and 2 orebodies show similar 
Pt depletion to those of the No. 24 orebody, they show much 
larger variations in IPGE than those of the No. 24 orebody 
(Fig. 7b). 

Arsenic, Te, and Bi exhibit broad correlations with Pt and 
Pd in samples from the No. 24 orebody (Fig. 8). The net-tex-
tured and massive sulfides have lower contents of As, Te, and 
Bi contents on a 100% sulfide basis than the Cu-rich ores. 
Platinum displays a strong correlation with As and exhibits 
good correlations with Te and Bi (Fig. 8a-c). One the other 
hand, Pd shows weak correlations with these elements in all 
samples (Fig. 8d-f).
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Discussion
As described above, the four types of sulfide mineraliza-

tion in the Western intrusion are significantly different from 
the Nos. 1 and 2 orebodies in spatial distribution and chal-
cophile element compositions. These differences imply that 
the sulfides of the Western intrusion segregated from dis-
tinctly different parental magmas and experienced different 
fractionation processes to those of the Eastern intrusion. This 
is important for us to understand more comprehensively the 
genesis of the Jinchuan deposit.

Nature and chalcophile element compositions of  
the parental magmas

The compositions of parental magmas play a critical role 
in the PGE compositions of the sulfides that segregate from 
them. Chai and Naldrett (1992b) estimated that the parental 
magma of the Jinchuan intrusion was a high Mg basalt with 
11.5 wt % MgO, while Chen et al. (2009b) and Li and Ripley 
(2011) later estimated that it had 12.3 to 12.6 wt % MgO. On 

the other hand, Tonnelier (2010) proposed that the parental 
magma was a ferropicritic magma with >15 wt % MgO and 
13 wt % FeOtotal, which is similar to the ferropicrite flows of 
the Pechenga area, Russia (Hanski and Smolkin, 1995). The 
low forsterite contents of olivine in the Jinchuan intrusions 
(81−86) suggest that the parental magmas were not primary 
mantle melts but had experienced significant fractional crys-
tallization (Li et al., 2004; Li and Ripley, 2011).

Song et al. (2009) assumed that the Jinchuan parental 
magma was similar to the Mokulaevsky basalts at Noril’sk 
(Naldrett et al., 1995; Lightfoot and Keays, 2005). However, 
because the Jinchuan sulfides contain significantly lower PGE 
than those of the Noril’sk ores, they speculated that the sul-
fides of the Nos. 1 and 2 orebodies had segregated from a sili-
cate magma depleted in PGE due to prior weak sulfide 
separation under R factors of 103 to 104 (up to 105 for model-
ing Ir contents). These R factors are greater than most mag-
matic Ni-Cu-(PGE) deposits and are inconsistent with the 
very large amount of sulfides at Jinchuan (Tonnelier, 2010).
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As mentioned above, the disseminated sulfi des have not 
undergone extensive modifi cation due to either hydrother-
mal alteration or fractionation of sulfi de liquid, and hence can 
provide additional constraints on the nature of the parental 
magma (Barnes and Maier, 1999). The Pd/Ir ratios of the dis-
seminated sulfi des of the No. 24 orebody are mostly between 
2.5 and 24; these ratios are lower than those of sulfi des seg-
regated from basaltic magmas but within the range of typi-
cal sulfi des segregated from picritic magmas (Fig. 9). Thus, 
we propose that the Jinchuan parental magma was probably 
a picritic basalt and originally contained moderate Ni (~350 
ppm) and Cu (~120 ppm), and high Ir and Ru about 1 ppb, 
Pd and Pt about 10 ppb. These values are within the range 
of data from typical undepleted picritic basalts of Qeqer-
tarssuaq, West Greenland (80−1,400 ppm Ni, 0.43−1.35 ppb 
Ir, 0.23−3.16 ppb Ru, and 0.26−0.58 ppb Rh, 5.7−9.4 ppb 
Pt, and 4.2−12.9 ppb Pd; Keays and Lightfoot, 2007) and the 
picrites of Tuklonsky of the Siberian Trap, Noril’sk region 
(295 ppm Ni, 9.0 ppb Pd, 10.5 ppb Pt; Brügmann et al., 1993; 
Lightfoot and Keays, 2005).

Sulfi de segregation and fractionation of the 
Upper and Lower units

The distinct lithologic sequences and regular variations of 
major and trace elements concentrations of the Upper and 
Lower units suggest that the two units were formed by differ-
ent pulses of magma  and the Upper unit was formed slightly 

earlier than the Lower unit (Song et al., 2012). This sugges-
tion is supported by our chalcophile elements data, which 
show that the sulfi des of the Upper and Lower units have dif-
ferent PGE tenors and Cu/Pd ratios (Figs. 4, 6, 7).

The relatively low Cu/Pd ratios (5,500−14,900) of the 
weakly disseminated sulfi des in the Upper unit suggest that 
they segregated from a PGE-undepleted magma (see quan-
titative model below). In contrast, the disseminated sulfi des 
of the Lower unit have high Cu/Pd ratios (24,200−85,600; 
Figs. 6, 7a), which imply that the silicate magma in equilib-
rium with these sulfi des had Cu/Pd ratios from ~36,000 to 
~127,000 and that the sulfi des formed with an R factor of 
500. Such high Cu/Pd ratios indicate that these sulfi des had 
formed from a magma that had become PGE depleted due 
to an earlier episode of sulfi de melt extraction (Hoatson and 
Keays, 1989; Barnes et al., 1993). Moreover, in the plots of 
Pd/Y and Ru/Y ratios against MgO (Fig. 10), the disseminated 
sulfi des in the No. 24 orebody plot in trends different from 
that of the weakly disseminated sulfi des in the Upper unit, 
reenforcing the interpretation that the two units formed from 
two distinct magma pulses (Song et al., 2012).

Although the net-textured and massive sulfi des have Cu/Pd 
ratios and IPGE tenors that are comparable to those of the 
disseminated sulfi des, they have lower Pt and Pd contents and 
higher Ni/Cu and IPGE/Pd-group PGE (IPGE/PPGE) ratios 
(Figs. 6, 7b), suggestive of signifi cant fractionation of sulfi de 
melts. Fractionation of sulfi de melts is also suggested by the 
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extremely low IPGE and Ni/Cu ratios of the Cu-rich sulfides 
as well as their relatively high Pt and Pd contents (Figs. 6, 7c). 
As mentioned above, the Cu-rich sulfides, which had been 
mined, have as high as 1.0 to 82 ppm Pt, 0.1 to 12 ppm Pd, 1.0 
to 6.0 wt % Cu, and 0.5 to 4.2 wt % Ni (Sixth Geological Unit, 
1984). These features demonstrate a genetic relationship 
between the net-textured and massive sulfides and the Cu-
rich sulfides (Su et al., 2008; Chen, 2009; Tonnelier, 2010). 

Quantitative modeling of sulfide segregation  
and fractionation

Sulfide segregation in the Upper unit: The compositional 
variations in metal tenor of sulfides (Cis) can be modeled in 
terms of a combination of parental magma composition (Ci0) 
and the ratio of silicate magma to sulfide melt (R factor) (Cis 
= Ci0 × Disul/sil × (R + 1)/(R + Disul/sil), Disul/sil is sulfide/silicate 
liquid partition coefficient; Campbell and Naldrett, 1979). 
Recently, Lesher and Burnham (2001) have pointed out that 
if a system is multicomponent (e.g., olivine and sulfides are 
liquidus phases) the compositions of the sulfides can be mod-
eled using the following mass balance equation (adapted from 
Lesher and Burnham, 2001):

Cis = Disul/sil × (Ci0 × R + P × XNi0)/
	 (R + Disul/sil + P × DiOl/sil),	 (1)

where Cis and Ci0 represent the concentrations of the metal 
in the sulfide and silicate liquids, respectively; Disul/sil and DiOl/

sil are the partition coefficients of metal i between sulfide and 
silicate liquid and between olivine and silicate liquid, respec-
tively; R refers to the mass ratio of silicate magma/(sulfide liq-
uid + olivine); P is the olivine:sulfide ratio (~20, Chen et al., 
2009a), and XNi0 is the initial Ni content of the olivine (~1,600 
ppm, Li et al., 2004; Chen et al., 2009a).

In our calculations, DiOl/sil of Ni is assumed to be 5 (Li et al., 
2003). However, we have used different values of Disul/sil of Ni, 
Ir, Pd, and Ru in the modeling, namely Ni = 250 or 500; Ir = 
10,000 or 40,000; Pd = 25,000 or 40,000; Ru = 35,000; these 
values are within the range of experimental results (Francis, 
1990; Peach et al., 1994; Crocket et al., 1997; Gaetani and 
Grove, 1997). It is further assumed that the partition coeffi-
cients remained constant during sulfide segregation, although 
they would have changed with changes in ƒO2, ƒS2, and the 

compositions of the silicate and sulfide liquids. The results are 
shown in Figure 11.

Our calculations indicate that the sulfide segregation trend 
from a picritic magma containing ~350 ppm Ni, ~1 ppb Ir, and 
~10 ppb Pd gives a good match of the observed compositions 
of the weakly disseminated sulfide in the Upper unit (Fig. 11). 
This suggests that the weakly disseminated sulfides probably 
segregated from PGE-undepleted silicate magma at R factors 
of 400 to 1,000 (Fig. 11). This is consistent with their rela-
tively high PGE tenors and low Cu/Pd ratios (5,500−14,900) 
which are similar to that of the primitive mantle (Fig. 6b).

Sulfide segregation in the Lower unit: As discussed above, 
the very high Cu/Pd ratios suggest that the disseminated sul-
fides in the No. 24 orebody segregated from a PGE-depleted 
magma due to prior sulfide separation. The chalcophile metal 
contents of the residual magma can be calculated by the Ray-
leigh equation (Neumann et al., 1954): 

	 CiL = Ci0 × (1 − F)(Di−1),	 (2)

in which Ci0 and CiL are the metal contents of the primary and 
residual magma, respectively; F represents the fraction of the 
liquid that has crystallized; and Di is the partition coefficient 
of element i between sulfide and silicate liquid. 

A minor amount of sulfide segregation will result in signifi-
cant chalcophile metals depletion. Equation (2) shows that 
after segregation of only 0.003% sulfide melt from the paren-
tal magma, the residual magma will contain only ~0.36 ppb 
Ir, ~0.42 ppb Ru, ~2.9 ppb Pd, and ~345 ppm Ni. The abun-
dances of these metals are similar to the values estimated by 
Jiao et al. (in prep.; 0.27 ppb Ir, 0.28 ppb Ru, 4.9 ppb Pt, 2.3 
ppb Pd, 340 ppm Ni, and 170 ppm Cu) and Li and Ripley 
(2011; 0.2 ppb Ir and 3 ppb Pd). Such a weakly PGE depleted 
magma has a relatively high Cu/Pd ratio, which is comparable 
with that of the parental magma of the disseminated sulfides 
of the No. 24 orebody (36,000−127,000, see above). Accord-
ing to equation (1), sulfides segregated from such a weakly 
PGE-depleted magma under R factors varying from ~200 to 
~1,000 would have compositions similar to those of the dis-
seminated sulfides (Fig. 11). Using different partition coeffi-
cients in these models, the best correlations between Ni, Ir, 
and Pd in these sulfides in both the Upper and Lower units 
are obtained setting DNisul/sil = 500 and DIrsul/sil = DPdsul/sil = 
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40,000 (Fig. 11). By contrast, the disseminated sulfi des of the 
Nos. 1 and 2 orebodies have greater Cu/Pd ratios and were 
segregated from a more PGE-depleted parental magma due 
to larger amount of prior sulfi de liquids removal 
(~0.006−0.008%) at depth (Song et al., 2009). Moreover, the 
higher PGE concentrations of the disseminated sulfi des in 

the No. 1 orebody relative to those of the No. 2 orebody are 
attributed to greater R factors (Fig. 11). 

The mass ratios of the silicate magma to sulfi de liquid in our 
model are considerably lower than those suggested by Song 
et al. (2009). However, our estimated R values for the Jin-
chuan deposit are comparable to those of other sulfi de-rich 
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Ni-Cu-(PGE) deposits, such as the Voisey’s Bay deposit (R = 
100−5,000, Naldrett et al., 2000; Lightfoot et al., 2012) and 
the Eagle deposit (R = 200−300, Ding et al., 2012). On the 
other hand, using a ferropicritic magma with ~700 ppm Ni, 
~120 ppm Cu, ~5 ppb Pt, ~5 ppb Pd, and ~0.6 ppb Ir, Ton-
nelier (2010) estimated that the Jinchuan sulfi des had formed 
at R factors of ~500 to ~800. Tonnelier (2010) attributed 
the low PGE contents of the parental magma of the Jinch-
uan magmatic system to derivation from a pyroxenitic mantle 
reservoir. Although this suggestion has considerable merit, 
it is noteworthy that the magma that formed the weakly dis-
seminated sulfi des in the Upper unit was not PGE depleted. 
The Cu/Pd ratios of the sulfi de-barren lherzolite and samples 
with weakly disseminated sulfi des in the Upper unit are 9,200 
to 15,900 and 5,500 to 14,900 (Table 2; Fig. 4), respectively. 
These ratios are comparable to those of the primitive mantle 
(7,000−10,000, Barnes and Maier, 1999). Therefore, we pro-
pose that all the Jinchuan magmas have been derived from a 
peridotitic mantle reservoir and the PGE-depleted signature 
of some of the Jinchuan sulfi des is due to an earlier sulfi de 
saturation event. 

Sulfi de fractionation in the Western intrusion: Decoupling 
between IPGE and PPGE and between Ni and Cu of the net-
textured and massive ores and Cu-rich ores in the Western 
intrusion as shown in Figure 6 may be the result of fractional 
crystallization of mss. To test this possibility, we have used 

the Rayleigh   equation (2) to model the fractionation of Ni, 
Pd, and Ru between mss and a sulfi de melt using the mss/
sulfi de melt partition coeffi cients of DNimss/Sul = 0.6, DPdmss/

Sul = 0.14, and DRumss/Sul = 9   (Li et al., 1996; Ballhaus et al., 
2001; Barnes et al., 2001; Brenan et al., 2003; Bockrath et al., 
2004).  It was assumed that the partition coeffi cients remained 
constant during fractionation. 

For modeling the effects of fractionation of the sulfi de melt 
that formed the sulfi des of the No. 24 orebody, we utilized an 
initial sulfi de melt composition of 9.9 wt % Ni, 250 ppb Ru, 
and 1,700 ppb Pd.   This would have been the composition of 
sulfi des which had segregated from the PGE-depleted magma 
at an R factor of ~600 (Fig. 12). Our calculations indicate that 
30% fractional crystallization of this sulfi de melt would pro-
duce a residual sulfi de melt with Ni/(1,000*Ru) and Pd/Ru 
ratios of 8,000 and 160, respectively, and mss cumulates with 
Ni/(1,000*Ru) and Pd/Ru ratios of 530 and 2.5, respectively 
(Fig. 12). The Ni/(1,000*Ru) and Pd/Ru ratios of the net-tex-
tured and massive sulfi des indicate that they formed by ~20 
to 30% fractionation of the sulfi de melt, whereas those of the 
Cu-rich ores indicate that they were formed by ~20 to ~40% 
fractionation of the sulfi de melt (Fig. 12). These results are 
comparable with those of Jiao et al. (in prep.). On the other 
hand, the net-textured sulfi des in the Nos. 1 and 2 orebodies 
were formed by slightly limited fractionation of sulfi de liquid 
(0−30%) compared to those of the No. 24 orebody (Tonnelier, 
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2010). The restricted variations in Ni/(1,000*Ru) and Pd/Ru 
ratios of the weakly disseminated sulfides in the Upper unit 
and the disseminated ores of the No. 24 orebody imply that 
they underwent only limited fractional crystallization of the 
sulfide melts (Fig. 12).

Origin of Pt depletion in the net-textured and  
massive sulfides

A remarkable characteristic of the net-textured and mas-
sive sulfides is variable Pt depletion relative to the other PGE, 
with Pt/Pd ratios as low as ~0.02 (Figs. 6f, 7b). Similar Pt 
depletions of massive sulfides are reported for other mafic-
ultramafic intrusion-hosted deposits, such as those in the 
Selkirk and Phoenix, the Tati and Selebi-Phikwe belts of east-
ern Botswana (Maier et al., 2008), and in komatiite-hosted 
orebodies, including the Silver Swan and the White Swan 
deposits and the Mount Keith nickel deposit, Yilgarn craton, 
Western Australia (Barnes, 2004; Barnes et al., 2012). Song et 
al. (2009) suggested that the similar Pt depletion in the Nos. 
1 and 2 orebodies probably resulted from either precipita-
tion of Pt-Fe alloys together with chromite prior to sulfide 
saturation or selected removal of Pt from the sulfides due to 
late hydrothermal alteration. Su et al. (2008) favored that the 
decoupling of Pd and Pt in the net-textured and massive ores 
originated from postmagmatic hydrothermal processes. How-
ever, Pd is much more soluble than Pt and is easier to be dis-
solved and remobilized by hydrothermal fluids (Keays et al., 
1981; Wood et al., 1992; Xiong and Wood, 2000; Barnes and 
Liu, 2012). As a result, both segregation of Pt-Fe alloys prior 
to sulfide saturation and postmagmatic hydrothermal redistri-
bution of PGE would have produced negative Pt anomalies in 
the disseminated sulfides, Cu-rich ores as well as the net-tex-
tured and massive sulfides. As this is not the case, an alternate 
explanation is required.

Segregation of a Cu-rich melt from the mss during solidi-
fication of the sulfide melts may offer a credible explanation. 
Iridium, Ru, and Rh are concentrated in the mss because 
they have high mss/sulfide melt partition coefficients (~10.0, 
~9.0, and ~3.0, respectively); whereas Pd and Pt remain in the 
residual sulfide melt because they have partition coefficients 
of 0.14 and 0.12, respectively (Li et al., 1996; Ballhaus et al., 
2001; Barnes et al., 2001; Brenan et al., 2003; Bockrath et 
al., 2004). The Cu-rich orebodies that occur toward the base 
of the No. 24 orebody as well as in the footwall schists have 
highly elevated Pd and Pt contents (Figs. 5, 7). Segregation 
of Pd and Pt into a Cu-rich sulfide melt would not, however, 
explain why it is only Pt that exhibits a negative anomaly rather 
than Pd and Pt. Although only a few of the Cu-rich ores in the 
present study display positive Pt anomalies (Fig. 7c), previ-
ous published data and our new analyses have shown that the 
Cu-rich ores can be highly enriched in both Pt and Pd, and 
have Pt/Pd ratios of 3.0 to 44.8 (Fig. 7c; Sixth Geological Unit, 
1984; our unpub. data).

Experimental studies have revealed that Pt and Pd are 
preferentially concentrated in As-, Sb-, Bi-, and Te-enriched 
residual melts during crystallization of mss (Skinner et al., 
1976; Makovicky, 2002; Hanley, 2007; Tomkins, 2010). The 
dominant discrete mineral of Pt in No. 24 orebody is sper-
rylite (PtAs2), and the next most common Pt mineral is mon-
cheite (PtTe2) (Sixth Geological Unit, 1984; Yang et al., 2006; 

Su et al., 2008); however, over 70% of Pd occurs in pentland-
ite (Chai et al., 1993). The positive correlations between Pt 
and As, Te and Bi in all sulfide types in the Western intrusion 
are much better than those between Pd and As, Te and Bi, 
implying that Pt has a stronger chemical affinity with As, Te, 
and Bi than Pd does (Fig. 8). This suggests that Pt may have 
been preferentially extracted into the Cu-rich melts due to 
the presence of As, Te, and Bi in those melts.

Another possibility is that the negative Pt anomaly was 
caused by the crystallization of sperrylite prior to solidifica-
tion of the sulfide melts. Several studies have demonstrated 
that sperrylite can crystallized directly from a sulfide melt 
before mss crystallization in magmatic sulfide systems (Wood, 
2003; Dare et al., 2010; Helmy et al., 2010, and references 
therein). However, this would require that the sulfide melts 
that formed the net-textured and massive sulfides migrated 
away from sperrylite subsequent to the crystallization of the 
sperrylite.

Genetic model for the magmatic sulfide mineralization in  
the Western intrusion and conclusions

Previous studies have shown that the wall rocks at Jinch-
uan are poor in S and thus sulfide immiscibility occurred at 
a deep level (e.g., Ripley et al., 2005). We have concluded 
that the parental magmas that formed the Upper and Lower 
units of the Western intrusion experienced different evolu-
tion processes in the deeper levels of the magma plumbing 
system. We propose that the weakly disseminated sulfides at 
the base of the Upper unit formed by settling of the sulfide 
droplets together with olivine crystals carried by the magmas 
from the deeper levels. These sulfides segregated from PGE-
undepleted magma under R factors of 400 to 1,000.

In contrast, the sulfides in the Lower unit segregated from 
PGE-depleted magma under R factors of 200 to 1,000 and 
thus have high Cu/Pd ratios and relatively low PGE tenors. 
The PGE-depleted magma resulted from a minor amount 
(e.g., ~0.003%) of prior sulfide separation. The net-textured 
and massive ores of the No. 24 orebody represent the mixture 
of crystallized mss and sulfide liquid and thus have relatively 
high IPGE contents and low Pd/Ru values. In contrast, the 
Cu-rich orebodies were produced from Cu-, Pd-, and Pt-rich 
melts that migrated away from the mss formed during the 
solidification of the sulfide melts that produced the net-tex-
tured and massive sulfides; as a result, the Cu-rich ores have 
relatively low IPGE contents and high Pd/Ru values.

We propose the Pt depletion of the net-textured and mas-
sive ores was associated with the fractional crystallization of 
Cu-rich sulfide liquids, which migrated away from the mss 
during solidification of the sulfides melts from which these 
ores formed. We suggest that although Pd and Pt have very 
small mss/sulfide melt partition coefficients, Pt was preferen-
tially removed in the Cu-rich residual melt due to the pres-
ence of As, Te, and Bi.
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