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A B S T R A C T   

The Ni-Cu sulfide deposits along the Huangshan-Jingerquan metallogenic belt in the southernmost Central Asian 
Orogenic Belt contain ~ 1.0 million tonnes Ni metal with average grades of 0.4–0.5 wt%. Published data on 
siderophile and chalcophile elements of sulfide ores and sulfide-poor rocks of the deposit hosting complexes are 
integrated to address the processes affecting compositions of the sulfide ores, such as sulfide segregation, dif
ferentiation and mixing. The sulfide-poor rocks are low in platinum-group elements (PGE), e.g. Ir < 0.23 ppb and 
Pd < 2.3 ppb, even containing minute amount of sulfides. These data indicated that the basaltic magmas were 
primarily depleted in PGE due to sulfide retention in the mantle sources or in the lower crust. Abundances and 
variation of PGE of the sulfide-poor rocks indicate that fractional crystallization of olivine, pyroxene and 
chromite lead to fractionation of Ir and Ru from Pt and Pd in the basaltic magmas ascending in the crust. The 
disseminated sulfide ores with S < 3.0 wt% from the deposits have restricted PGE tenors (0.5–45 ppb Ir, 10–900 
ppb Pt and 10–780 ppb Pd) and Pd/Ir values (3.0–250), whereas the net-textured/massive ores have relatively 
large variations in PGE tenors (0.05–55 ppb Ir, 0.4–2900 ppb Pt and 4.0–2560 ppb Pd) and Pd/Ir values 
(0.3–4000). Large compositional variations of the net-textured/massive ores demonstrate differentiation and 
mixing of the sulfide liquids carried by different batches of magma along the magma plumbing system. The 
sulfides settled down in widen parts of magma conduits forming sulfide mineralized mafic–ultramafic dykes. 
Downward percolation of differentiated sulfide liquids could form Fe-rich and Cu-rich massive ore veins adjacent 
to dyke-like orebody. More sulfides were carried by ascending magmas and deposited in shallow large complexes 
along the magma plumbing system.   

1. Introduction 

Different size Ni-Cu sulfide deposits occur in orogenic belts over the 
world, such as the Kotalahti and Vammala belts in Finland (e.g., Barnes 
et al., 2009), the Aguablanca deposit in the Variscan orogenic belt, Spain 
(e.g., Pina et al., 2010), the Selebi-Phikwe belt, Botswana (Maier et al., 
2008), and the Savannah Ni-Cu-Co Camp, Australia (Le Vaillant et al., 
2020). The Xiarihamu Ni-Co deposit in the East Kunlun Orogenic Belt 
(China) and the Nova Ni-Cu-Co deposit in the Albany-Fraser Orogenic 
Belt (Australia) have raised growing hopes of prospecting magmatic 
sulfide deposit in orogenic belts are the largest Ni deposit discoveries in 

the world since Voisey’s Bay (Canada) (Li et al., 2015; Song et al., 2016; 
Maier et al., 2016 and references therein). However, the factors affecting 
metal grades of the sulfide ores have still not been well understood. 

The E-W trending and ca.600-km-long Huangshan-Jingerquan met
allogenic belt is the largest Ni-Cu sulfide metallogenic belt recognized in 
orogenic belts worldwide (Mao et al., 2008; Song et al., 2013, Song et al., 
2021; Lightfoot and Evans-Lamswood, 2015). It is located in the North 
Tianshan in the southern margin of the Central Asian Orogenic Belt 
(CAOB) (e.g., Şengör et al., 1993; Xiao et al., 2013, Xiao et al., 2015). 
Since 1980′s, the Ni-Cu metallogenic belt has attracted great attentions 
as a number of economically large Ni-Cu sulfide deposits were 
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discovered, including Huangshan, Huangshandong, Huangshannan, 
Tudun, Xiangshan, Hulu and Tulaergen (Wang et al., 2006; Mao et al., 
2008 and references therein) (Fig. 1). After 2000, several new discov
eries along this belt were made by means of prospecting programs, such 
as the Tulaergen Ni-Cu deposit and the sulfide-mineralized Dahuang
shan and Jingerquanbei mafic–ultramafic complexes (San et al., 2003; 
Song et al., 2021 and references therein). The Ni-Cu deposits along this 
metallogenic belt contain ~ 2.5*108 tonnes sulfide ores with averaged 
Ni grade of 0.4–0.5 wt%, which is ~ 1/3 Ni metal reserves of all Ni-Cu 
sulfide deposits in the orogenic belts in China (Mao et al., 2008 and 
references therein). The genetically related basaltic magmatism was 
attributed to subduction (Zhang et al., 2011; Han et al., 2013), up
welling of asthenosphere due to break-off of subduction slab in syn- or 
post-collisional setting (Song et al., 2011, Song et al., 2013) and the 
Tarim mantle plume (Pirajno et al., 2008; Qin et al., 2011). Latest U-Pb 
dating of zircons separated from the sulfide-bearing rocks indicate that 
the sulfide mineralization occurred in a short period of 285 to 280 Ma, 
which is closely associated with high degrees partial melting of the 

asthenospheric mantle in early stage of post-collision, although the 
basaltic magmatism was prolonged from subduction (380–300 Ma) to 
post-collision (280–270 Ma) along the belt (Song et al., 2021). The 
sulfide ores from these deposits have a range of Se/S ratios (47 ×
10-6-420 × 10-6) evidently larger than the mantle (Se/S = 230 ×
10-6-350 × 10-6) and the country rocks (Se/S = 6.2 × 10-6-115 × 10-6). 
They have smaller range of δ34S values (-0.9 to 1.4 ‰) relative to the 
country rocks of the deposit hosting mafic–ultramafic complexes (δ34S 
= –22.3 to + 18.8‰). These phenomena demonstrated that sulfide 
liquid immiscibility occurred in deep levels in the crust, rather than 
in-situ (Deng et al., 2022). Along the magma plumbing systems, depo
sition of the sulfides at deep levels formed mineralized dykes and formed 
stratiform and lenticular shaped orebodies in large mafic–ultramafic 
complexes at shallow levels (Song et al., 2021; Deng et al., 2021). 

Each of the Ni-Cu sulfide deposits along the Huangshan-Jingerquan 
metallogenic belt has been studied in the past ten years and a lot of 
Ni, Cu and platinum-group elements (PGE) data of the sulfide ores have 
been reported (Zhang et al., 2011; Gao et al., 2013; Deng et al., 2014, 

Fig. 1. A. Location of the Central Asian Orogenic Belt. B. The North Tianshan arc system is bounded by the Kelameili and Aqikkuduk faults and consists of the Harlik- 
Dananhu island arc in the north and the Kanggur-Yamansu arc in the south (after Xiao et al., 2013). C. Geological map of the Kanggur-Yamansu arc. The Huangshan- 
Jingerquan Ni-Cu metallogenic belt is located to the north of the Yamansu fault (after Song et al., 2013 and references therein). The mafic–ultramafic complexes are 
emplaced in Middle Devonian Wutongwozi Formation and Late Carboniferous Gandun Formation. Names of the complexes hosting large Ni-Cu sulfide deposits are 
bold italics. 
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Deng et al., 2017; Tang et al., 2014; Mao et al., 2014, Mao et al., 2015; 
Zhao et al., 2016; Wang et al., 2018; Zhao et al., 2018 and references 
therein). However, some issues important for better understanding 
magmatic sulfide mineralization along the metallogenic belt have not 
been addressed well: (1) chemical characteristics of the parental 
magmas, (2) mechanisms of sulfide migration and deposition in magma 
plumbing systems, (3) processes resulting in geochemical discrepancies 
and variations of the sulfide ores. In this study, the published Ni, Cu and 
PGE data of the sulfide ores of the main magmatic sulfide deposits and 
the sulfide-poor rocks from the hosting complexes are integrated to 
address the above issues. This study gives overall insights on conditions 
and processes of sulfide segregation, differentiation, migration and 
deposition in the metallogenic belt. These insights are significant for 
understanding of the formation of Ni-Cu sulfide deposits in orogenic 
belts. 

2. Geological background 

The ~ 5500-km-long CAOB is the largest Phanerozoic accretionary 
orogenic system in the world (Fig. 1A) (e.g., Şengör et al., 1993; Xiao 
et al., 2013, Xiao et al., 2015). It is situated among the eastern European 
Craton to the west, Siberian Craton to the northeast, and North China- 
Tarim Craton to the south. The Chinese East Tianshan is eastern 
portion of the east–west-trending Tianshan Mountain, which constructs 
the southern margin of the CAOB. 

The Chinese East Tianshan can be further subdivided into North, 
Central and South Tianshan terranes by regional fault zones, respec
tively. A series of Ni-Cu sulfide deposits have been discovered along the 
Huangshan-Jingerquan belt in North Tianshan, Central Tianshan 
(Baishiquan, Tianyu, etc.) and Beishan Belt (Poyi, Heishan, etc.) (Mao 
et al., 2008; Chai et al., 2008; Xia et al., 2013; Xue et al., 2016; Xie et al., 
2012, Xie et al., 2014; Song et al., 2021). Central Tianshan has a Pre
cambrian basement, which is overlain by Paleozoic metamorphosed 
volcanic and sedimentary rocks and South Tianshan dominantly com
prises of Devonian-Carboniferous accretionary complexes (e.g., Wang 
et al., 2014). North Tianshan between the Kelameili and Aqikkuduk 
faults is an arc system (Fig. 1B). Recognitions of ophiolites (417–330 
Ma) along Aqikkuduk fault as well as radiolaria and conodonts in the 
Devonian to Carboniferous siliceous sediments demonstrate existence of 
the North Tianshan Ocean in Paleozoic in the Chinese East Tianshan (e. 
g., Xiao et al., 2013; Han and Zhao, 2018). The Kanggur fault divides the 
North Tianshan arc system into the Harlik-Dananhu island arc to the 
north and the Kanggur-Yamansu arc to the south (Fig. 1B). In the 
Harlik-Dananhu arc, Ordovician to Carboniferous calc-alkaline inter
mediate-acid intrusive and volcanic rocks were attributed to northward 
subduction of the North Tianshan Ocean (e.g., Chen et al., 2013). The 
Kanggur-Yamansu arc was regarded as an accretionary prism and a 
volcanic zone developed along the northern margin of the Central 
Tianshan block due to southward subduction of the North Tianshan 
Ocean (Chen et al., 2019). 

3. The Ni-Cu sulfide deposits of the Huangshan-Jingerquan 
metallogenic belt 

The Huangshan-Jingerquan Ni-Cu metallogenic belt is situated in 
northern portion of the Kanggur-Yamansu arc (Fig. 1, Chen et al., 2019). 
The southern dipping Gandun fault divides the metallogenic belt into 
the northern and southern parts (Fig. 1C). The northern part is occupied 
by the middle Devonian Wutongwozi Formation, which mainly consists 
of metasandstone with interlayers of tuff and marble. The southern part 
is occupied by the late Carboniferous Gandun Formation mainly con
sisting of siliceous slates and metasandstones with interlayers of marble 
(Deng et al., 2021). 

3.1. Deposits hosted in the complexes within the Gandun Formation 

The mafic–ultramafic complexes emplaced in the Gandun Formation 
have large scales, bean-pod, rhombic or oval outlines, and funnel shaped 
vertical cross sections. Stratiform and lenticular shaped Ni-Cu sulfide 
orebodies are mostly embedded in ultramafic facies (Song et al., 2021). 
Huangshandong and Huangshan are the two largest Ni-Cu sulfide de
posits in the Huangshan-Jingerquan metallogenic belt and contain 0.33 
and 0.38 million tonnes Ni metal, respectively (Appendix Table 3). 

The Huangshandong complex is 3.5 km long and 1.2 km wide with a 
perfect rhombic outline (Fig. 2A). Its bottom extends to more than 1000 
m deep in the west and becomes shallow to the east. The complex 
dominantly consists of gabbroic rocks and lherzolite occurs as interlays 
within or overlaying the ilmenite-bearing gabbro. Lithological re
lationships and sharp contacts among these lithofacies demonstrate 
emplacement of multiple pulses of basaltic magma (Fig. 2A, Gao et al., 
2013; Deng et al., 2014 and references therein). Concave layered and 
lenticular disseminated Ni-Cu sulfide orebodies dominantly occur at the 
base of the lherzolite and within the gabbronorite, respectively 
(Fig. 2A). 

The bean-pod shaped Huangshan complex is ~ 2.5 km long and 
shrinks to the east (Fig. 2B, Zhou et al., 2004). Funnel-shaped cross 
sections down to depths more than 1000 m suggested a magma feeder 
conduit on the west (Lightfoot and Evans-Lamswood, 2015). It mainly 
comprises lherzolite and websterite, which gradually change to gab
bronorite and olivine gabbro upward. Lenticular disseminated Ni-Cu 
sulfide orebodies occur at the bases of the lherzolite and websterite 
(Fig. 2B). Intermittent emplacement of multiple pulses of magma is 
indicated by sharp contacts between the lherzolite and underlying basal 
gabbronorite (Deng et al., 2015, Deng et al., 2017 and references 
therein). Additionally, fine-grained lherzolite overlays gabbronorite at 
the surface in central part of the complex (Fig. 2B). This is confirmed by 
distinguishable zircon U-Pb ages of different lithologies (Fig. 2B, Song 
et al., 2021). 

The Huangshannan complex is similar to the Huangshandong com
plex in shape, size and rock types, but have much smaller proportions of 
ultramafic rocks, which contain a few economic Ni-Cu orebodies 
(Fig. 2C, Mao et al., 2017). The small oval shape Tudun complex has 
high proportion of lherzolite and hosts economic Ni-Cu orebodies (Ap
pendix Table 3, Fig. 2D, Song et al., 2013; Wang et al., 2015). 

3.2. Deposits hosted in the complexes within the Wutongwozi Formation 

Most of the mafic–ultramafic complexes emplaced in the Wutong
wozi Formation appear as dykes or chains of small pods with exception 
of the Hulu complex. Some of them hosted small economic Ni-Cu sulfide 
deposits (Appendix Table 3) (Song et al., 2021). 

The Tulaergen complex is a ~ 800 m long mafic–ultramafic dyke and 
hosts the third largest Ni-Cu sulfide deposit (~0.12 million tonnes Ni 
metal, Appendix Table 3) in the Huangshan-Jingerquan metallogenic 
belt. It consists of lherzolite, websterite and gabbro from the center to 
the margin and several lenticular shaped Ni-Cu sulfide orebodies occur 
within the lherzolite (Jiao et al., 2013; Wang et al., 2018 and references 
therein) (Fig. 2E, Appendix Table 3). The Xiangshan complex is a ~ 8 km 
long olivine gabbro dyke with widths up to 1 km. Several disseminated 
Ni-Cu sulfides mineralized lherzolite bodies (up to 1 km long and 300 m 
wide) are enveloped by the olivine gabbro (Shi et al., 2018 and refer
ences therein) (Fig. 2F, Appendix Table 3). The Hulu complex is ~ 2 km 
long and up to 1 km wide and has a lopolith outline shrinking in the 
middle (Han et al., 2013). In the complex, lherzolite is underlain by 
harzburgite and websterite constructs the bottom in the western portion. 
Ni-Cu sulfide ore layers mainly lie in the basal websterite (Fig. 2G, 
Appendix Table 3). Olivine-free gabbro occurs along the complex mar
gins (Zhao et al., 2018). 

Other complexes emplace in the Wutongwozi Formation appear as 
chains of small ultramafic bodies containing sparsely disseminated 
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sulfides. For instance, the Chuanzhu complex is a ~ 1.6 km long chain 
including a series of small ultramafic outcrops containing disseminated 
sulfides in Gobi desert (Appendix Table 3). 

4. Ni, Cu and PGE concentrations of sulfide-poor rocks 

The sulfide-poor mafic and ultramafic rocks from the major com
plexes along the Huangshan-Jingerquan metallogenic belt commonly 

contain minute amount of sulfides with whole-rock sulfur<0.2 wt% (Sun 
et al., 2013; Mao et al., 2014, Mao et al., 2015; Wang et al., 2015). The 
sulfides (mainly pyrrhotite, pentlandite and chalcopyrite) are interstitial 
among silicates in the sulfide-poor rocks (Appendix Fig. 1). The sulfide- 
poor rocks display positive correlations between Ir and the other PGEs 
due to existences of the sulfides (Fig. 3A-C). In spite of this, their PGE 
concentrations (<0.12 ppb Ir, <0.15 ppb Ru, 0.1–3.0 ppb Pt (except for 
one point) and 0.13–2.3 ppb Pd, Appendix Table 1) are evidently lower 

Fig. 2. Simplified geological maps of 
the mafic–ultramafic complexes host
ing large Ni-Cu sulfide deposits along 
the Huangsha-Jingerquan metal
logenic belt (after Song et al., 2021 
and references therein). The com
plexes emplaced in the Gandun For
mation are large and have rhombic or 
oval outlines, such as Huangshandong 
(A), Huangshan (B), Huangshannan 
(C), Tudun (D). The complexes 
emplaced in the Wutongwozi Forma
tion appear as dykes or chains of 
small pods, such as Tulaergen (E) and 
Xiangshan (F), exception for the Hulu 
sill (G). Locations of the complexes 
are shown in Fig. 1C.   
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than those of S-undersaturated oceanic island basalts from Iceland, 
which contain 7.58 ± 0.3 ppb Pd and 0.189 ± 0.005 ppb Ir (Rehkämper 
et al., 1999). In addition, Cu/Pd values of the sulfide-poor rocks are 
evidently higher than those of the primitive mantle (7000–10000, 
Barnes and Maier, 1999) (Fig. 3D). Analytical methods of sulfur and PGE 
are summarized in Supplementary information. 

5. Ni, Cu and PGE concentrations of sulfide ores 

The Ni-Cu sulfide ores from the deposits in the Huangshan- 
Jingerquan metallogenic belt are classified into three groups accord
ing to sulfur contents (Appendix Table 2): disseminated ore (S < 3.0 wt 
%), densely disseminated ore (S = 3.0–10.0 wt%) and net-textured/ 
massive ores (S greater than 10.0 wt%) (Appendix Fig. 2), for conve
nience in description and discussion below. As shown in Fig. 4A, B, the 
disseminated and densely disseminated ores have positive correlations 
between S contents and grades of Ni and Cu, while the net-textured/ 
massive ores display large variation in Cu grades at given S contents. 
The sulfide ores from most of the deposits display positive correlations 
between S and PGE, whereas the sulfide ores from the Tulaergen deposit 
display the largest variation in PGEs (Fig. 4C-E). 

In binary diagrams in bases of 100% sulfide (express using subscript 

[1 0 0]), most of the sulfide ores clearly show positive correlations of 
Ru[1 0 0] and Rh[1 0 0] against Ir[1 0 0], but large variations in Pt[1 0 0] and 
Pd[1 0 0] (Fig. 5A-D). It is worth to note that the disseminated ores show 
good positive correlations between Ir[1 0 0] and the other PGEs and 
plotted in narrow areas circled by light blue dashed lines in Fig. 5A-D. In 
contrast, the densely disseminated and net-textured/massive ores plot 
dispersedly in the diagrams of Pt[1 0 0] and Pd[1 0 0] against Ir[1 0 0] owing 
to large variation of Pt[1 0 0] and Pd[1 0 0] in given Ir[1 0 0] (Fig. 5C-D). The 
sulfide ores from the Huangshan deposit are featured by high Ru/Ir 
values and small ranges of Pt/Ir and Pd/Ir values relative to those from 
other deposits (Fig. 5A, C, D). Conversely, the Huangshandong and 
Huangshannan sulfides are marked by the large variations in the ratios 
of Pt/Ir and Pd/Ir (Fig. 5C, D). Those from the Huangshannan deposit 
are characterized by relatively high Ni, Ir, Ru and Rh tenors (Fig. 5, Mao 
et al., 2017). Comparing with other deposits, the Tulaergen sulfide ores 
display remarkably large variations in tenors of these metals, particu
larly, the Cu-rich massive ores are not only characterized by low Ni/Cu 
values but also extremely large variation in Pt[1 0 0] (Fig. 5). Their 
highest Ru/Ir and Rh/Ir ratios of the Cu-rich massive ores are resulted 
from interferences of high Cu content in analyses and not significant in 
geochemistry (see Supplementary information). 

Fig. 3. Binary diagrams of Ir versus Rh (A), Pt (B), Pd (C) and Cu/Pd (D) for the sulfide-poor mafic–ultramafic rocks from the Huangshan-Jingerquan complexes 
(Tang et al. 2014; Deng et al. 2014, 2015; Mao et al. 2016, 2017; Wang et al. 2018 and references therein). Data are listed in Appendix Table 1. Estimated Cu/Pd 
value of the primitive mantle (7000 ~ 10000) is from Barnes and Maier (1999). 
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6. Discussion 

6.1. PGE-depleted parental/primary magmas 

Nickel and Cr are compatible but Cu and Y are incompatible for 
olivine and pyroxenes (Kelemen, 1990). Chromium is a major element of 
chromite. The sulfide-poor rocks contain<1.0 modal% chromite, which 
was commonly crystalized together with or slightly later than olivine. 
Therefore, Ni and Cr could be enriched in cumulus of mafic minerals and 
Cu and Y are remained in residual magmas during fractionation before 

sulfide/silicate liquid immiscibility occurs. On the other hand, both Ni 
and Cu tend to be concentrated in sulfide liquid if sulfide/silicate liquid 
immiscibility occurs due to their high sulfide liquid/silicate melt parti
tion coefficients, while Cr and Y are incompatible for sulfide liquid (Fleet 
et al., 1999a; Fleet et al., 1999b; Mungall and Brenan, 2014). The 
negative correlation of Cr against Y of the sulfide-poor mafic–ultramafic 
rocks indicates accumulation of olivine and pyroxenes (Fig. 6A). How
ever, the positive correlations of Ni and Cu against Cr manifest the 
sulfide-poor rocks containing minute amount of sulfides (Fig. 6B, C). 
Copper is strongly concentrated in sulfide liquid as a chalcophile 

D
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ed
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es

Net-textured
and semi-
massive ores

Disseminated
ores Tulaergen Cu-rich massive ore

Tulaergen Fe-rich massive ore

Emplaced in Gandun Formation

Emplacen in Wutongwozi Formation

Fig. 4. Binary plots of sulfur versus contents of Ni (A), Cu (B), Ir (C), Pd (D) and Pt (E) of the sulfide ores from the Ni-Cu sulfide deposits along the Huangshan- 
Jingerquan metallogenic belt. Data are from Appendix Table 1. 
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element and Y is remained in silicate melt as a lithophile element when 
sulfide-silicate liquid immiscibility occurs (Lightfoot et al., 1997; Song 
et al., 2009a). Therefore, positive correlations of Pt and Pd against Cu/Y 
testify that PGE are dominantly concentrated in the minute amounts of 
sulfides (Fig. 6D, E). Thus, although the sulfide-poor rocks contain up to 
2.3 ppb Pd and 3.0 ppb Pt, their parental magmas should contain much 
lower Pd and Ir. Previous studies proposed that middle ocean ridge 
basalts (MORB) are variably depleted in PGE, containing up to 6.1 ppb 
Pd and 2.5 ppb Pt, respectively, owing to sulfide retention in the mantle 
source under low degrees partial melting (Rehkämper et al., 1999). 

Therefore, it is reasonable to consider that the parental magmas of the 
sulfide-poor rocks are PGE-depleted (Zhang et al., 2011; Deng et al., 
2014; Deng et al., 2017; Tang et al., 2014; Zhao et al., 2015). This is 
supported by that all of the sulfide-poor rocks have Cu/Pd values much 
higher than that of primitive mantle (Cu/Pd ≤ 104, Barnes and Maier, 
1999) (Fig. 3D). 

6.2. Quantitative approach to PGE-depletion of parental magma 

Compositional variations of magmatic sulfides are controlled by the 

0.01 0.1 1 10 100

Tulaergen Cu-rich
massive ore

Tulaergen Fe-rich
massive ore

0.01 0.1 1 10 100

0.01 0.1 1 10 100 0.01 0.1 1 10 100

Emplaced in Gandun Formation

Emplaced in Wutongwozi Formation

Tulaergen Cu-rich
massive ore

Tulaergen Fe-rich massive ore

Fig. 5. Binary plots of Ir versus Ru (A), Rh (B), Pt (C) and Pd (D) and Cu versus Ni (E) for the sulfide ores in 100% sulfide basis for the Ni-Cu sulfide deposits along the 
Huangshan-Jingerquan metallogenic belt. The unusually high Rh[1 0 0] and Ru[1 0 0] and extremely high Ru/Ir and Rh/Ir values of the Tulaergen Cu-rich massive ores 
are the results of interferences of the high Cu content and not significant in geochemistry (see Supplementary material). Data are after Appendix Table 1. 
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processes including sulfide segregation from basaltic magma, fraction
ation of the sulfide liquid, mixture of the sulfide liquids and reaction of 
the sulfides with recharged magma. Abundances of PGE of basaltic 
magma prior to sulfide/silicate liquid immiscibility are associated with 
degree of partial melting and fractional crystallization (see below). 
Because sulfide liquid/silicate melt partition coefficients of PGEs are 
quite similar to each other, differentiation between PGEs during sulfide 
segregation is commonly negligible (Mungall and Brenan, 2014). In 
contrast, fractional crystallization of monosulfide solid solution (MSS) 
can lead to residual liquid gradually enriched in Pt and Pd and depleted 
in Ir and Ru, because Ir and Ru are compatible to MSS but Pt and Pd are 
incompatible (Liu and Brenan, 2015). Positive correlations of Ir[1 0 0] 
against tenors of other PGE indicate limited differentiation among PGE 
for the disseminated ores with S < 3 wt% shown by the blue dashed 
circles (Fig. 5A-D). Thus, the disseminated ores could better represent 
the compositions of the sulfide liquids initially segregated from the 
parental magmas. Equation proposed by Campbell and Naldrett (1979) 
is employed to model sulfide segregation of the disseminated sulfides: 

CS = Cl*D*(R + 1)/(R + D) (1) 

CS and Cl mean concentrations of an element in sulfide liquid and 
silicate melt, respectively, D is sulfide liquid/silicate melt partition co
efficient of that element; R is mass ratio between silicate melt and sulfide 

liquid. In the calculation, DPd
Sul/Sil, and DCu

Sul/Sil are assumed to be 3*106 

and 103, respectively (Mungall and Brenan, 2014). Recent studies of 
whole-rock and mineral geochemistry of the mafic–ultramafic com
plexes in the Huangshan-Jingerquan metallogenic belt proposed that the 
basaltic magmas were derived from partial melting of the upwelling 
asthenosphere and adjacent metasomatized mantle in early-stage of 
post-collision (Song et al., 2013, Song et al., 2021). Thus, it is assumed 
that the parental magma was compositionally similar to MORB, which is 
common PGE-depleted and contains 0.46 ppb Pd and 88 ppm Cu 
(Crockett, 2002; Rehkämper et al., 1999). Calculation according to the 
equation (1) indicates that most of the disseminated ores are plotted 
below the model trend of the sulfide liquids segregated from MORB-like 
magma (Fig. 7). Thus, a more PGE-depleted magma containing 0.023 
ppb Pd and 79 ppm Cu may be another end member of parental magma 
from which the sulfide liquids segregated. This indicates that the initial 
sulfides of the deposits in the Huangshan-Jingerquan metallogenic belt 
were segregated from variably PGE-depleted magmas under R factor 
values ranging from 100 to 2000, even for a single deposit. 

Extraction of sulfides could leave the sulfides behind in feeder system 
or staging chamber and cause intense PGE-depletion in the ascending 
basaltic magma (Song and Li, 2009; Chen et al., 2013). It was proposed 
that variable PGE-depletion of the parental magma of the 
mafic–ultramafic complexes in the Huangshan-Jingerquan metallogenic 

Fig. 6. Binary plots of Cr versus Y (A), Ni (B) and Cu (C), Y versus Cu (D), Cu/Y versus Pt (E) and Pd (F) for the sulfide-poor mafic–ultramafic rocks for the Huangsha- 
Jingerquan complexes. Data are from Appendix Table 2. 
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belt was resulted from prior sulfide removal (Zhang et al., 2011; Deng 
et al., 2014; Deng et al., 2017; Tang et al., 2014; Zhao et al., 2015). 
However, the disseminated sulfide ores from all of the deposits are PGE- 
depleted and have Cu/Pd values much larger than the primitive mantle 
(Fig. 7), even though reaction with basaltic magmas could result in 
elevation of Pd[1 0 0] and decrease of Cu/Pd values of some disseminated 
sulfides (see below). If more PGE-depleted basaltic magma containing 
0.023 ppb Pd and 79 ppm Cu were produced by prior sulfide removal 
from a MORB-like magma containing 0.46 ppb Pd and 88 ppm Cu 
(Fig. 7) (Crockett, 2002), only ~ 0.001% sulfide was removed because 
sulfide liquid/silicate melt partition coefficients of PGEs are as high as 
105-106 (Mungall and Brenan, 2014). However, such small amounts of 
sulfide liquid should be in extremely dispersed tiny droplets and 
therefore very difficult to overcome viscous resistance of the basaltic 
magma and remove from the magma completely (Robertson et al., 
2016). Thus, it is more likely that the primary magma was sulfide 
saturated due to sulfide retention in the mantle at low degrees of partial 
melting (Keays, 1995; Arndt et al., 2005). On the other hand, recent 
studies on variable Ni-Cu-PGE sulfide mineralization in the post- 
subduction mafic–ultramafic complexes in the Ivrea Zone (Alps of 
Italy) indicated that sulfide supersaturation without external sulfur 
could result in sulfide segregation in the lower continental crust (Fior
entini et al., 2018; Holwell et al., 2019; Chong et al., 2021). Addition of 
SiO2 and dilution of FeO in the mafic magma due to contamination of 
sulfide-poor crustal rocks could lead weak sulfide segregation (Zhang 
et al., 2009a, Zhang et al., 2009b). This raises a possibility that the pre- 
existing sulfides in staging magma chamber could absorb PGE from 
passing basaltic magmas. Such process probably could also accountable 

for more intense PGE-depletion of the parental magmas in the 
Huangshan-Jingerquan metallogenic belt. Based on comparability of 
depletions of Pt and Pd relative to primitive mantle between sulfide ores 
and MORB or island-arc basalts, Barnes et al. (2022) proposed that PGE 
depletion of the Nova-Bollinger Ni-Cu deposit in the Albany-Fraser 
orogeny, western Australia, was attributed to sulfide retention in the 
mantle during partial melting. 

6.3. Differentiation and upgrading of the sulfide liquids 

MSS/sulfide liquid partition coefficients of PGEs indicate that frac
tional crystallization of sulfide melt can result in differentiation between 
IPGE (Os, Ir, Ru) and PPGE (Pt and Pt) as well as between Ni and Cu in 
the sulfide cumulates and residual sulfide liquids (Fleet et al., 1993, 
Fleet et al., 1999a; Fleet et al., 1999b; Liu and Brenan, 2015). Moreover, 
the residual sulfide liquids rich in Pt and Pd may migrate above tem
perature of 1000℃ and resulting in heterogeneity of PGE in the ores 
(Holwell et al., 2022). For the sulfide ores of the deposits in the 
Huangshan-Jingerquan metallogenic belt, Pt is more variable than Pd 
(Fig. 5C, D), Pd/Ir ratio is therefore employed to illustrate the differ
entiation of sulfides. As shown in Fig. 8A and B, the sulfide ores show 
negative correlations between Ir[1 0 0] and Pd/Ir and positive correlation 
between Pd[1 0 0] and Pd/Ir. This is corresponding to differentiation be
tween IPGE and PPGE carried out by fractional crystallization of MSS. 
Larger variations in PGE tenors and Pd/Ir values of the densely 
disseminated and net-textured/massive sulfide ores than the dissemi
nated ores indicate that the former experienced more significant frac
tionation of MSS than the later (Fig. 8). Extremely high Pd/Ir values 

Fig. 7. Modeling of sulfide liquid segregation from variably PGE depleted basaltic magmas. The parental magmas were assumed to be PGE moderately depleted 
similar to MORB containing 0.46 ppb Pd and 88 ppm Cu (Crockett, 2002) and more PGE depleted magma containing 0.023 ppb Pd and 79 ppm Cu, respectively. In 
the calculations, DPd

sul/sil and DCu
sul/sil are assumed to be 3*106 and 1000, respectively (Mungall and Brenan, 2014). 
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demonstrate that the Tulaergen Cu-rich massive ore is solidification of 
differentiated sulfide liquid. Whereas, the Fe-rich massive ores plotted 
on the trends showing fractionation of sulfide liquid in the diagram of 
Ir[1 0 0] and Pd[1 0 0] versus Pd/Ir (Fig. 8A, B), indicating that the com
positions of the Fe-rich massive ores are dominantly controlled by 
fractionation of the sulfide liquid. 

However, large variations in Ir[1 0 0] and Pd[1 0 0] of the disseminated 
sulfide ores at given Pd/Ir values cannot be attributed to fractionation of 
MSS and implies some other factors played roles on compositional 
variation of the sulfides (Fig. 8A, B). IPGE and Pt are variably compatible 
for chromite, olivine and pyroxenes and Pd are completely incompatible 
(Puchtel and Humayun, 2001; Righter et al., 2004; Ely and Neal, 2002; 
Hill et al., 2000). Therefore, variable degree of fractional crystallization 
of mafic minerals could result in variations of PGE abundances and Pd/Ir 
values in the parental magmas before sulfide/silicate liquid immisci
bility occurred (Fleet et al., 1999a; Fleet et al., 1999b; Mungall and 
Brenan, 2014; Song et al., 2009b). Forsterite percentages of the olivine 
in the Huangshan-Jingerquan complexes are mostly lower than 86%, 
indicating the parental magmas experienced fractional crystallization of 
mafic minerals before sulfide segregation (Deng et al., 2012, Deng et al., 
2017; Liu et al., 2012; Jiang et al., 2014; Mao et al., 2014, Mao et al., 
2015). Thus, fractional crystallization of olivine, pyroxene and chromite 
could give rise to variations in PGE abundances and Pd/Ir values of the 
parental magma. The sulfide liquids segregated from such parental 
magma would have initially variable PGE compositions prior to frac
tional crystallization of MSS. 

On the other hand, concentrations of Ni, Cu and PGEs in the sulfide 
liquid can be elevated via reaction with basaltic magma (Song et al., 
2008). The large ranges of PGE[1 0 0] of the sulfides at a given Pd/Ir value 
are also related to reaction with basaltic magma (Fig. 8A-C). Particu
larly, the evidently large variation of PGE[1 0 0] of the Huangshannan 
sulfides at Pd/Ir values of 10 to 20 can be better ascribed to metal 

upgrading via reaction with following batches of basaltic magmas 
without prior sulfide segregation. However, it could not be ruled out 
that the parental magmas of the Huangshannan deposit were less PGE 
depleted than those of other deposits. 

6.4. Mixing and remobilization of sulfide liquids in magma plumbing 
system 

Fig. 9 shows the calculations for PGE differentiation resulted from 
fractional crystallization of the densely disseminated and the net- 
textured/massive ores. In the calculations, MSS was assumed to be the 
only solid phase and DIr

MSS/sul, DPd
MSS/sul, DNi

MSS/sul are 10, 0.13, and 0.5, 
respectively (Barnes et al., 1997). It was assumed that the initial sulfide 
liquid 1 is segregated from MORB-like magma, which contains 0.46 ppb 
Pd, 0.03 ppb Ir and 144 ppm Ni, respectively (Crockett, 2002), under R 
value of 1000 and contains 460 ppb Pd, 30 ppb Ir and 6.4 wt% Ni, 
respectively. The initial sulfide liquid 2 is assumed to be segregated from 
basaltic magma more depleted in PGE, which contains 0.023 ppb Pd, 
0.001 ppb Ir and 143.3 ppm Ni, respectively (see above), and contains 
20 ppb Pd, 1.0 ppb Ir and 6.34 wt% Ni under R value of 1000, respec
tively. The compositions of MSS cumulate and residual liquid for the 
sulfide liquid 1 and 2 were calculated according to the equations for 
Rayleigh fractionation model: 

CR/Co = DF(D− 1) (2)  

Cl/Co = F(D− 1) (3)  

where Co, CR, Cl are concentration of an element in initial sulfide liquid, 
MSS cumulate and corresponding residual liquid, respectively; D is 
MSS/sulfide liquid partition coefficient of the element; F is the propor
tion of fractionated MSS. In the calculations, F was assumed to be 0.01, 

Fig. 8. Binary diagrams of Pd/Ir against Ir[1 0 0] (A), Pd[1 0 0] (B), and Pt[1 0 0] (C) for the sulfide ores from the Ni-Cu sulfide deposits along the Huangshan-Jingerquan 
metallogenic belt. Data are after Appendix Table 1. 
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0.015, 0.02, 0.025, 0.03 and 0.035, respectively. Fig. 9A and B shows 
that either the densely disseminated ores or the net-textured/massive 
ores are mostly plotted between the trends of MSS cumulates and re
sidual liquids of initial sulfide liquid 1 and 2. The plots show that 
composition variations of the sulfide ores are not only associated with 
differentiation of the sulfide liquids but also mixture between differen
tiated liquid and crystalized MSS and/or among the sulfide liquids 
segregated from variably PGE-depleted parental magmas. Fractional 
crystallization of olivine, pyroxene and chromite could decrease IPGE 
abundances of basaltic magma and slightly elevate Pd in the magma. 
Therefore, PGE abundances of the initial sulfide liquids segregated from 
the parental magma could be synergistically affected. However, such 
effect is not been considered in the modelling calculations because 
compositions of the parental magmas and proportions of olivine, py
roxene and chromite for each complex hosting the deposit should be 
various but unknow. In view of buoyancy, basaltic magma containing <
5% sulfide droplets is less dense than normal crustal rocks and could 
move upward (Barnes et al., 2016). The formation of a large Ni-Cu 
sulfide deposit need a great amount basaltic magma carrying < 5% 
sulfides to pass through the magma chamber and a long-lived magma 
conduit system is necessary (Lightfoot and Evans-Lamswood, 2015). 
Mixing and remobilization of the sulfide liquids are inevitable during 
ascending of different pulses of magma. 

In the Tulaergen deposit, the Fe-rich and Cu-rich massive ores occur 
as veins within the ultramafic dyke and emplaced in the volcanic wall 
rocks, respectively (Zhao et al., 2019). High Pd/Ir and Ni/Ir values 
indicate that they are the results of highly differentiated sulfide liquids 
(Fig. 9B). However, the Tulaergen sulfide mineralized ultramafic dyke is 
only ~ 740 m long and 30 ~ 50 m thick (Fig. 2E) (Wang et al., 2022). 
The Fe-rich and Cu-rich massive ores were most likely formed by 
downward percolation of differentiated sulfide liquids in the magma 
conduit before completely solidification of the sulfides (Barnes et al., 
2016; Holwell et al., 2022). Analogously, downward propagation of 
sulfide liquids formed the massive sulfide veins within the mafic dykes 

emplaced in country rock below the Reid Brook Chamber hosting large 
ore bodies at Voisey’s Bay (Canada) (Li et al., 2000; Naldrett and Li, 
2007). Similar phenomena were also recognized in the Jinchuan deposit 
in NW China, where Cu-rich massive orebody was discovered in the 
Proterozoic metamorphic rocks beneath the major orebody (Chen et al., 
2013; Yang et al., 2018). 

6.5. Decoupling between Pt and Pd 

As shown in Fig. 5, the densely disseminated and net-textured/ 
massive ores from the deposits in the Huangshan-Jingerquan metal
logenic belt display larger variation in Pt[1 0 0] than Pd[1 0 0]. Although 
the sulfide ores display a positive correlation between Pd[1 0 0] and Pd/Ir, 
they are remarkably scattered in the diagram of Pt[1 0 0] against Pd/Ir 
(Fig. 8B, C). The Tulaergen Cu-rich massive ores display the largest Pd/Ir 
values and extremely large variation in Pt[1 0 0] and moderately variable 
Pd[1 0 0], while the sulfide ores from the Huangshannan deposit have 
moderate Pd/Ir values but the largest range of Pt[1 0 0] values. These 
phenomena indicate decoupling between Pt and Pd, which cannot be 
completely explained by variable Pt concentrations in initial sulfide 
liquid, differentiation of sulfide liquid and reaction with basaltic 
magmas. Decoupling between Pt and Pd was also discovered in 
komatiite-related Ni sulfide deposit, western Australia, and interpreted 
as the result of hydrothermal alteration (Barnes and Liu, 2012). The 
hydrothermal remobilizations of Pd and Pt were also recognized in the 
Jinchuan Ni-Cu-(PGE) sulfide deposit, NW China (Song et al., 2009b; 
Chen et al., 2013; Prichard et al., 2013; Yang et al., 2018). 

Thermodynamic modeling suggests that Pd is commonly more sol
uble and mobile than Pt as chloride and bisulfide complexes in acidic- 
neutral solutions under reduced and moderate oxidation condition at 
300 ◦C (Barnes and Liu, 2012). Nugget effects is another factor possibly 
resulting in large variation of Pt due to heterogeneous distribution of 
tiny particles rich in Pt in the ores (Barnes et al., 2022). Therefore, 
decoupling between Pt and Pd in the Tulaergen Cu-rich massive ores 

Fig. 9. Modeling of differentiation of sulfide liquid of the densely disseminated ores (A) and net-textured and massive ores (B). In the calculations, monosulfide solid 
solution (MSS) was assumed to be the only solid phase. DIr

MSS/sul, DPd
MSS/sul, DNi

MSS/sul (partition coefficient between MSS and sulfide liquid) are assumed to be 10, 0.13, 
and 0.5, respectively (Barnes et al., 1997). The initial sulfide liquid 1 was segregated from MORB like magma, which contains 0.46 ppb Pd, 0.03 ppb Ir and 144 ppm 
Ni, with silicate melt/sulfide liquid ratio of 1000. The initial sulfide liquid 2 was segregated from more PGE depleted basaltic magma, which contains 0.023 ppb Pd, 
0.001 ppb Ir and 143.3 ppm Ni. Proportions of the fractionated MSS are assumed to be 0.01, 0.015, 0.02, 0.025, 0.03 and 0.035, respectively. “Residual liquid 1/2” 
and “cumulate 1/2” represent the trends of the residual liquid and MSS cumulate of the initial sulfide liquid 1anf 2, respectively. 
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may be associated with differentiation between Pt and Pd during hy
drothermal alteration and/or nugget effect (Fig. 8B, C). 

7. Mechanism of sulfide mineralization 

Song et al. (2021) proposed that the mineralized ultramafic dykes 
and complexes (Telaergen, Xiangshan and Hulu) in the middle Devonian 
strata represented magma conduit at deep levels, whereas the stratiform 
and lenticular orebodies in the large mafic–ultramafic complexes 
(Huangshan, Huangshandong, Huangshannan, Tudun) in the late 
Carboniferous strata is the representatives of magma chambers at 
shallow depths. The sulfides were transported by batches of basaltic 
magmas from deeper levels and deposited in the dykes and complexes, 
respectively (Deng et al., 2022). 

Sulfide segregation, migration and mixing in magmatic plumbing 
system along the Hunagshan-Jingerquan belt can be outlined by car
toons in Fig. 10. Olivine-free and sulfide-poor gabbro dykes and sills in 
Devonian strata were resulted from 380–300 Ma basaltic magmatism in 
subduction period (Fig. 10A, Wang et al., 2014; Song et al., 2021). In 
early stage of post collision, the basaltic magmas ascent along the pre- 
existing fracture network (Fig. 10B). The PGE depleted primary 
basaltic magmas were generated from upwelling asthenospheric mantle 
containing remnant sulfides. Reaction with early segregated sulfides in 
deep levels of the crust could make the basaltic magma more PGE- 
depleted. Meanwhile, fractionation of mafic minerals may result in 
differentiation between IPGE and Pd and slightly elevation of Pd/Ir ratio 
in the basaltic magmas (Fig. 10B). Assimilation of sulfide-bearing crustal 
rocks led to segregation of sulfide liquids from the basaltic magmas. 
Thus, the initial sulfide liquids have varied abundances of PGE and 
values of Pd/Ir and Cu/Pd (Figs. 5 and 7). 

The sulfide liquids experienced differentiation in deep levels could 
be disturbed and carried upward by recharged magmas to widen parts 
along pathways of the magmas to form sulfide orebodies in dykes or sills 

in the middle Devonian strata (e.g. Tulaergen and Hulu) (Fig. 2E, F, G, 
10B). The differentiated sulfide liquids could percolate downward to 
form massive sulfide veins within the disseminated orebodies or 
extending to wall-rock (Fig. 10B). More sulfides were unceasingly car
ried by ascending basaltic magmas to large magma chambers at shallow 
depths and deposited to form stratiform or lenticular sulfide orebodies in 
the Huangshan, Huangshandong and Huangshannan mafic–ultramafic 
complexes within the late Carboniferous strata (Fig. 2A, B, C, 10B). 

8. Conclusions 

The magmatic Ni-Cu sulfide deposits along the Huangshan- 
Jingerquan metallogenic belt have low PGE tenors due to PGE- 
depleted parental basaltic magma. 

Possible reasons of PGE-depletion of the parental magma are sulfide 
retention in the mantle sources during partial melting and/or reaction 
with sulfides in the lower crust on the ascending pathway of the magma. 

Fractional crystallization of mafic minerals prior to sulfide segrega
tion resulted in differentiation between IPGE and PPGE in the parental 
magmas. 

Compositional variations of Ni, Cu and PGE of the sulfide ores from 
the deposits are associated with segregation of sulfide liquids from 
fractionated parental magmas under variable R factor, differentiation 
and mixing of the sulfide liquids, as well as reaction with recharged 
basaltic magmas on the pathway upward. 

The sulfides were carried by ascending basaltic magma and settled 
down in mafic–ultramafic dykes and large complexes in deep and 
shallow levels, respectively, along the magma plumbing system. 
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