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Abstract 22 

Oxygen fugacity is a key parameter in controlling the petrogenesis of the mafic-23 

ultramafic rocks and their associated sulfide mineralization, especially in convergent 24 

settings. This study uses new and previously published experimental data on olivine-25 

sulfide pairs to reparametrize an expression for oxygen barometry using the distribution 26 

coefficient KD
FeNi for Fe-Ni exchange between olivine and sulfide. We derive a new 27 

expression, ΔQFM = (9.775 + 0.416 ∙ CNi − KD
FeNi) / 4.308, where ΔQFM denotes 28 

divergence from the fayalite–magnetite–quartz buffer. The revised oxygen barometry 29 

has been applied to the Permian magmatic Ni–Cu deposits in the Central Asian 30 

Orogenic Belt, NW China. The Ni–Cu deposits in the East Tianshan-North Tianshan, 31 

Central Tianshan, and Beishan-are considered as a single mineral system, whereas the 32 

spatially separated deposits in the East Junggar are considered as a separate system. 33 

The deposits of the East Tianshan group exhibits a large range of oxygen fugacity 34 

(QFM–2 to ~QFM +1) and Ni tenor (metal concentration in pure sulfide, ~5 wt.% to 35 

16 wt.%). The Poyi and Huangshannan deposits in east Tianshan contain high Ni tenor 36 

sulfides, varying from 12 to 16 wt.%. The relatively high Fo values (>85 mol.%) and 37 

Ni contents (>2000 ppm) in olivine of these deposits indicate that the high Ni tenor 38 

sulfides were segregated from less differentiated high-Ni magmas that also had 39 

relatively high oxygen fugacity (~QFM +1). The remaining Ni–Cu deposits in east 40 

Tianshan - the Huangshandong, Huangshanxi, Hulu, Tulaergen, Tudun, and 41 

Xiangshanzhong deposits - have intermediate Ni tenors (5–8 wt.%). These sulfides 42 
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correspond to the intermediate Fo values (80–84 mol.%) and Ni contents (700–1400 43 

ppm) in the coexisting olivine, illustrating that they were segregated from magmas with 44 

lower Ni contents thought to be the result of a large amount (15-20%) of olivine 45 

fractionation at depth. These magmas are more reduced (–2 < ΔQFM < +0.3) than the 46 

less evolved magmas (~QFM +1). It is shown that ΔQFM value calculated for the 47 

deposits in east Tianshan decreases with the decreasing Fo value, indicating that the 48 

host magmas became gradually reduced during evolution, which can be explained by 49 

primarily oxidizing magma progressively assimilating crustal material containing 50 

reducing agents, such as graphite. The Kalatongke deposit in the East Junggar belt, 51 

containing the lowest Ni tenors in sulfides (3–5 wt.%) and low Fo values in olivine 52 

(<78 mol.%), was derived from relatively oxidizing magmas (~QFM + 1) that probably 53 

have experienced significant olivine plus clinopyroxene and plagioclase fractionation 54 

at depth. We propose that the variation in oxygen fugacity and Ni tenor in the Permian 55 

Ni–Cu deposits in the CAOB is the result of gradual contamination and a variable 56 

degree of fractional crystallization. 57 

 58 

Key words: Magmatic sulfide deposit, Oxygen barometer, Sulfide-olivine Fe-Ni 59 

exchange, Nickel tenor, Central Asian Orogenic Belt 60 

 61 

Introduction 62 

Sulfur speciation in magma is controlled by its oxidation conditions. Strongly 63 
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oxidized magma will dissolve S as sulfate rather than sulfide (Jugo et al., 2009), giving 64 

rise to much higher S contents at sulfate rather than sulfide saturation. This variable 65 

may be critical in forming Ni–Cu deposits in convergent settings due to the relatively 66 

oxidized character of partial melts derived from supra-subduction zone mantle (Frost 67 

and McCammon 2008). Numerous experimental studies of iron and nickel partitioning 68 

between olivine and sulfide liquid under magmatic conditions (Brenan 2003; Brenan 69 

and Caciagli 2000; Fleet and MacRae 1988; Gaetani and Grove 1997) demonstrate that 70 

the oxygen fugacity (fO2), or more precisely the ratio of ferric to ferrous iron in the 71 

magma for which fO2 is a proxy, plays a role in determining compositions of olivine 72 

and coexisting sulfide liquid. The Fe–Ni equilibrium between sulfide and coexisting 73 

olivine is often expressed as an exchange coefficient (KD): 74 

KD = (XNiS/XFeS)sulfide liquid/(XNiO/XFeO)olivine      (1) 75 

where Xi is equal to the mole fraction of component i in the phase of interest. 76 

Brenan and Caciagli (2000) found that KD is a function of both fO2 and sulfide melt Ni 77 

content and that the variation in KD recorded by natural samples can be reconciled in 78 

terms of changes in both these parameters at the magmatic stage. KD can be estimated 79 

using the compositions of olivine and the coexisting magmatic sulfide assemblage in 80 

natural systems and be used as an indicator of their oxidation state (Barnes et al. 2013; 81 

Brenan and Caciagli 2000). However, experimental data that have yielded at relatively 82 

oxidizing and low Ni tenor in sulfide are rare. 83 

The magmatic Ni–Cu deposits in the Central Asian Orogenic Belt (CAOB), NW 84 
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China, were emplaced within an orogenic belt at the post–subduction stage (Li et al. 85 

2012; Qin et al. 2011; Song et al. 2013; Su et al. 2011), in contrast to the more typical 86 

intra-plate craton margin setting of Ni–Cu dominant magmatic sulfide deposits (Maier 87 

and Groves 2011). Deposits in convergent-margin orogenic belts have received 88 

increasing attention after the discovery of some substantial Ni–Cu deposits in such 89 

settings, such as the Nova Ni–Cu deposit in Albany–Fraser belt in western Australia 90 

(Maier et al. 2016) and the Xiarihamu Ni–Cu deposit in Tibet plateau in west China (Li 91 

et al. 2015). The cluster of Ni–Cu deposits in NW China offer a great opportunity to 92 

study the oxygen fugacity and its controlling factor of the Ni–Cu deposits in such 93 

tectonic setting. Zircon U–Pb studies reveal that the majority of these intrusions in NW 94 

China were emplaced during the Permian (Qin et al. 2011; Su et al. 2011). These 95 

Permian Ni–Cu deposits contain ~300 Mt reserves at average grades of 0.5 wt.% Ni 96 

and 0.3 wt. % Cu, representing one of the most important Ni provinces in China (Mao 97 

et al. 2008). Although these deposits occur in different tectonic terranes, representing 98 

different accretionary arcs or micro–continents (Jahn 2004; Xiao et al. 2009), they have 99 

several similarities in terms of emplacement age, geochemical features, and thus source 100 

characteristics (Deng et al. 2014; Gao and Zhou 2013; Han et al. 2004; Li et al. 2012; 101 

Mao et al. 2014a; Mao et al. 2016; Qin et al. 2011; Song and Li 2009; Su et al. 2011; 102 

Sun et al. 2013b; Tang et al. 2011; Tang et al. 2013; Xue et al. 2016; Zhang et al. 2009; 103 

Zhou et al. 2004). Nevertheless, there are also several differences among these deposits, 104 

such as host rocks, sulfide textures, Ni and platinum group elements (PGEs) tenors in 105 
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sulfides, and olivine compositions (Mao et al. 2017; Qin et al. 2012; Su et al. 2013). 106 

The close spatial and tectonic association of these deposits makes them a good case 107 

study for a series of deposits forming part of a single mineral system, having a probable 108 

derivation from a common mantle source, but undergoing different paths towards 109 

emplacement. 110 

In this study, a revised equation is presented for the fO2 dependence of the 111 

olivine/sulfide Fe/Ni KD based on a revised calibration using some new experimental 112 

data. The Permian Ni–Cu deposits in east Tianshan are considered as components of a 113 

single mineral system. The revised equation is applied to the Permian deposits, using 114 

the technique of microbeam XRF mapping to estimate the Ni tenor of the sulfide 115 

component of these deposits. Integrating these data with the coexisting olivine 116 

composition, we estimate the oxygen fugacity and Ni tenor variations of these deposits 117 

and their controlling factors. The major aim of the contribution is to understand the 118 

processes that control the variability of oxygen fugacity and Ni tenor of the magmatic 119 

Ni–Cu systems in orogenic belts, using a series of comagmatic deposits forming part 120 

of a single mineral system. 121 

Overview of the Permian magmatic Ni–Cu deposits in NW China 122 

Economic Ni–Cu deposits discovered to date in the CAOB are restricted to the 123 

southern margin, including the Hongqiling No.7 deposit in NE China and the cluster of 124 

Ni–Cu deposits in NW China (Fig. 1). The most important discovery of Ni–Cu deposits 125 

in NW China, the Huangshandong and Huangshanxi deposits in the North Tianshan and 126 
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the Kalatongke deposit in the East Junggar (Table 1), was made in the 1980s (Wang and 127 

Zhao 1991; Wang et al. 1987). Subsequently, a number of other mafic-ultramafic 128 

intrusions were found to host magmatic sulfides, such as the Xiangshan, Huangshanxi, 129 

Tudun, and Hulu deposits (Table 1). In the 2000s, some additional discoveries were 130 

made such as the Tulaergen deposit in the east part of North Tianshan (San et al. 2003) 131 

and the Baixintan occurrence in the west part of North Tianshan (Li et al. 2014) (Fig. 132 

2). In addition, economic Ni–Cu ore bodies had been outlined in the Poyi and Poshi 133 

mafic–ultramafic intrusions in the Beishan Terrane (Xia et al. 2013). The Permian 134 

emplacement age of the Huangshandong, Huangshanxi, and Kalatongke deposits was 135 

first established by Han et al. (2004) and Zhou et al. (2004) using zircon U–Pb dating. 136 

The main features of some of these deposits have been reviewed by Mao et al. (2008) 137 

and Lightfoot and Evans–Lamswood (2015). Between 2008 and 2016, numerous case 138 

studies, including precise dating, whole rock geochemical analysis and studies of 139 

mineral composition and PGE concentrations have been carried out on these Ni–Cu 140 

deposits (Zhang et al. 2009, 2011; Tang et al. 2011; Sun et al. 2013a; Deng et al. 2014; 141 

Mao et al. 2014a, 2015; Yang et al. 2014; Zhao et al. 2015; Xue et al. 2016).  142 

The Ni–Cu deposits in NW China mainly occur in four terranes, the Beishan, 143 

Central Tianshan, North Tianshan and East Junggar from south to north (Fig. 2). The 144 

Beishan, Central Tianshan, and North Tianshan terranes are named as east Tianshan in 145 

this study. The Beishan Terrane is located in the northeastern part of the Tarim craton, 146 

adjacent to the Central Tianshan Terrane in the north (Fig. 2). It is mainly composed of 147 
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the Precambrian crystalline basement and overlying sedimentary rocks, namely 148 

Archean granitic gneiss, Paleoproterozoic amphibolite, gneiss, schist, quartzite, and 149 

marble, overlain by Carboniferous volcanic and sedimentary rocks (BGMRXUAR 150 

1993). Magmatic sulfide–bearing mafic–ultramafic intrusions, such as the Poyi and 151 

Poshi Ni–Cu deposits, the Bijiashan, Xuanwoling, and Hongshishan occurrences, are 152 

widespread in the Beishan Terrane. Most of those intrusions are characterized by minor 153 

Ni–Cu mineralization with low Ni grade and high proportions of olivine (Su et al. 2013; 154 

Xia et al. 2013; Xue et al. 2016). Olivines in these intrusions tend to have high forsterite 155 

(Fo) values and high Ni contents, significantly higher than those in neighboring terranes. 156 

The Central Tianshan Terrane is composed of the Precambrian crystalline basement 157 

including the Mesoproterozoic Xingxingxia Group and Kawabulak Group. These 158 

Groups are dominated by gneisses, schists, marbles, and phyllites (BGMRXUAR, 159 

1993). The Tianyu and Baishiquan are two mineralized intrusions in the Central 160 

Tianshan (Chai et al. 2008; Tang et al. 2011). The North Tianshan Terrane is dominated 161 

by well–developed Devonian–Carboniferous strata, granites, and mafic–ultramafic 162 

complexes (BGMRXUAR, 1993). The lower Devonian to lower Carboniferous rocks 163 

mainly comprise sandstone, pelitic slate, siltstone, mudstone, pyrite–bearing mudstone, 164 

and limestone. The middle to upper Carboniferous strata is composed of mafic to 165 

intermediate volcanic rocks with abundant chert and limestone. The Baixintan Ni–Cu 166 

occurrence is located in the west part of the North Tianshan. A number of economic Ni–167 

Cu deposits, e.g. the Huangshandong, Huangshanxi, Huangshannan, Xiangshanzhong, 168 
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and Tudun deposits occur in the central part (Huangshan camp), whereas the Tulaergen 169 

and Hulu deposits occur in the east part (Fig. 2). The Xiangshanzhong deposit 170 

represents the central part of the Xiangshan complex, which has been divided into three 171 

parts from west to east: the Xiangshanxi Ti–Fe mineralized segment, Xiangshanzhong 172 

Ni–Cu related segment, and Xiangshandong currently sulfide barren segment. The East 173 

Junggar orogenic belt comprises several metasedimentary and ophiolite assemblages, 174 

dominated by the Devonian rocks consisting of calc–alkaline volcanics and marine 175 

clastic sediments overlain by thick Carboniferous marine clastic sedimentary 176 

successions (BGMRXUAR 1993). The Kalatongke mafic intrusion is the only 177 

economic Ni–Cu deposit in the East Junggar (Fig. 2), but a few small Permian mafic–178 

ultramafic intrusions with Ni–Cu mineralization close to the Kalatongke intrusion have 179 

been discovered in the 2010s, e.g. the Kemozibayi intrusion. 180 

The common features of the Permian Ni–Cu deposits are as follow: (1) Small 181 

intrusions in size with surface area less than 3 km2
, showing a spectrum of morphologies 182 

including rhomboid–shaped funnels, dyke–sill transitions and oblate channels (Barnes 183 

et al. 2016; Lightfoot and Evans-Lamswood 2015; Qin et al. 2012); (2) The intrusions 184 

are within strike–slip transtensional zones and are located at jogs or cross–linking 185 

structures, forming in open systems by multiple magma pulses (Lightfoot and Evans-186 

Lamswood 2015; Mao et al. 2014b); (3) intrusions from the different tectonic terranes 187 

were emplaced within a narrow range of ages, from 270 to 290 Ma (Qin et al. 2011), 188 

coeval with the flood basalt in the Tarim craton (Tian et al. 2010); (4) The occurrence 189 
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of hydrous minerals, such as hornblende, phlogopite, and biotite in some intrusions, 190 

together with the arc–like geochemical character, suggesting the parental magmas were 191 

derived from a mantle source previously metasomatized by slab–derived fluids (Mao 192 

et al. 2015; Su et al. 2011); (5) crustal contamination, probably crustal sulfide 193 

contamination, is the key factor in triggering sulfide saturation (Mao et al. 2016; Xue 194 

et al. 2016); (6) the sulfide assemblage is dominated by pentlandite, pyrrhotite, and 195 

chalcopyrite, and PGE contents in these sulfides are low (Mao et al. 2017; Tang et al. 196 

2011; Xue et al. 2016; Yang et al. 2014). 197 

Apart from the Kalatongke deposit, which has relatively high Ni and Cu grades 198 

(0.6–0.9 wt.% for Ni and 1.1–1.4 wt.% for Cu ), the other Ni–Cu deposits in NW China 199 

are of low Ni and Cu grades (Table 1). The Ni–Cu mineralization of these deposits 200 

occurs in both ultramafic rocks (dunite, lherzolite, olivine websterite) and mafic rocks 201 

(olivine gabbronorite, gabbronorite, gabbro). The deposits related to mafic rocks tend 202 

to have higher sulfur abundances than those related to ultramafic rocks. For 203 

mineralization associated with ultramafic rocks, such as the Huangshandong 204 

(ultramafic unit), Huangshanxi, Huangshannan, and Poyi intrusions, the sulfide textures 205 

are dominated by disseminated texture (sulfide content less than 20 wt.%), with minor 206 

net–textured and massive textures (less than 20%, Fig. 3). In contrast, mineralization 207 

associated with the mafic rocks, e.g. the Huangshandong mafic unit and Kalatongke 208 

deposits, has a wide range of sulfide textures. Net–textured and massive textures are 209 

the dominant ores in these deposits, whereas the disseminated ore accounts for less than 210 
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30 % (Fig. 3).  211 

 212 

Experimental and analytical procedures 213 

Experimental and analytical methods of Fe-Ni exchange between olivine and sulfide 214 

A picritic gabbro-dolerite (from Noril’sk 1 intrusion ) was used as starting material 215 

for our experiment. The rock was powdered and melted at 1600 °C and atmospheric 216 

pressure for 2 hours into a homogenous volatile-free glass. Experiments were 217 

conducted in internally heated pressure vessels equipped with a rapid quench device at 218 

1200 ± 2 °C, 66 ± 2 MPa during 1 to 3 hours at the CNRS-ISTO, France (Table 2). The 219 

powdered starting glass was loaded into Pt capsules (internal diameter 5.7 mm) with 220 

the addition of 2 wt.% H2O and 5 wt.% S. The fO2 varied between –0.78 and 2.11 log 221 

units relative to the QFM buffer, by adapting the partial pressure of hydrogen in the 222 

vessel. The redox solid sensor method (Co-Pd–CoO; Taylor et al., 1992) was also 223 

employed to check the fO2: two pellets of CoPd metal mixtures and CoO were placed 224 

in a Pt capsule in the presence of excess H2O, and run at the same time of the samples, 225 

but for a longer duration (3-4 days, in order to reach the equilibrium). The fO2 of the 226 

sensor is determined by the composition of its metallic phases, following Taylor et al. 227 

(1992), and the fO2 of each charge then calculated following Botcharnikov et al. (2008) 228 

considering the activity of H2O estimated for every charge. Calculated fO2 are presented 229 

in Table 2. Every capsule was verified to have remained sealed during the experiments 230 
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by checking its weight after the experiment. The capsules were then cut half along their 231 

long axis, mounted in epoxy resin and polished for further analysis.  232 

Olivine crystals and sulfide globules in each experimental sample were recognized 233 

by scanning electron microscopy (ZEISS Merlin compact FEG-SEM at CNRS-ISTO, 234 

France), and analyzed for their major element composition and Ni contents by electron 235 

microprobe (Cameca SX Five at CNRS-ISTO, France). Operating conditions for both 236 

sulfide and olivine were 20 kV accelerating voltage, 30 nA beam current, 10 s peak 237 

counting time for each element, except Ni for olivine (120 s), and O for sulfides (120 238 

s). A focused beam was used for olivine, whereas the size of the spot was adapted to 239 

that of the sulfide droplet. Standards deviations for major elements in olivines and Fe, 240 

S concentrations in sulfide are less than 5 %. For Ni in sulfides, standard deviations are 241 

less than 20 % in samples containing more than 1 wt.% Ni in sulfide. Nickel content in 242 

olivine shows a more important variation (between 30 and 70 %) due to the low values 243 

close to the detection limit (i.e. ~ 100 ppm). Sulfur fugacity (fS2) was calculated from 244 

the experimental temperature, pressure, fO2 and total FeO content of the silicate melt, 245 

using the equation in Mungall and Brenan (2014). 246 

Analysis of olivine and pentlandite compositions of natural samples 247 

Olivine analyses in this study were obtained from polished thin sections of the 248 

mineralized samples. The composition of olivine from the Xiangshanzhong deposit was 249 

obtained by wavelength–dispersive microprobe analysis using a JEOL JXA8100 250 
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electron probe at the Institute of Geology and Geophysics, Chinese Academy of 251 

Sciences. The operating conditions were 15 kV accelerating voltage, 12 nA beam 252 

current, 5 μm beam size and 30 s peak counting time. Nickel and Ca in olivine were 253 

analyzed using a beam current of 20 nA and a peak counting time of 100 s. The detection 254 

limit for Ni and Ca under such conditions is ~200 ppm. The composition of olivine 255 

from the Kalatongke and Tudun deposits were analyzed at the Centre for Microscopy, 256 

Characterization and Analysis, The University of Western Australia, using a JEOL 257 

JXA8530F electron microprobe equipped with five tunable wavelength dispersive 258 

spectrometers. Operating conditions were 40 degrees take–off angle, a beam energy of 259 

20 keV, a beam current of 150 nA and a peak counting time of 100 s. The detection limit 260 

for Ni and Ca under such conditions is ~50 ppm. 261 

Nickel, Fe, Co, and S contents in pentlandite were determined by scanning electron 262 

microscope-based energy dispersive spectrometry (SEM-EDS), at CSIRO, Perth. SEM-263 

EDS analyses were performed on carbon–coated, polished thin sections using a Zeiss 264 

Ultra–Plus field emission gun (FEG) SEM coupled with a Bruker X–Flash energy 265 

dispersive X–ray (EDX) detector for elemental analyses. An accelerating voltage of 20 266 

kV and a beam current of 3 nA were used. The analysis time per analyses was set as 267 

120 seconds. The coefficient of variations of Fe, S, and Ni contents in pentlandite 268 

yielded from repeated analysis on the same pentlandite grain are less than 1.1%, 269 

whereas the coefficient of variation of Co content in pentlandite is less than 4.5 %. 270 
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Calculation of sulfide composition using XRF images 271 

The images of sulfide bearing samples used for 100% sulfide composition 272 

calculations were obtained using the desktop X–ray fluorescence M4 TornadoTM 273 

instrument at CSIRO, Perth, equipped with a rhodium target X–ray tube operating at 274 

50 kV and 500 nA without filters and an XFlash® silicon drift X–ray detector. Maps 275 

were created using a 40 μm spot size on a 40 μm raster with dwell times of 10 ms per 276 

pixel. Maps are represented as un–quantified background–corrected peak height data 277 

for Kα peaks for each element, scaled linearly between minimum and maximum 278 

measured counts over the sample. Image processing software, ImageJ (version 1.50i), 279 

was used to analyze the modal proportions of sulfide minerals, based on the S, Cu, Ni 280 

single elemental distribution (S, Cu, and Ni representing the proportion of pyrrhotite, 281 

chalcopyrite, and pentlandite, respectively). The weight percentages of pentlandite, 282 

chalcopyrite, and pyrrhotite in sulfides were calculated based on the volume 283 

proportions of the sulfide minerals, assuming the density of pentlandite, chalcopyrite, 284 

and pyrrhotite as 4.8 g/cm3, 4.2 g/cm3, and 4.7 g/cm3, respectively. These results, 285 

together with pentlandite and pyrrhotite compositions yielded from SEM-EDS, were 286 

used to estimate the weight percentages of Ni, Cu, and Fe in the 100% sulfide 287 

composition. In the calculation, we used a uniform pyrrhotite composition of Fe0.9S for 288 

all of the deposits according to SEM-EDS analysis, and assumed the Cu is distributed 289 

in standard formula chalcopyrite. The sulfide assemblage has been observed to be 290 

chalcopyrite, pyrrhotite, and pentlandite in all the deposits.  291 
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Before analyzing the proportion of pentlandite and chalcopyrite, two steps are 292 

necessary to precisely estimate the sulfide composition using XRF images. Firstly, 293 

applying a threshold to Cu and Ni images to decrease the X–ray signal derived from 294 

beneath the sample surface and/or the background, which may cause overestimate of 295 

the Ni and Cu tenors. Although most of the Ni and Cu are consistently distributed within 296 

S, some Ni and Cu occur outside of the sulfur region (Fig. 4), probably resulting from 297 

Ni and Cu signal from sulfide beneath the sample surface. Thus, we created an inverse 298 

of the S image, a “non–S”, which was then subtracted to the Cu and Ni images, yielding 299 

modified Cu and Ni images. This step restricts the Cu and Ni signals to these originated 300 

from the sample surface, consistent with the S signal that derives from the surface. 301 

Subsequently, S image was combined with modified Cu and Ni images and the areas of 302 

these three elements represent the 2D volume proportions of chalcopyrite, pentlandite, 303 

and pyrrhotite. 304 

The calculated Ni tenors of the Tudun and Huangshanxi deposits using this method, 305 

at both hand–sample and thin–section scales (Fig. 5), are consistent with the Ni contents 306 

calculated for 100% sulfide from measured S, Cu, and Ni concentrations in whole rock 307 

(Mao et al. 2014a). The error of Ni tenor calculated using these two methods are within 308 

1 wt.% for most of the samples (Fig. 5a). For sulfides from NW China, the results of 309 

Ni tenor calculated by XRF images at thin section scales are comparable to these 310 

estimated by whole rock data of hand sample size. On the other hand, Cu contents in 311 

sulfides calculated by XRF images at thin–section scale tend to be more scattered than 312 
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these estimated at hand–sample scale as well as these by whole rock compositions (Fig. 313 

5b). This may be due to the mobility of Cu at both late magmatic and hydrothermal 314 

stages. However, the calculated Cu contents in sulfides at thin section scale are within 315 

2 wt.%. In addition, the samples chosen for the comparison have sulfur contents varying 316 

from 0.87 wt.% to 4.6 wt.%, representing low-grade ores. The Ni tenors in sulfides 317 

yielded from XRF images (Fig. 4) agree with those calculated by whole rock S, Ni, Cu 318 

data (Fig. 5). The advantage of sulfide composition estimation using the XRF image 319 

compared to the traditional calculation based on the whole rock composition is 320 

primarily that it removes the large uncertainty in the silicate Ni background for sulfide 321 

samples (S<2 wt.%), which is the primary source of uncertainty in the calculated metal 322 

tenors (Barnes et al. 2011).  323 

 324 

Results  325 

Experimental results of Fe-Ni exchange between olivine and sulfide 326 

The experimental products consisted of glass, olivine crystals, sulfide globules 327 

(Fig. 6), and minor gas bubble (Fig. 6b). The sulfide globules represent a quenched 328 

sulfide melt that segregated from the picritic melt (Fig. 6). The homogenous 329 

composition of all the phases (Table 2) attests the attainment of equilibrium. Our 330 

experiments, conductedformat oxygen fugacities between QFM –0.8 and QFM +2.1, 331 

explore the most oxidizing condition of the existing experimental database (Fig. 7; Fleet 332 
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and MacRae 1988; Gaetani and Grove 1997; Brenan and Caciagli 2000; Brenan 2003). 333 

The sulfides present Ni tenor from 0.8 to 7 wt.%, which are lowerthan previous data 334 

(Fig. 7). The KD of Fe–Ni equilibrium between sulfide and coexisting olivine vary from 335 

2.9 to 10.7, and are also among the lowest values of the dataset.  336 

Sulfide melt compositions of the Permian Ni–Cu deposits 337 

Compositional variation of pentlandite 338 

It is necessary to determine the Ni content of pentlandite in order to determine the 339 

Ni tenor of the natural sulfide melts by the method applied here. The Ni and Fe contents 340 

in pentlandite range widely from deposit to deposit (Table 3). Pentlandite from the 341 

Kalatongke and Tudun deposits contain the highest Ni contents (35–37 wt.%) and 342 

lowest Fe contents (28–30 wt.%) of all the Ni–Cu deposits in NW China, with Ni/Fe 343 

ratios varying from 1.16 to 1.32. In contrast, pentlandite from the Poyi intrusion has 344 

relatively low Ni contents (27.5–32.5 wt.%) and high Fe contents (32.6–37.4 wt.%), 345 

with Ni/Fe ratios varying from 0.73 to 1. Other deposits, such as the Huangshanxi, 346 

Huangshandong, Huangshannan, and Xiangshanzhong, have medium Fe and Ni 347 

contents (29–32 wt.% and 32–34.5 wt.%, respectively) and Ni/Fe ratios (1.01–1.17) in 348 

pentlandite. In addition to Fe and Ni contents, Co contents in pentlandite vary 349 

significantly, from 0.6 to 0.9 wt.% at the Poyi and Huangshannan deposits and from 1.3 350 

to 2.5 wt.% at other deposits.  351 

 352 
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Nickel and Cu tenors in sulfide melt 353 

The Ni tenors of sulfides in the Poyi deposit (Table 4), estimated from XRF images 354 

at both thin section and hand sample scales (Fig. 8), vary from 13.1 to 16 wt.%, which 355 

is significantly higher than the estimate (average value of 8 wt.%) by Yang et al. (2014) 356 

and slightly higher than the estimate (average value of 12 wt.%) by Xue et al. (2016). 357 

The Ni tenors estimated by the previous studies are based on the whole rock Ni, Cu, S 358 

concentrations. The inconsistency in Ni tenor yielded from these two methods is 359 

probably due to the uncertainty of the correction of background Ni in olivine when 360 

using the method based on whole rock S, Ni, and Cu contents. Since the mineralization 361 

in the Poyi deposit is characterized by high proportion of olivine and low proportion of 362 

sulfide (large proportion of mineralization contain less than 2 wt.% S contents), the 363 

error of Ni tenors calculated by whole rock composition for these rocks may be 364 

extremely high as pointed out by Barnes et al. (2011), owing to the fact that at small 365 

sulfide proportions large uncertainties in the silicate Ni background are amplified into 366 

very large uncertainties in the sulfide tenor. This component of uncertainty is avoided 367 

by the direct sulfide mode measurement technique employed here. Our XRF results of 368 

the sulfide compositions from the Poyi deposit show that these sulfides are comparable 369 

with the high Ni tenor sulfides in the Huangshannan deposit (Mao et al. 2017). The 370 

comparison suggests that the XRF images potentially provide a better way to calculate 371 

Ni tenor for low–grade ores associated with high proportions of olivine. 372 

The Ni tenors of samples from other deposits are well consistent with the published 373 
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data calculated from whole rock concentrations (Table 4). In contrast to the high Ni 374 

tenor characteristic of the Huangshannan and Poyi deposits which contain high Ni/Cu 375 

(2.5 to 7.3) but low Fe/Ni ratios (~3), sulfides from the Huangshanxi, Huangshandong, 376 

Xianghsanzhong, Tudun, Tianyu, Hulu, and Tulaergen deposits have intermediate Ni 377 

tenors (4–8.8 wt.%), Ni/Cu (0.9–2.5) and Fe/Ni (5.7–14) ratios. The sulfides from the 378 

Kalatongke deposit are dominated by low Ni (~3.4 wt.%) but high Cu (~6.1 wt.%) 379 

tenors, with Ni/Cu and Fe/Ni ratios varying from 0.1 to 0.9 and 15 to 38, respectively. 380 

No systematic correlation is observed between Ni content in pentlandite and Ni tenor 381 

in bulk sulfide, but the Ni/Co ratios of the Poyi and Huangshannan deposits (high Ni 382 

tenor, shown below) are higher than 30, whereas those from other deposits (reduced Ni 383 

tenor) are commonly less than 30. 384 

Olivine composition of the Permian Ni–Cu deposits 385 

Olivines in sulfide barren samples show a positive correlation between Fo value 386 

and Ni tenor for the Ni–Cu deposits in NW China. Differently, olivines in mineralized 387 

samples tend to show a negative correlation, such as the Poyi, Huangshannan, 388 

Xiangshanzhong, Huangshanxi, and Kalatongke deposits (Fig. 9a), indicating 389 

significant Fe–Ni exchange between sulfide and olivine. This negative correlation 390 

arises during closed-system equilibration where most of the Ni in the system is in 391 

sulfide; hence, as the Fe content of the olivine increases during reaction with trapped 392 

liquid, the Ni content of the olivine also increases to satisfy the Fe-Ni exchange KD 393 
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from equation 1 (Barnes and Naldrett 1985; Li et al. 2003). 394 

Nevertheless, there is little difference in Fo variation between olivine from the 395 

sulfide–bearing rocks and these from the sulfide–barren rocks. For clarity, we use the 396 

average olivine composition for each deposit to the further comparison (Fig. 9b). 397 

Generally, the Permian deposits have Fo values varying from 88 to 76.5 (Table 5). The 398 

Huangshannan deposit in the North Tianshan and Poyi deposit from the Beishan 399 

Terrane have relatively high Fo values (85.9–88 mol.%) and high Ni contents (2300–400 

2800 ppm), suggesting these deposits were formed by relatively unfractionated magmas. 401 

On the other hand, the Kalatongke and Xiangshanzhong intrusions contain low Fo 402 

values (76–79.5 mol.%) and relatively low Ni contents (1000–1300 ppm), illustrating 403 

the parental magmas of these deposits are relatively evolved. The olivines from the 404 

Huangshandong, Huangshanxi, Tudun, Tulaergen, Hulu, and Tianyu deposits contain 405 

moderate Fo values (80–83.4) but variable Ni contents (670 to 1400 ppm). The olivines 406 

from the Hulu and Tianyu deposits (intermediate Fo values, 80.4 and 83.4) are 407 

significantly lower in Ni (average values of 780 and 600 ppm, respectively) than other 408 

deposits.  409 

There is a good positive correlation between Fo values in olivine and Ni tenor in 410 

sulfide for these deposits, except the Huangshannan and Tulaergen deposits which 411 

contain relatively higher Ni tenors than these having similar Fo values (Fig. 10). A 412 

positive correlation is also evident between Ni in olivine and Ni in sulfide, the 413 

Kalatongke low Ni tenor deposit being slightly outside of the main trend (Fig. 11a). 414 
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Commonly, high Ni tenor sulfides are associated with olivines with high Fo values (>86) 415 

and Ni contents (>2000 ppm). In addition, the Fe/Ni ratios in olivine (<50) from the 416 

high Ni tenor deposits are significantly lower than those from the relatively low Ni 417 

tenor deposits (>80) (Fig. 11b). The Cu/Ni ratios in sulfide tend to be higher than 1 for 418 

deposits consisting of olivine Fo values lower than 80, whereas Cu/Ni ratios are 419 

generally lower than 1 for deposits with olivine Fo values higher than 80 (Fig. 11c). 420 

The calculated exchange coefficient KD of Fe–Ni equilibrium between sulfide and 421 

coexisting olivine of the Permian Ni–Cu deposits varies from 7.3 to 21.8 (Fig. 12). The 422 

KD values of the Kalatongke, Huangshandong, Tudun, and Poyi deposits (KD < 13) are 423 

slightly lower than these from the Huangshanxi, Tulaergen, Xiangshanzhong, Hulu, and 424 

Tianyu deposits (KD > 13). The Kalatongke deposit in the East Junggar contains the 425 

lowest KD and Ni tenor in sulfide, making it distinctly different from other coeval Ni–426 

Cu deposits in east Tianshan (Tables 4, and 5, Figs. 11, and 12). 427 

 428 

Discussion 429 

Empirical equations to estimate the oxygen fugacity of sulfide– and olivine–saturated 430 

magmas 431 

The equilibrium constant for the exchange of Fe and Ni between coexisting olivine 432 

and sulfide liquid (KD) has been investigated in a number of experimental studies 433 

(Brenan 2003; Brenan and Caciagli 2000; Fleet and MacRae 1988; Gaetani and Grove 434 
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1997). In terms of the systematic dependence of KD on fO2, Ni tenor in sulfide (CNi), 435 

and in some case fS2, several empirical equations of KD, fO2, CNi have been proposed 436 

(Barnes et al. 2013; Brenan and Caciagli 2000; Sciortino et al. 2015). Brenan and 437 

Caciagli (2000) used a larger experimental database relative to previous studies (Fleet 438 

and MacRae 1988; Gaetani and Grove 1997) and found the relationship between KD 439 

and log (fO2) to be best described by a power–law relation. Barnes et al. (2013), using 440 

the same experimental dataset, made the equation more applicable to model 441 

calculations by replacing the log (fO2) by ΔQFM (fO2 relative to the quartz–fayalite–442 

magnetite oxygen buffer) and developed a polynomial equation relating KD to CNi 443 

(including a cubic term) and ΔQFM. This equation enables estimation of the oxygen 444 

fugacity of the magma relative to QFM buffer, which is independent of the temperature. 445 

Recently, Sciortino et al. (2015) recalibrated the same data set using only a linear term 446 

for CNi, but also introducing a term for fS2: 447 

KD = CNi ∙ [34.7 ∙ log (fO2 / fS2) + 312]−11∙ log (fO2 / fS2) − 70.8    (2) 448 

the revised equation (2) can well predict the fO2 of the parental magma but requires 449 

an estimate of fS2 which is dependent on the silicate melt composition, equilibrium 450 

temperature, and pressure. This formulation requires a complex parameterization of 451 

these dependencies in order to obtain a solution, and is therefore difficult to access in 452 

natural systems. Furthermore, this equation fails to apply to the new data in this study 453 

(Fig. 13), when fS2 is calculated using the equation in Mungall and Brenan (2014). 454 

We added some new experimental data (Table 2) to the currently published dataset 455 
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(Brenan 2003; Brenan and Caciagli 2000; Fleet and MacRae 1988; Gaetani and Grove 456 

1997) to calibrate a linear CNi and ΔQFM dependent equation for KD. Our new 457 

experimental data using a picritic gabbro–dolerite as starting material represent the 458 

lowest Ni tenor in sulfide (1.5–1.8 wt.%), and the most oxidizing conditions (from QFM 459 

–0.78 to QFM +2.11) in the database (Table 2). The ultra–high KD values (>40), which 460 

are commonly relating to ultra–high Ni content in sulfide (>50 wt.%), were not included 461 

in our calibration because of the poor linear relationship (Fig. 7). This will not influence 462 

the application of this equation to magmatic Ni–Cu systems due to the rarity of such 463 

compositions in nature. The relationship among KD, sulfide melt compositions, and 464 

calculated ΔQFM was evaluated by multivariate linear regression analysis and is given 465 

by: 466 

KD = a + b ∙ CNi + c ∙ ΔQFM    (3) 467 

In this equation, a, b, and c are constants which equal to 9.775, 0.416, and –4.308, 468 

respectively. The standard deviation of these constants is listed in Table 6 and the 469 

comparison of predicted KD values between this equation and previous equations is 470 

present in Fig. 13. The average relative error of prediction for KD using equation (3) is 471 

±17.7% for all the data, similar to that of the equation (2) for the old data (±18.2%). 472 

The average error of prediction for ΔQFM using equation (3) is ±0.8 log unit ΔQFM 473 

for all the data. 474 
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Application of the empirical oxygen fugacity equation to the Permian Ni–Cu deposits 475 

in southern Central Asian Orogenic Belt 476 

In the following discussion, the term “host magma” is used to represent the magma 477 

that was initially emplaced to form each individual intrusion, before in–situ 478 

fractionation within the intrusion, this term being equivalent to the term “parental 479 

magma” used in previous studies (Mao et al. 2015; Mao et al. 2014a; Sun et al. 2013b). 480 

Here we use “parental magma” to denote the most primitive host magma of the entire 481 

suite of Ni–Cu deposits in NW China, i.e. the magma that undergone the least 482 

fractionation and contamination after leaving the mantle source (primary magma). 483 

The reverse correlations between Fo value and Ni content in olivine from 484 

mineralized samples (Fig. 9a) show that equilibrium of Fe and Ni exchange between 485 

olivine and sulfide were reached for the Permian Ni–Cu deposits. Based on the sulfide 486 

composition and KD values of the sulfide bearing samples (Table 4), the ΔQFM values 487 

of the host magmas that were in equilibrium with sulfides (Fig. 14) were estimated 488 

using equation (3). Only samples with integrated olivine and sulfide compositions were 489 

used in the estimation. The samples which have undergone significant sulfide 490 

fractionation, i.e. anomaly Cu/Ni ratio (Table 4), were excluded from the oxygen 491 

fugacity calculation. For the Tianyu and Hulu deposit, which have no integrated olivine 492 

and sulfide compositions, the average composition of sulfides and olivine in 493 

disseminated to net-textured ores of these deposits were used to estimate the oxygen 494 

fugacity. The variations in oxygen fugacity of these two deposits are illustrated as error 495 
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bar, which is resulted from the variation in compositions of olivine and sulfides of these 496 

deposits. The Poyi, Huangshannan, and Kalatongke intrusions were found to be 497 

associated with the most oxidizing magmas in NW China, with oxygen fugacity at 498 

around QFM +1. On the other hand, the other deposits (the Tianyu, Xiangshanzhong, 499 

Tulaergen, and Huangshanxi deposits) are associated with relatively reduced magma 500 

with fO2 varying from QFM –2 to QFM +0.3. In the plot of ΔQFM values versus Fo 501 

values in olivine (Fig. 14), the oxidation state of the host magma of the deposits in east 502 

Tianshan decreases as the Fo values decrease, indicating that these host magmas 503 

became gradually more reduced during the evolution. 504 

Origin of the oxygen fugacity variation in the host magmas 505 

Note that the ranges of fO2 for individual deposit are commonly within one log 506 

unit QFM, but the range of the fO2 in the Huangshanxi deposit is significantly larger, 507 

varying from ~QFM +1 to ~QFM –2. The extremely reducing oxidation state recorded 508 

in the sample 06-18-944.3 (QFM –2) is not caused by sulfide fractionation (Table 4). 509 

The high V/Sc and V/Ga ratios and heavy oxygen isotope enrichment in olivine of the 510 

sample 06-18-944.3 relative to those of other samples in the Huangshanxi deposit (Mao 511 

et al., in preparation) strongly suggest that the extremely reducing oxidation state in 512 

sample 06-18-944.3 is the result of significant assimilation of graphite-bearing wall 513 

rock. Furthermore, the relatively high oxidation state recorded in the Poyi and 514 

Huangshannan Ni–Cu deposits, containing the most primitive olivines (Fo values 515 
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higher than 86 mol.%), suggests that the primitive magmas of these deposits are 516 

characterized by relatively oxidizing condition. Such oxidation state of magmas is 517 

consistent with that of spinel peridotites of the mantle wedge above the subduction zone, 518 

which have oxygen fugacity of QFM +0.3 to QFM +2.0 (Frost and McCammon 2008; 519 

Parkinson and Arculus 1999). The fact that all of these Permian deposits are 520 

characterized by compositions of subduction zone affinity, i.e. significantly Nb and Ta 521 

depletion relatively to Th and La, positive Pb and Sr anomalies (Deng et al. 2015; Li et 522 

al. 2012; Mao et al. 2014a; Mao et al. 2016; Su et al. 2011), suggests that the magmas 523 

were derived from extensively metasomatized supra-subduction zone mantle sources, 524 

which may melt to form relative oxidizing magmas. Fractional crystallization modeling 525 

of the host magma of the Poyi and Huangshannan deposits (Xue et al., 2016; Mao et 526 

al., 2016) using MELTS (Asimow and Ghiorso 1998) predicts that the redox state of 527 

these host magmas during olivine plus Cr-spinel fractionation should increase slightly 528 

from QFM +1.2 to QFM +1.4, and from QFM +0.7 to QFM +1, respectively, at 1 kbar 529 

pressure condition. The modeling results indicate that the fractionation is not the cause 530 

of the progressive reduction for the fractionated host magmas. On the other hand, our 531 

observed trend towards more reduced magmas with increasing fractionation (Fig 14) in 532 

the east Tianshan intrusions could be the result of interaction with the relatively reduced 533 

crustal materials. The assimilation of small amounts of organic matter (<1 wt.%) by 534 

mafic-ultramafic magmas may dramatically decrease magma redox conditions (Iacono-535 

Marziano et al., 2012; 2017). For instance, the sulfide saturation of the parent magmas 536 
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to the Noril’sk–Talnakh Ni–Cu–PGE deposits is believed to have been triggered by 537 

contamination of evaporite–bearing country rocks and organic matter from the country 538 

rocks (Grinenko 1985; Li et al. 2003; Naldrett 2004; Iacono-Marziano et al. 2017). The 539 

addition of evaporite increased the sulfate content of the parental magma, whereas the 540 

input of reducing agents decreased the oxygen fugacity of the magma and reduced this 541 

sulfate to much less soluble sulfide. In addition, in light of both isotopic and 542 

petrographic evidence of the Voisey’s Bay magmatic system (QFM–1 to QFM –3), a 543 

model of magma reduction involving assimilation of graphite–bearing country rock by 544 

a relatively oxidized parental magma has been explored (Brenan and Li 2000). The 545 

ubiquitous occurrence of graphite–bearing tuff and graphite–bearing slate in the 546 

Carboniferous wall rock of most of the mafic–ultramafic intrusions in the North 547 

Tianshan and East Junggar terranes (Table 1, Fig. 2) may provide the reducing agents 548 

to the magmas. The presence of xenolith of graphite-bearing wall rock in the 549 

Huangshandong, Huangshannan and Huangshanxi intrusion (Wang et al., 1987) 550 

suggests that the addition of carbonaceous material took place in these magmatic 551 

systems. Thus, Ni–Cu deposits in the North Tianshan and the Beishan Terrane could be 552 

the result of derivation from relatively oxidizing mantle source and became gradually 553 

more reduced during the interaction with the wall rock. However, the absence of 554 

graphite-bearing wall rocks in the Central Tianshan (Table 1) illustrates that the 555 

relatively reduced feature of the Tianyu deposit is either the result of a relatively 556 

reduced mantle source or addition of reducing agent to an oxidized magma at depth. 557 
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The latter scenario is possible due to the presence of Pre-Cambrian black shales in the 558 

Central Tianshan Terrane (Table 1, Yang 2015). 559 

Our observations raise the question of whether the addition of reducing agents is 560 

necessary to trigger immiscible sulfide saturation in subduction-associated settings. The 561 

fO2 range controls sulfur speciation and hence maximum sulfur contents in the magma 562 

during both source melting and sulfide segregation at the shallow crust, especially for 563 

magmas generated in the arc, backarc, and island arc settings (Jugo 2009). During low 564 

degree source partial melting, significantly oxidizing circumstances could generate 565 

sulfide undersaturated primitive magma which may contain extremely high S content 566 

as well as metal contents (such as PGE), because no sulfide in the mantle holds PGE in 567 

the source and most PGE will dissolve into the magma. When such relatively oxidizing 568 

magma arrives at the shallow magma chamber, more reduced conditions are required 569 

to segregate sulfide rather than sulfate from the magma. This scenario was postulated 570 

by Deng et al. (2014) and Zhao et al. (2016), who proposed that graphite assimilation 571 

may play a critical role in causing sulfide segregation in the Ni–Cu deposits in NW 572 

China. However, there is no reason to invoke an extremely high fO2 (> QFM +2) for the 573 

mantle source as well as the primary magma of the Permian deposits. Partial melting of 574 

such source would generate PGE rich magmas, but no sign of PGE rich magma has 575 

been observed in these deposits; the opposite is true in that the host magmas to all the 576 

intrusions appear to be PGE depleted (Li et al., 2012; Zhang et al., 2011; Mao et al., 577 

2014a; Xue et al., 2016). Moreover, even in the Poyi intrusion, which was formed by 578 
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the most oxidized magma of the deposits in NW China, the oxygen fugacity is still 579 

within the range where most of the S is dissolved as sulfide rather than sulfate. The 580 

reduction accompanying the differentiation of the parental magma (Fig.14) does not 581 

seem to be due to fractional crystallization and therefore suggests the assimilation of 582 

graphite and sulfur bearing crustal material that also introduced the extra S to trigger 583 

sulfide saturation. 584 

Origin of the variation in Ni tenor in sulfide 585 

The Ni content and the Fo value in olivine are related to Ni content and Mg/Fe 586 

values in the magma from which the olivines are crystallized by partition coefficients, 587 

which have been experimentally determined (Kiseeva and Wood 2013; Naldrett 2004; 588 

Roeder and Emslie 1970) and therefore can be used to infer composition of the magma. 589 

The spread of Fo values in olivine from the Ni–Cu deposits in NW China (Fig. 9) 590 

illustrates that these deposits are associated with magmas containing different Fe/Mg 591 

ratios and Ni contents, which are consistent with the previous estimation of host magma 592 

compositions using Fe/Mg equilibrium between olivine and silicate liquid (Li et al. 593 

2012; Mao et al. 2014a; Mao et al. 2016; Xue et al. 2016).  594 

On the basis that these Permian deposits in the east Tianshan were emplaced in a 595 

similar crustal architecture and derived from the similar mantle source, probably 596 

relating to the same event (Qin et al. 2011; Song et al. 2013; Su et al. 2011), we treat 597 

the host magma of the Poyi intrusion, which has the highest Fo value in olivine and has 598 
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experienced only weak crustal contamination (Yang et al. 2014), as the parental magma 599 

to model its fractionation process. In our modeling, olivine composition is calculated at 600 

each step using the well-established Roeder and Emslie (1970) relationship for the 601 

Mg/Fe KD between olivine and silicate melt (KD = (FeO/MgO)Olivine/(FeO/MgO)Liquid 602 

=0.3). The residual magma compositions were estimated by subtracting the component 603 

in olivine from the parental magma. The Ni content in the residual melt is calculated 604 

from the Rayleigh fractional crystallization equation and the partitioning value of Ni 605 

between less fractionated olivine (Fo>80) and magma (Dol–magma) was estimated using 606 

the composition based equation of Li and Ripley (2010) (Table 7). The partitioning 607 

values of Ni between olivine and magma for the highly fractionated olivines were 608 

assumed as 13 for olivine of Fo78 and 17 for olivine of Fo74 (See summary in Li and 609 

Ripley, 2010). The olivine crystallized from more reducing magma will have higher 610 

fayalite during reduce Fe3+ to Fe2+, MELTS modeling indicates that change of one log 611 

unit oxidation state of the magma will cause ~2 mol.% variation of Fo value in olivine, 612 

which is easily within the range of variability that would be expected from trapped 613 

liquid reactions (30% trapped liquid, Fig. 9b) (Barnes 1986). Thus, the oxygen fugacity 614 

of the parental magma and the residual melts during fractionation were set as QFM +1 615 

for simplicity. The olivine composition of most of the Ni–Cu deposits plots along the 616 

olivine fractionation model line (Fig. 9), demonstrating their host magmas were formed 617 

by a variable degree of olivine fractionation in depth by the parental magma. The 618 

relative low Ni content in olivine recorded by the Hulu, Huangshanxi, and Tianyu 619 
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deposits could be the result of sulfide segregation along with olivine fractionation at 620 

depth. The olivine compositions of the Kalatongke deposit in the East Junggar was also 621 

plotted for comparison, although it is most likely belonged to a different system and 622 

could derive from a different parental magma. Olivine composition from the 623 

Kalatongke deposit are all plotted above the modelling line, also away from the trend 624 

for the trapped liquid effect (Fig. 9b), but can be the result of olivine fractionation at 625 

the beginning (0–15%) plus subsequent olivine+clinopyroxene+plagioclase 626 

fractionation at 5:4:1 (Fig. 9b). Since Ni is compatible and Cu is incompatible in olivine, 627 

olivine fractionation of the parental magma decreases the Ni content and increase the 628 

Cu/Ni ratio in the evolved magmas; thus sulfides segregated from the more fractionated 629 

magma will be depleted in Ni and enriched in Cu/Ni ratio relative to these segregated 630 

from the less fractionated parental magmas. The observations that Ni tenor in sulfide 631 

decreases with Fo value in olivine (Fig. 10) and Cu/Ni ratio in sulfide increases with 632 

decrease of Fo value in olivine (Fig. 11c) are consistent with an interpretation that 633 

sulfides from the Ni–Cu deposits in NW China were segregated from similar parental 634 

magmas that have experienced variable degree of olivine fractionation. R-factor model 635 

using the Ni concentration in the residual silicate melts and calculated DNi between 636 

sulfide and silicate from the equation of Kiseeva and Wood (2013), indicates that these 637 

sulfides were segregated from variable R value, varying from 300 to 7000 (Fig. 10, 638 

Table 7). The Poyi deposit is characterized by high R value (1000-7000), which is 639 

significantly higher than other deposits (200-3000). The enrichment of Ni tenor in 640 
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sulfide of the Huangshannan and Tulaergen deposits relative to other Ni–Cu deposits 641 

with similar Fo value in olivine (Fig. 10) may be the result of extra Ni sequestered from 642 

olivine via open–system olivine–sulfide–silicate melt equilibrium (Fig. 9a) (Barnes et 643 

al. 2013; Mao et al. 2017). In summary, the variation in Ni tenor in sulfides from the 644 

east Tianshan Ni–Cu deposits is controlled by variable R-values and host magma 645 

compositions that have been derived from the various degree of olivine fractionation 646 

before the final emplacement. Relatively high Ni tenor in sulfide may be a consequence 647 

of equilibration with olivine-phyric magmas. 648 

A genetic model for the Ni–Cu deposits in NW China 649 

A genetic model of the Permian Ni–Cu deposits in east Tianshan is illustrated in 650 

Fig. 15. The low and variable degree of partial melting of supra-subduction zone mantle 651 

gave rise to the primary magmas, which have high Ni and relatively low PGE 652 

concentrations. After (5–10 %) olivine fractionation during ascent, the mafic magmas 653 

entrained immiscible sulfide due to sulfide assimilation in the crust (Mao et al. 2016; 654 

Xia et al. 2013; Xue et al. 2016; Yang et al. 2014). These sulfide-loaded melts got 655 

emplaced into dike and dike–keel like structural traps, in which sulfides interacted with 656 

a variable amount of silicate melts, giving rise to high Ni and relatively high PGE tenor 657 

sulfides, such as the Huangshannan and Poyi deposits (Fig. 15a). These magmas had 658 

relatively high oxygen fugacity (~QFM +1), reflecting a supra-subduction zone mantle 659 

source and implying limited interaction with reduced country rocks. Some of the 660 
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mantle–derived magmas experienced a larger amount of olivine fractionation (15–20%) 661 

at depth, reducing the Ni concentration but without greatly changing the PGE 662 

concentrations, giving rise to magmas with decreased Ni contents. Meanwhile, the 663 

differentiated magma becoming increasingly reduced due to contamination with 664 

reduced (presumably graphite) country rocks, during which immiscible sulfide 665 

segregated from the magma and became entrained in the magma flow. These sulfide-666 

loaded magmas gave rise to deposits with reduced Ni tenors and relatively reducing 667 

oxidation state (–2 < ΔQFM < 0) in the form of conduits, sills, and chonoliths (Fig. 668 

15b). These moderate Ni tenor deposits comprise the Huangshandong, Huangshanxi, 669 

Xiangshanzhong, Tudun, and Tulaergen deposits.  670 

The Kalatongke deposit in the East Junggar probably belongs to a different system 671 

compared to the Ni–Cu deposits occur in the east Tianshan. The relatively oxidizing 672 

nature of the Kalationgke magma, together with the wide presence of graphite-bearing 673 

wall rock and a high degree of crustal contamination, suggests that the parental magma, 674 

probably as well as its mantle source, are even more oxidized. The low Ni tenor in 675 

sulfide could be the result of significant olivine fractionation during ascent. Significant 676 

fractionation (>20 %, olivine, clinopyroxene, and plagioclase) of the mantle melts 677 

without substantially reducing material addition generated mildly oxidized magmas 678 

(~QFM +1) containing relatively low Ni concentrations and high Cu/Ni ratios. 679 

Emplacement of these evolved magmas formed the Kalatongke deposit (Fig. 15c) 680 

which has the highest Cu tenor and lowest Ni tenor among the Ni–Cu deposits in NW 681 
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China. Subsequently, significant MSS fractionation during sulfide percolation or 682 

backward flow (Barnes et al. 2016) gave rise to the sulfides with variable Ni, Cu and 683 

PGE tenors in the Kalatongke and Huangshandong mafic unit (Mao et al. 2015; Qian 684 

et al. 2009; Song and Li 2009).  685 

 686 

Conclusions 687 

The exchange of Fe and Ni between coexisting olivine and sulfide liquid (KD) 688 

serves as a monitor of oxygen fugacity, which can be estimated from the recalibrated 689 

equation in this study. The calculated oxygen fugacity values of the Permian Ni–Cu 690 

deposits in the CAOB, varying from QFM − 2 to ~QFM + 1, could be the result of the 691 

progressive interaction of originally mildly oxidized magmas with reducing crustal 692 

agents. Desktop microbeam XRF scanning is a useful tool to estimate the 100% sulfide 693 

composition for magmatic Ni–Cu deposits, especially for samples with low Ni grade 694 

and a high proportion of background Ni. The Permian Ni–Cu deposits in the CAOB 695 

exhibit a wide range of Ni content in sulfide varying from ~3 to 16 wt% at the deposit 696 

scale. The variation in Ni tenor in sulfide of these deposits is the result of sulfide 697 

segregation from magmas with variable Ni contents. The magmatic Ni–Cu system in 698 

the East Tianshan was formed by host magmas that experienced a variable amount of 699 

olivine fractionation associated with assimilation of reduced country rock at depth. The 700 

Kalatongke deposit in the East Junggar with low Ni content in sulfide (< 5 wt%) and 701 

high Cu/Ni ratio was formed by a host magma that experienced significant pre 702 
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emplacement olivine fractionation. Fractional crystallization and crustal assimilation 703 

played important roles in giving rise to the variability of Ni content in sulfide and 704 

oxygen fugacity in the Ni–Cu deposits in the CAOB. 705 
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Figures  987 

  988 

  989 

Fig. 1 Spatial distribution of magmatic Ni–Cu deposits in the CAOB (modified 990 

after Jahn, 2004, Li et al., 2012). Large circle represents Ni–Cu deposits contain Ni 991 

metal higher than 0.2 Mt, small circle represents Ni–Cu deposits contain less than 0.2 992 

Mt Ni metal.  993 



50 

 

  994 

Fig. 2 A simplified geological map of the Xinjiang Uygur Autonomous region in 995 

NW China, showing the locality of the Permian mafic–ultramafic deposits/occurrences 996 

(modified from Mao et al., 2008). Magmatic Ni–Cu deposits within the Huangshan 997 

camp are composed of the Huangshanxi and Huangshandong deposits ( > 0.2 Mt Ni 998 

metal), the Huangshannan, Xiangshanzhong, and Tudun deposits ( < 0.2 Mt Ni metal), 999 

and the Erhongwa occurrence.  1000 
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  1002 

  1003 
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  1004 

Fig. 3 Frequency distribution of S abundance in ores from the Ni–Cu deposits in 1005 

the CAOB, illustrating the dominant sulfide texture for these deposits. Data source is 1006 

listed in Table 1.   1007 

   1008 
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  1009 

  1010 

Fig. 4 Optical (a) and XRF images (b–i) of a disseminated lherzolite (06–04–711.5) 1011 

from the Huangshanxi Ni–Cu deposit. (b), (d), and (e) are raw XRF images of Cu, S, 1012 

and Ni from Tornado, whereas (c) and (f) are Cu and Ni images after processing; (g) 1013 

is the combination of S in red, Ca in green, and Fe in blue images showing the 1014 

distribution of sulfide, olivine, clinopyroxene, and orthopyroxene; (h) and (i) compare 1015 

the raw XRF three element map (Ni-Cu-S) with the processed map. 1016 

  1017 

  1018 
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  1019 

Fig. 5 Comparison between Ni tenors (a) and Cu tenors (b) calculated using whole 1020 

rock S, Cu, Ni contents and these estimated by XRF images at both hand sample scale 1021 

and thin section scale. Mineralized samples from the Huangshanxi (Mao et al., 2014) 1022 

and Tudun (this study) Ni–Cu deposits are used for comparison.  1023 

 1024 
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 1025 

 Fig. 6 Back-scattered electron images of a typical experimental product (sample 1026 

GV159), showing the coexistence of silicate glass, sulfide droplets (with sensibly 1027 

different sizes in a and b), olivine, and gas bubbles (b). 1028 
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  1029 

Fig. 8 Optical (a, c) and XRF image (b, d) of lherzolite from the Poyi deposit. The 1030 

XRF image is shown as false–color showing the proportion of pentlandite, chalcopyrite, 1031 

and pyrrhotite in 100% sulfide.  1032 

  1033 

  1034 
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  1035 

Fig. 9 Olivine compositional variation in Ni–Cu deposits in NW China. a Olivine 1036 

compositional variation in samples from the Kalatongke, Huangshandong, 1037 

Huangshanxi, Xiangshanzhong, Huangshannan, and Poyi deposits, illustrating 1038 

negative correlations between Ni and Fo value which are derived from Fe/Ni 1039 

exchange between olivine and sulfide. KD and Fe/Ni ratio in sulfide (Fe/Nisul) are 1040 

listed in Tables 4 and 5. Other deposits are not plotted for clarity. b Average olivine 1041 

composition for each deposit. Error bars are 2σ uncertainty. Data sources are listed in 1042 

Table 1 and the parameters used in the model calculation are listed in Table 7. See text 1043 

for the detailed explanation of the modeling lines. 1044 
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  1045 

Fig. 5 Plots of Ir and Pd tenors (a) and Pd/Ir vs Ni/Ir ratios (b) and Ni/Pd vs Cu/Ir 1046 

ratios (c) in sulfide from the Ni–Cu deposits in NW China.  1047 

 1048 
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 1049 

Fig.10 CorrelationbetweenFovalueinolivineandNitenorinsulfideof the Ni–Cu deposits 1050 

in NW China. Error bars are 2σ uncertainty. The parameters used in the R value 1051 

calculation are listed in Table 7. See text for the detailed explanation of the modeling 1052 

lines.   1053 

  1054 
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  1055 

Fig. 11 Plots of Ni tenor in sulfide versus Ni content (a) and Fe/Ni ratio (b) inolivine, 1056 

ccorrelationbetween Cu/Ni ratiosin sulfide andFovalues 1057 

inolivine.GrayarrowsillustratethattheNitenorinsulfideincreaseswith the increase of Ni 1058 

content in olivine (a) and with the decrease of Fe/Ni ratio in olivine (b), and Cu/Ni 1059 

ratio in sulfide increases as Fo value in olivine decreases (c) for the Ni–Cu deposits in 1060 

NW China. Error bars are 2σ uncertainty  1061 
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 1062 

  1063 

Fig. 12 Ni tenor in sulfide versus KD values. The baselines of oxygen fugacity were 1064 

calculated using the recalibrated equation of this study. Error bars of the Tianyu and 1065 

Hulu deposits are 2σ uncertainty. The error of KD in the individual sample is 1066 

approximately ± 3.5 1067 

  1068 

  1069 

  1070 

Fig. 13 Comparison of predicted KD and observed KD estimated by different 1071 

equations. See Fig. 7 for the data source 1072 
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  1073 

  1074 

Fig. 14 Plot of oxygen fugacity shown as ΔQFM versus Fo values in olivinefortheNi–1075 

CudepositsinNWChina.Thegreenarrowshowsthat the oxidation state of the Ni–Cu 1076 

deposits in the East Tianshan is becoming increasingly reduced as Fo value in olivine 1077 

decreases; blue dashed lines illustrate the oxidation state of the Poyi and 1078 

Huangshannan host magmas which slightly increases during olivine and spinel 1079 

fractionation. Error bars of the Tianyu and Hulu deposits are 2σ uncertainty. The error 1080 

of ΔQFM in the individual sample is approximately ± 0.8 log unit of ΔQFM  1081 

 1082 

  1083 
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  1084 

Fig. 15 A genetic model for the Ni–Cu deposits in NW China, showing the evolution 1085 

of the Permian mantle partial melts in the continental crust (a-d). The relatively low 1086 

degree of partial melting generated relatively oxidizing primary magma with 1087 

substantial Ni and Cu but low PGE concentrations, leaving PGE alloy or sulfide in the 1088 

mantle 1089 

residue (a-c). Weak to significant fractionation and contamination by sulfide and 1090 

reducing agents in the staging chamber or during ascent gave rise to magmas with 1091 

variable oxygen fugacity (a-c) and Ni and Cu 1092 

contents(d),whereasPGEconcentrationswerenotsignificantlymodified during magma 1093 

evolution  1094 

  1095 

   1096 
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Table captions 1097 

Table 1. Compiled features of the Permian Ni–Cu deposits (occurrences) in the Central 1098 

Asian Orogenic Belt. 1099 

 1100 

 1101 

Table 2. Summary and results of experiments of Fe-Ni exchange between olivine and 1102 

sulfide. 1103 

Table 1. Compiled features of the Permian Ni-Cu deposits (occurrences) in Central Asian Orogenic Belt.

Location Deposit

Zircon 

Age (σ), 

Ma

Host rock of 

Zircon

Surface 

area 

(km2)

Intrusion 

shape

Rock types associated 

with mineralization
Sulfide texture Country rocks Xenolith

Graphite bearing wall rocks in the 

region

Reserves (Mt) @ Ni, 

Cu grades (wt.%)
References

NorthT iansh

an
Huangshanxi 284 (3) Gabbro 1.71

Satellite, 

elongate 

rhomb

Lherzolite, ol websterite Disseminated Lower Carboniferous Gandun group
Carbon-bearing 

slate
Abundant of carbon-bearing slates 65@0.49 Ni, 0.3 Cu

Wang et al., 1987; Mao et al., 

2008; Qin et al., 2011

NorthT iansh

an

Huangshandon

g
274  (3) Ol norite 2.8

Elongate 

rhomb

Lherzolite, ol websterite, ol 

gabbronorite, 

gabbronorite

Disseminated, 

densely 

disseminated

Lower Carboniferous Gandun group
Carbon-bearing 

slate
Abundant of carbon-bearing slates

69@0.52 Ni, 0.27 

Cu

Wang et al., 1987; Mao et al., 

2008; Qin et al., 2011

NorthT iansh

an
Huangshannan 278 (2)

Ol 

gabbronorite
4.22

Elongate 

rhomb
Lherzolite, ol websterite Disseminated Lower Carboniferous Gandun group

Carbon-bearing 

slate
Abundant of carbon-bearing slates 30@0.4Ni, 0.1Cu

Wang et al., 1987; Mao et al., 

2016

NorthT iansh

an

Xiangshanzhon

g

279.6 

(1.1)
Gabbro 2.8 Dyke like

Pl lherzolite, pl ol 

websterite, gabbro
Disseminated

Lower Carboniferous Wutongwozi 

group
Unknown Abundant of carbon-bearing slates 8@0.5Ni, 0.3Cu

Wang et al., 1987; Mao et al., 

2008; Han et al., 2010

NorthT iansh

an
Tudun 280 (3) Gabbro 0.98 Chonoliths Pl lherzolite, gabbronorite Disseminated Lower Carboniferous Gandun group Unknown Abundant of carbon-bearing slates 5@0.3Ni, 0.2Cu

Wang et al., 1987; Mao et al., 

2008; Qin et al., 2011

NorthT iansh

an
Hulu

282.3 

(1.2)
Gabbro 0.75 Chonoliths Lherzolite, ol websterite Disseminated

Lower Carboniferous Wutongwozi 

group
Unknown Abundant of carbon-bearing slates 18@0.44Ni, 0.37Cu Sun 2009; Han et al., 2013

NorthT iansh

an
Tulaergen ~280** Pl lherzolite 0.005 Dyke like

Pl lherzolite, pl ol 

websterite

Dense 

disseminated, net-

textured

Upper Carboniferous volcanic rocks Gabbro, tuff Minor carbon-bearing slates 24@0.42Ni, 0.27Cu

Mao et al., 2008; Sun, 2009; 

Qin et al., 2011; unpublished 

data

NorthT iansh

an
Baixintan* 278 (2) Pl lherzolite 2.1 Chonoliths Pl ol websterite Disseminated Ordovician volcanic rocks Unknown Unknown / Li et al., 2014; Wang et al., 2015

NorthT iansh

an
Erhongwa* 283 (2) Olivine gabbro 6.25 Elliptical Pl lherzolite

Weakly 

disseminated
Lower Carboniferous Gandun group Unknown Abundant of carbon-bearing slates /

Wang et al., 1987; Sun et al., 

2013a

Central 

T ianshan
Tianyu 280 (2) Gabbro 0.0056 Dyke like Lherzolite, ol websterite Disseminated Precambrian schist, gneiss Granite

Absent of carbon-bearing slates, 

minor black shales
Unknown

Wang et al., 1987; Mao et al., 

2008; Qin et al., 2011

Central 

T ianshan
Baishiquan

284.8 

(5.7)
Gabbro ~2

Chonolith plus 

dyke
Pl lherzolite, gabbronorite

Disseminated, net-

textured
Precambrian schist, gneiss Gneiss

Absent of carbon-bearing slates, 

minor black shales
29@0.32Ni, 0.24Cu

Wang et al., 1987; Mao et al., 

2008; Qin et al., 2011; Su et al., 

2010

Beishan Poyi
269.9 

(1.7)
Troctolite 1*** Chonolith Dunite, wehrlite Disseminated

Lower Carboniferous Hongliuhe 

group, Precambrian schist and gneiss

Marble, minor 

gabbro
Minor carbon-bearing slates 67@0.3Ni Xue et al., 2016

Beishan Poshi 284 (2.2) Olivine gabbro 0.6*** Elliptical Dunite, wehrlite Disseminated
Lower Carboniferous Hongliuhe 

group, Precambrian schist and gneiss

Marble, minor 

gabbro
Minor carbon-bearing slates / Qin et al., 2011

Beishan Hongshishan*
286.4 

(2.8)
Troctolite 6.8 Chonoliths Dunite, wehrlite, lherzolite

Weakly 

disseminated
Lower Carboniferous Hongliuhe group Unknown Minor carbon-bearing slates / Su et al., 2011

Beishan Luodong* 284 (2.3) Gabbro 1.5 Rhomb Dunite, wehrlite, lherzolite
Weakly 

disseminated
Precambrian schist Unknown Minor carbon-bearing slates / Su et al., 2011

Beishan Xuanwoling* 260.7 (2) Gabbro 7.4 Chonoliths Dunite, wehrlite, lherzolite
Weakly 

disseminated
Lower Carboniferous Hongliuhe group Unknown Minor carbon-bearing slates / Su et al., 2011

Beishan Bijiashan* 279 (2) Gabbro 0.7*** Elliptical Dunite, wehrlite, lherzolite
Weakly 

disseminated
Lower Carboniferous Hongliuhe group Unknown Minor carbon-bearing slates / Qin et al., 2011

East Junggar Kemozibayi* ~280**
Pl ol 

websterite
<1 Unclear

Pl lherzolite, pl ol 

websterite
Disseminated

Carboniferous Nanmingshui 

Formation
Unknown Abundant of carbon-bearing slates / Tang et al., under review

East Junggar Kalatongke 287 (5) Norite 0.05

Weakly 

elongate 

rhomb, funnel 

shape

Ol gabbronorite, 

gabbronorite

Net-textured, 

Massive ore

Carboniferous Nanmingshui 

Formation
Tuff, slate Abundant of carbon-bearing slates 38@0.70Ni, 1.19Cu

Han et al., 2004; Annual 

resource report of 2011 

published by the mining 

company

*-occurrences, some of these intrusions are still in exploration, **-unpublished data, ***-area for ultramafic units
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 1104 

Table 2. Summary and results of experiments of Fe-Ni exchange between olivine and sulfide.

Experiment ID Duration (h) T  (°C) P (MPa) log f O2 ΔFMQ log f S2*

GV52 3 1200 64.6 -7.85 0.4 0.88

GV115Palu 1 1200 67.7 -7.72 0.53 1.03

GV115P 1 1200 67.7 -7.95 0.3 0.77

GV128 1 1200 71.9 -9.03 -0.78 -0.59

GB91 1 1200 81.2 -7.58 0.66 1.12

GV159 1 1200 76.5 -6.13 2.11 2.86

GV160 1 1200 77.8 -6.97 1.27 1.87

Olivine composition

Experiment ID n SiO2 MgO FeO NiO CaO Total Fo 

GV52 41 40.61 50.78 10.21 0.04 0.43 101.6 89.9

σ 0.21 0.69 0.6 0.03 0.19

GV115Palu 40 40.76 50.47 9.7 0.04 0.43 101.7 90.3

σ 0.22 0.4 0.3 0.02 0.14

GV115P 32 40.68 50.07 10.18 0.03 0.43 101.7 89.8

σ 0.25 0.51 0.39 0.01 0.19

GV128 31 40.25 46.96 13.56 0.02 0.35 101.2 86.2

σ 0.36 1.1 1.29 0.01 0.06

GB91 50 40.85 49.25 10.74 0.05 0.3 101.3 89.2

σ 0.25 0.49 0.28 0.02 0.07

GV159 8 41.19 49.66 9.88 0.13 0.46 101.3 90.0

σ 0.16 0.41 0.27 0.07 0.19

GV160 8 41.12 49.05 10.43 0.19 0.34 101.1 89.4

σ 0.24 0.43 0.59 0.05 0.1

Sulfide composition

Experiment ID n Fe Ni Cu S O Total

GV52 62 54.9 1.8 1.9 36.5 2.4 97.8

σ 0.8 0.4 0.4 0.6 0.2

GV115Palu 35 55.4 1.7 2.6 35.9 2.4 98.2

σ 0.5 0.2 0.2 0.7 0.2

GV115P 49 56 1.6 1.8 36.2 2.5 98.1

σ 0.6 0.2 0.3 0.5 0.2

GV128 48 59.2 0.8 0.9 33.2 4 98.3

σ 0.8 0.3 0.2 0.6 0.5

GB91 34 53.9 2.2 4.1 36.3 2.8 99.4

σ 0.9 0.4 0.9 0.5 0.4

GV159 13 55 2.1 2.9 36.4 2.8 99.4

σ 0.7 0.3 0.4 0.3 0.5

GV160 10 43.8 7 8.1 35.4 1.9 99.6

σ 2.8 1.3 2.5 0.8 0.3

*f S2 is calculated from the equation of Mungall and Brenan, 2014; n  is the number of analyses
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Table 3. Compositions of pentlandite, pyrrhotite, and chalcopyrite from the Kalatongke, 1105 

Huangshanxi, Huangshannan, Xiangshanzhong, Tudun, and Poyi deposits. 1106 

 1107 

 1108 

 1109 

 1110 

 1111 

Table 4. Compositions of sulfide and olivine of the Kalatongke, Huangshanxi, 1112 

Sample Deposit n S Fe Co Ni Fe/Ni Total Co/Ni

Y1-700-25-8 Kalatongke 5 33.2 28.4 1.3 35.8 1.26 98.8 26.9

Y2-528-3-8 Kalatongke 5 33.3 29.0 1.4 35.5 1.22 99.2 25.4

Y2-350-31-2 Kalatongke 5 33.2 30.2 1.4 35.1 1.16 100.0 25.6

Y1-650-30-4 Kalatongke 5 32.9 28.4 1.3 35.6 1.25 98.3 26.8

06-18-919 Huangshanxi 6 32.9 30.3 1.6 34.1 1.13 98.9 20.8

06-04-626.7 Huangshanxi 6 32.8 30.7 1.7 33.3 1.08 98.5 19.4

06-04-651 Huangshanxi 6 33.3 29.9 1.5 34.2 1.14 98.9 22.4

06-04-672.6 Huangshanxi 6 33.4 29.1 1.8 34.3 1.18 98.7 18.8

06-04-711.5 Huangshanxi 6 33.2 29.4 2.0 34.0 1.16 98.6 17.3

06-18-944..3 Huangshanxi 6 33.1 29.5 1.8 34.2 1.16 98.4 19.3

HSN455 Huangshannan 5 33.1 31.9 0.6 33.4 1.05 99.0 59.6

14HSN36 Huangshannan 5 33.0 30.9 0.6 34.0 1.10 98.5 53.0

15-4-7 Huangshannan 5 33.0 30.3 0.7 34.5 1.14 98.6 46.7

ZK3693-279 Xiangshanzhong 7 33.2 32.0 1.7 32.1 1.00 99.0 18.9

ZK3693-296 Xiangshanzhong 5 33.3 31.7 2.1 32.7 1.03 99.8 15.8

ZK3693-308 Xiangshanzhong 5 33.5 31.5 1.8 33.0 1.05 99.8 18.3

ZK36953-341 Xiangshanzhong 5 32.9 31.8 1.8 32.0 1.01 98.5 17.8

TD545-4 Tudun 5 33.2 28.8 1.7 36.1 1.25 99.8 21.2

TD505-2 Tudun 5 33.2 28.0 1.5 37.0 1.32 99.6 24.6

TD545-1 Tudun 5 33.1 28.7 1.8 36.3 1.26 99.9 20.1

ZK11-1-197.5 Tudun 5 33.0 28.4 2.1 36.0 1.27 99.5 17.1

ZK11-1-206.5 Tudun 5 33.2 28.3 2.4 35.5 1.26 99.4 14.8

PYZK23-3-761 Poyi 9 33.3 37.4 0.9 27.3 0.73 98.8 31.7

PYZK23-3-1057 Poyi 6 32.7 32.6 0.7 32.5 1.00 98.5 46.5

PYZK23-3-948 Poyi 5 32.4 33.0 0.7 32.0 0.97 98.1 43.2

n-number of analysis
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Huangshannan, Xiangshanzhong, Tudun, and Poyi deposits. 1113 

 1114 

 1115 

 1116 

 1117 

 1118 

 1119 

 1120 

Table 5. Summary of the average compositions of olivine and sulfide for the Ni–Cu 1121 

Sample Rock type Scale Deposit S* Pn Cpy Po Ni Cu Fe S Ni/Cu
Fe/Ni 

sulfide

Fo olivine Ni olivine

Fe/Ni 

oliivine

KD

wt.% vol.% vol.% vol.% wt.% wt.% wt.% wt.% mol.% mol.% ppm mol.%

Y1-700-25-8 Ol gabbronoriteThin section Kalatongke 1.9 15 19 66 5.6 5.9 50.5 37.3 0.9 9.4 76.7 1728.0 103.0 10.9

Y2-528-3-8 Ol gabbronoriteThin section Kalatongke 20.1 4 35 61 1.3 11.4 49.6 37.4 0.1 / 74.7 1313.1 140.6 /

Y2-528-3-1 Ol gabbronoriteThin section Kalatongke 10.1 8 9 83 3.0 2.7 55.9 38.1 1.1 19.6 74.8 1214.6 149.2 7.6

Y2-350-31-2 Ol gabbronoriteThin section Kalatongke 7.7 9 22 70 3.5 6.8 52.0 37.6 0.5 15.6 76.3 1514.8 114.4 7.3

Y1-650-30-4 Ol gabbronoriteThin section Kalatongke 13.2 7 12 80 3.5 3.9 55.0 38.0 0.9 16.5 72.5 1375.6 142.7 8.6

06-04-626.7 Lherzolite Hand sample Huangshanxi 3.1 16 11 72 5.8 3.6 52.3 37.5 1.6 9.5 85.9 1088.0 101.7 10.7

06-04-651 Lherzolite Hand sample Huangshanxi 0.8 27 15 58 9.4 4.8 47.8 36.7 2.0 5.3 n.a. n.a. n.a. /

06-04-672.6 Lherzolite Hand sample Huangshanxi 1.8 13 10 77 4.6 3.1 53.9 37.7 1.5 12.4 85.5 1146.0 96.3 7.8

06-04-711.5 Lherzolite Hand sample Huangshanxi 1.4 15 14 70 5.4 4.5 51.9 37.4 1.2 10.1 85.8 921.0 118.7 11.7

06-18-944..3 Lherzolite Hand sample Huangshanxi 1.7 15 9 76 5.2 2.9 53.4 37.6 1.8 10.9 81.9** 632.0** 222.0** 20.4

06-18-919 Lherzolite Thin section Huangshanxi 4.0 20 11 69 7.0 3.6 51.2 37.2 2.0 7.6 n.a. n.a. n.a. /

06-04-626.7 Lherzolite Thin section Huangshanxi 2.5 18 9 73 6.2 2.8 52.6 37.4 2.2 8.9 85.9 1088.0 101.7 11.4

06-04-651 Lherzolite Thin section Huangshanxi 1.8 26 21 53 9.3 6.5 46.7 36.6 1.4 5.3 n.a. n.a. n.a. /

06-04-672.6 Lherzolite Thin section Huangshanxi 3.1 19 9 72 6.7 2.8 52.3 37.5 2.4 8.2 85.5 1146.0 96.3 11.7

06-04-711.5 Lherzolite Thin section Huangshanxi 1.5 13 23 63 4.7 7.4 50.0 37.3 0.6 11.2 85.8 921.0 118.7 10.6

06-18-944..3 Lherzolite Thin section Huangshanxi 1.4 15 21 64 5.2 6.7 50.1 37.2 0.8 10.2 81.9** 632.0** 222.0** 21.8

ZK3693-279 Pl ol websterite Thin section Xiangshanzhong 1.9 14 28 58 4.6 9.0 48.8 37.1 0.5 11.1 80.2 978.2 150.1 13.5

ZK3693-296 Pl ol websterite Thin section Xiangshanzhong 2.3 16 18 66 5.5 5.7 50.9 37.3 1.0 9.7 81.4 1100.0 122.2 12.6

ZK3693-308 Pl ol websterite Thin section Xiangshanzhong 3.0 13 12 75 4.6 3.7 53.5 37.8 1.2 12.3 79.0 1249.3 170.0 13.8

ZK36953-341 Pl ol websterite Thin section Xiangshanzhong 2.2 11 7 81 3.8 2.2 55.5 37.9 1.7 15.5 78.0 978.2 195.0 12.6

HSN455 Pl lherzolite Hand sample Huangshannan 6.6 41 8 51 ### 2.4 45.9 36.0 6.0 3.4 n.a. n.a. n.a. /

14HSN36 Ol websterite Hand sample Huangshannan 6.1 38 6 56 ### 1.8 47.4 36.3 7.3 3.8 n.a. n.a. n.a. /

15-4-7 Pl lherzolite Thin section Huangshannan 4.7 45 22 33 ### 6.9 40.4 35.2 2.3 2.7 n.a. n.a. n.a. /

TD545-4 Gabbronorite Thin section Tudun 13.6 15 2 83 5.5 0.5 55.5 38.0 10.9 10.5 n.a. n.a. n.a. /

TD505-2 Gabbronorite Thin section Tudun 13.7 10 7 83 3.6 2.3 55.6 38.1 1.6 16.2 n.a. n.a. n.a. /

TD545-1 Gabbronorite Thin section Tudun 8.7 13 9 78 4.9 2.7 54.1 37.8 1.8 11.6 n.a. n.a. n.a. /

ZK11-1-197.5 Pl lherzolite Thin section Tudun 1.8 18 21 61 6.8 6.6 48.8 37.0 1.0 7.5 83.0 1239.2 90.0 12.0

ZK11-179.5 Pl lherzolite Thin section Tudun 3.0 15 18 67 5.5 5.6 51.0 37.3 1.0 9.8 83.1 1382.8 86.2 8.8

ZK11-1-201 Pl lherzolite Thin section Tudun 3.3 14 35 51 5.3 11.3 46.1 36.7 0.5 9.2 83.2 1183.8 106.0 11.5

ZK11-1-206.5 Pl lherzolite Thin section Tudun 2.1 13 14 73 4.9 4.4 52.5 37.6 1.1 11.3 83.0 1030.2 123.8 10.9

22-2-838 Wehrlite hand sample Poyi 1.4 47 13 40 ### 4.1 45.9 35.3 3.2 3.7 n.a. n.a. n.a. /

22-4-867 Wehrlite hand sample Poyi 1.7 58 19 22 ### 6.0 41.5 34.3 2.7 2.7 n.a. n.a. n.a. /

PYZK23-3-761 Wehrlite Thin section Poyi 1.3 56 33 11 ### 10.4 37.8 34.4 1.5 2.5 90.0** 2514.5**31.8** 12.8

PYZK23-3-1057 Wehrlite Thin section Poyi 1.8 44 20 36 ### 6.2 42.4 35.3 2.3 3.2 90.2** 3300.3**24.0** 7.5

PYZK23-3-948 Wehrlite Thin section Poyi 0.7 44 17 38 ### 5.4 43.3 35.3 2.7 3.1 90.5** 2357.3**32.2** 10.3

S*-sulfur content calculated based on the volume proportion of the XRF image of S, Pn-pentlandite, Cpy-chalcopyrite, Po-pyrrhotite

n.a.-not analyzed; 81.9**-data from Mao et al., 2014 and Xue et al., 2016

/-value has not been calculated due to significant sulfide fractionation or to absent of data
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deposits in NW China. 1122 

 1123 

 1124 

 1125 

 1126 

 1127 

 1128 

 1129 

 1130 

Table 6. Coefficients and uncertainty of equation (3) for regression of experimental 1131 

Deposit Location Host rock Olivine composition Sulfide composition Data source

Fo σ Ni σ Fe/Ni σ Ni σ Cu σ Cu/Ni σ Fe/Ni σ

mol.

%
mol.% ppm ppm wt.%

wt.

%
wt.% wt.%

Kalatongke East Junggar
Ol 

gabbronorite
76.5 2.2 1327 295 137.4 11.9 3.4 1.4 6.1* 3.0 1.8 1.1 19.2 9.8 

This study, Li et 

al., 2012; Gao et 

al., 2012; Zhang 

et al., 2009

Huangshandong North T ianshan
Lherzolite, Ol 

websterite
82.5 2.0 1269 194 101.7 16.6 6.1 0.9 2.2 1.1 0.4 0.2 9.1 1.3 

Mao et al.,2015; 

Sun et al., 

2013b

Huangshandong North T ianshan
Ol 

gabbronorite
73.0 3.0 5.2 2.6 10.4 6.9 

Mao et al.,2015; 

Sun et al., 

2013b

Huangshanxi North T ianshan Lherzolite 83.5 1.2 1094 260 118.7 25.5 6.8 1.8 2.9 2.6 0.4 0.4 7.4 2.2 

This study; Mao 

et al.,2014a; 

Zhang et al., 

2011

Huangshannan North T ianshan
Lherzolite, Ol 

websterite
85.9 1.0 2714 163 37.6 9.8 ### 1.1 2.2 1.0 0.1 0.1 2.8 0.30 

Mao et al., 

2016; Zhao et 

al., 2016

Xiangshanzhong North T ianshan
Pl lherzolite, Pl 

ol websterite
79.5 2.6 1084 162 149.2 26.5 4.6 0.6 5.2* 2.5 1.1 0.6 11.7 1.2 

This study; 

Tang et al., 

2013

Tudun North T ianshan
Lherzolite, Pl 

lherzolite
83.0 0.7 1379 71 101.3 11.6 5.6 0.7 3.2 1.1 0.6 0.1 7.5 1.9 This study

Tulaergen North T ianshan Pl lherzolite 82.4 2.8 1189 251 107.0 18.7 8.8 2.5 3.8 1.5 0.4 0.2 5.7 1.9 Sun, 2009

Hulu North T ianshan Lherzolite 83.4 2.3 786 192 167.1 55.5 5.0 1.8 2.5 1.4 0.5 0.3 10.9 3.1 

Sun, 2009; 

Zhao et al., 

2016

Tianyu 
Central 

T ianshan
Lherzolite 80.4 0.8 677 83 223.6 35.4 4.0 1.5 4.5 4.4 1.1 1.0 13.6 3.2 

Tang et al., 

2011

Poyi Beishan
Dunite, 

Wehrlite
88.0 1.2 2318 601 30.0 2.4 ### 0.6 5.5 2.2 0.4 0.2 3.0 0.2 

This study, Xue 

et al., 2016

Fo=100×Mg/(Mg+Fe), σ-Standard deviation.

Sample with sulfur content >1 wt.% is used for 100% sulfide calculation, samples that have experienced sulfide fractionation and percolation were not included.

Cu tenors in sulfides was estimated from whole rock Ni, Cu, S contents, where these label with * were calculated from XRF images.



68 

 

measurement of KD. 1132 

 1133 

KD = a + b ∙ CNi + c ∙ ΔQFM 

 Coefficient value σ 

a 9.775 1.105 

b 0.416 0.033 

c -4.308 0.440 

 1134 

 1135 

 1136 

Table 7. Modeling results of olivine composition and Ni tenor in sulfides during the 1137 

fractionation of the parental magma and parameters used in modeling. 1138 

 1139 

Fractionation Contamination

Crystallized phase Ol Ol Ol Ol Ol Ol+Cpx+Pl* Ol+Cpx+Pl*

F (%) 100 95 90 85 78 74 78 74 10** 20 Avg Crust*

Magma composition

MgO (wt.% ) 14.91 13.04 11.12 9.05 5.86 3.99 5.86 3.99 13.89 12.86 4.66

FeO  (wt.% ) 9.31 9.28 9.18 8.98 8.38 7.74 8.38 7.74 8.98 8.66 6.04

Ni in magma (ppm) 583 444 327 203 71 25 134 79 536 496 59

Olivine composition

Fo in olivine (mol.% ) 90.0 89.3 87.8 85.7 80.0 75.0 80.0 75.0 90.2 89.9

Ni in olivine (ppm) 3500 2934 2287 1826 918 420 918 420 3214 3273

Ni tenor at different R values(wt.%)

500 13.3 10.9 8.4 5.6 2.0 0.7 3.8 2.3

1000 17.2 14.4 11.3 7.7 2.7 1.0 5.2 3.3

2000 20.2 17.1 13.7 9.5 3.4 1.3 6.5 4.2

7000 19.8 16.0

DNi olivine-silicate 6.0 6.6 7.0 9.0 13.0 17.0 13.0 17.0

DNi sulfide-silicate 419 477 529 615 637 729 637 729

Avg Crust*-FeO and MgO concentrations of the average crust are from Rudnick and Gao (2003). **- percentage of crustal contamination

F-fraction of residual liquid after fractionation, Ol+Cpx+Pl*-Olivine, clinopyroxene, and plagioclase fractionation after F=85

DNi olivine-sulfide is calculated from the host magma compositions from the previous studies of the Huangshandong, Huangshanxi deposits, using the equation of Li and Ripley (2010)

DNi sulfide-silicate is calculated based on the equation of Kiseeva and Wood (2013): LogDNi=3.83-0.84*Log FeO, whereas FeO equals FeO magma / [Fe/(Fe+Ni+Cu)]sulfide


