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 2 

Abstract 31 

Platinum Group Elements (PGE) mineralization occurs associated with mafic-ultramafic rocks in 32 

different environments. Although the PGE enrichment is primarily caused by magmatic processes, 33 

remobilization of Pd and Pt by hydrothermal fluids has likely been an important mechanism in 34 

increasing the precious metal grade in many cases. However, the timing of PGE enrichment by 35 

hydrothermal fluid processes is commonly difficult to constrain.  36 

The Jinchuan ultramafic intrusion in northwest China is ranked the world’s third largest magmatic 37 

Ni-Cu sulfide deposit. Besides the main ore body consisting of net-textured and disseminated sulfides, 38 

there is hydrothermal mineralization associated with sheared contact zones of the intrusion, which 39 

shows elevated Cu and Pt concentrations. The unusually high Pt is hosted mainly in sperrylite within 40 

altered silicates. In this study, we applied the Pt-Os geochronometer to a Cu-Pt-rich ore body, yielding 41 

an isochron age of 436 ± 22 Ma. This age is significantly younger than the main ore formation age of 42 

ca. 825 Ma, but similar to that of the continental collision event between the Qaidam-Qilian Block and 43 

Alax Block of North China. This indicates that the intrusion may have been uplifted during the 44 

Paleozoic orogenic processes from deeper crust, resulting in the generation of the Cu-Pt-rich 45 

hydrothermal ore body. Our new data provide the first strong age constraints on the hydrothermal PGE 46 

enrichment, showing that the Pt-Os isotope system is potentially a powerful tool for dating 47 

hydrothermal overprinting on Ni-Cu-(PGE) sulfide deposits. 48 

 49 
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 51 

Introduction 52 

Platinum group element (PGE) mineralization occurs in large layered intrusions in association 53 

with Ni-Cu sulfides or chromitites (e.g., Bushveld, Great Dyke, Stillwater), conduit-type small 54 

intrusions (e.g., Noril’sk), and komatiite-hosted Ni-Cu sulfide deposits (e.g., Kambalda). Platinum 55 

group elements are primarily collected by immiscible sulfide melt in magmatic processes due to high 56 

partition coefficients of these elements for sulfide melt (Naldrett 1980), or as platinum group minerals 57 

(PGM) or alloys (e.g., Pt-Fe alloy) directly crystallized from silicate magma (Godel et al. 2007; Maier 58 

et al. 2015). Remobilization of Pd and Pt by hydrothermal fluids is also likely an important mechanism 59 

in redistribution of these metals (Wood 2002 and reference therein), increasing the metal grade in many 60 
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cases.  Examples include the PGE enrichment in the footwall of the Sudbury igneous complex 61 

(Naldrett et al. 1999; Farrow et al. 1994; Molnar et al. 1997; Mukwakwami et al. 2014a,b); the Lac des 62 

Iles deposit in Canada (Hinchey and Hattori 2005); the McBratney PGE-Au occurrence in the Flin Flon 63 

greenstone belt, Canada (Olivo and Theyer 2004; Bursztyz and Olivo 2010); the Ni-As-PGE-rich halo 64 

around the Miite and Sarah’s Find komatiite-hosted Ni sulfide deposit in Australia (Le Vaillant et al. 65 

2015, 2016); the Duluth complex (Ripley 1990; Ripley et al. 1993, 2001; Mogessie et al. 1991; Gal et 66 

al. 2013); and the off-set type PGE mineralization in the country rocks of the Portimo complex, Finland 67 

(Iljina 1994; Iljina and Hanski 2005; Anderson and Thalhammer 2006). 68 

Platinum and Pd are much more mobile in sulfide-rich than in sulfide-poor systems (Liu and 69 

Barnes 2012; Le Vaillant et al. 2015). In some cases, a metal-enriched halo around mafic-ultramafic 70 

igneous bodies is used as an exploration tool to detect Ni-Cu-PGE mineralization (Le Vaillant et al. 71 

2015, 2016). However, it is difficult to distinguish whether a fluid-overprinting event took place in a 72 

late-magmatic stage or occurred later as a result of regional tectonic events. Precise dating of PGE 73 

enrichment would help to solve this problem. Until now, there have been few methods to determine the 74 

timing of hydrothermal overprinting of Ni-Cu-(PGE) ores, which may have significant implications for 75 

the study of PGE mineralization and further mineral exploration. 76 

Our research target, the Jinchuan Ni-Cu-(PGE) sulfide deposit, has Ni-Cu sulfide ore resources of 77 

nearly 500 million tonnes, grading 1.2 wt% Ni and 0.7 wt% Cu. Li et al. (2004b, 2005) reported a U-Pb 78 

SHRIMP zircon age of 827 ± 8 Ma and a U-Pb SHRIMP baddeleyite age of 812 ± 26 Ma. Using the 79 

ID-TIMS method, Zhang et al. (2010) published more precise U-Pb ages of 831.8 ± 0.6 Ma and 832.2 80 

± 0.9 Ma for zircon and baddeleyite, respectively. The ages determined by the Re-Os method for 81 

massive ores are 853 ± 25 Ma (Yang et al. 2005) and 867 ± 75 Ma (Yang et al. 2008), similar to the 82 

U-Pb ages of the intrusion, which are considered to record the timing of crystallization of the intrusion 83 

and its main stage of ore formation.  84 

The Jinchuan intrusion shows a tectonic contact with its immediate country rocks and is believed 85 

to have been thrust to its present location by a regional tectonic event (Tang et al. 1995; Zhou et al. 86 

2002; de Waal et al. 2004; Lehmann et al. 2007; Song et al. 2012). Some authors think that this tectonic 87 

event may be related to the Qilian orogeny (Gao et al. 2009). However, there are no precise age data 88 

available to confirm this opinion. 89 

One particular type of ore in the Jinchuan deposit can be distinguished from the main ore by its 90 
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highly sheared texture and elevated Cu and Pt contents (Gao et al. 2009; Chen et al. 2013). The sheared 91 

texture indicates that this ore type may have formed during deformation of the intrusion and related 92 

activity of hydrothermal fluids (Yang et al. 2006; Lehmann et al. 2007; Gao et al. 2009). The extremely 93 

high Pt contents and generally low common Os contents in these ore bodies make it possible to employ 94 

the 190Pt-186Os method as a tool for dating the hydrothermal enrichment event. Use of this isotopic 95 

system is complicated by the extremely long half-life of ca. 450 Ga of the parental nuclide and the low 96 

fraction of 190Pt in total Pt (Walker et al. 1997). Consequently, to generate resolvable differences in 97 

186Os/188Os and obtain useful geochronological information, samples need to be old and/or have very 98 

large differences in Pt/Os. PGE-bearing ore systems often meet these criteria and so are among the 99 

potential dating targets. Among the first attempts to apply the Pt-Os system to ore deposits were the 100 

studies of the Sudbury and Noril’sk deposits by Walker et al. (1991, 1997) and Morgan et al. (2002). 101 

Later, the Pt-Os system was successfully used to constrain the mantle source of komatiites (Puchtel et 102 

al. 2004, 2005, 2009, 2014), contribution of material from the Earth's core to certain hot spot magmas 103 

(Brandon et al., 1999, 2005), platinum mineralization in an ophiolite (Coggon et al. 2011), and the 104 

Bushveld PGE mineralization (Coggon et al. 2012), and to place time constraints on a Hadean mantle 105 

melting event (Coggon et al. 2013). In this study, we employ the 190Pt-186Os isotopic system to dating 106 

of the hydrothermal overprinting event affecting the Jinchuan Cu-Ni-(PGE) sulfide deposit and assess 107 

its relationship with the regional tectonic evolution.  108 

 109 

Geological Background 110 

The Jinchuan intrusion is located in the Longshoushan thrust belt, which is a fault-bounded, 111 

NW-striking terrane between the Alax Block  to the north and the northern Qilian Suture Zone to the 112 

south (Fig. 1a). The Alax Block is generally thought to represent the western part of the North China 113 

Craton (Zhao et al. 2005). It is composed of Paleoproterozoic high-grade gneisses, marbles and 114 

migmatites. The Qilian Suture Zone consists of early Paleozoic subduction complexes including 115 

ophiolitic mélanges, blueschists, and eclogites (Fig. 1). Further south is the North Qaidam Ultra-High 116 

Pressure (UHP) Belt, which consists of granitic and pelitic gneisses intercalated with blocks of eclogite 117 

and garnet peridotite and is considered to be a typical continental-type subduction complex (Fig. 1) 118 

(Yang et al. 2002; Song et al. 2003). Greenschist facies regional metamorphism related to the 119 

collisional event has affected the southern part of the Longshoushan Terrane including the Jinchuan 120 
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intrusion (Li and Ripley 2011).  121 

The NW-SE-striking fault F1, dipping to the southwest at angles of >60°, is a regional-scale thrust 122 

fault marking the northern boundary of the Longshoushan Terrane (Fig. 2a). The footwall rocks of fault 123 

F1 include Jurassic to Tertiary terrestrial clastic sedimentary rocks and sedimentary strata as young as 124 

Quaternary. Proterozoic metamorphic rocks and Paleozoic sedimentary rocks comprise the hanging 125 

wall of fault F1 (Song et al. 2012). A series of reverse faults parallel to fault F1 and dipping to the 126 

southwest with angles of 70–80° also occur in the region (Song et al. 2012). 127 

The Jinchuan intrusion was emplaced into the Alax block (Fig. 1). It is about 6500 m long and 128 

from 20 m to >500 m wide and dips steeply to the south or southwest (Fig. 2a, b). The main rock types 129 

include dunite, lherzolite, plagioclase lherzolite, troctolite, and olivine pyroxenite (Fig. 2a) (Chai et al. 130 

1992a, b; Tang et al. 1993; Barnes and Tang 1999). All rocks are altered to different degrees. The 131 

intrusion displays tectonic contacts with its country rocks and has experienced extensive shearing along 132 

its southern marginal zone, resulting in greenschist-grade chlorite schists (Lehmann et al. 2007). 133 

The Jinchuan intrusion and its sulfide ores are divided into four mining areas (from west to east, 134 

III, I, II and IV) by NE-trending faults F8, F16 and F17 (Fig. 2). The net-textured sulfide ores are 135 

hosted by dunite and to a lesser degree by lherzolite. They are commonly surrounded by disseminated 136 

ore zones, which are hosted in lherzolite and plagioclase lherzolite (Fig. 2b). Minor massive ores occur 137 

as veins cutting net-textured ores near the footwall side of the intrusion. Primary sulfide mineral 138 

assemblages consist of pentlandite, chalcopyrite, and pyrrhotite. 139 

Sulfide ore rich in Cu and Pt occurs in sheared lherzolite and dunite and is termed sheared ore by 140 

Yang et al. (2006). The mineralization appears to be concentrated along fault F6 at the base of the 141 

concealed ore body No. 6 of the intrusion (Fig. 2b). Fault F6 strikes to the NE-E and dips to the NW 142 

with an angle of 70 degrees, varying in width from 1 to 2 m (Gao et al. 2009). A zone of pelitic schists 143 

and mylonite occurs in the F6 fault zone. Serpentine, chlorite, carbonate, and sulfide veins also occur 144 

widely within this fault zone.  145 

The thickness of the Cu-Pt-rich ore body reaches 40 m. It has a sharp contact with 146 

Paleoproterozoic country rocks comprising gneisses, amphibolites, and marbles. Granophyre and 147 

lamprophyre xenoliths occur in the middle to upper part of the ore body. The original textures are 148 

replaced by a cataclastic breccia texture. The original silicate minerals were dominated by cumulus 149 

olivine and interstitial orthopyroxene, and 20% to 30% interstitial sulfide, with the primary magmatic 150 
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cumulus textures being well preserved (Fig. 3a). The rounded olivine grains have been extensively 151 

altered to serpentine, talc, and magnetite, with traces of chlorite, muscovite, phlogopite, tremolite, and 152 

actinolite (Li et al. 2004; Ripley et al. 2005; Yang et al. 2006; Gao et al. 2009).  153 

The Cu-Pt-rich ores consist of disseminated or net-textured sulfides. In some samples (e.g., 154 

JCI-77, 79), the sulfides are dominated by pentlandite and minor pyrrhotite showing a primary 155 

coarse-grained interstitial texture (Fig. 3b). Minor chalcopyrite occurs as veinlets inside altered olivine 156 

grains (Fig. 3c). In some other samples (e.g., JCI-72, 82), the sulfide minerals are dominated by 157 

chalcopyrite with lesser amounts of pentlandite and pyrrhotite (Fig. 3d). In these samples, some 158 

chalcopyrite shows ductile deformation textures (Figs. 3e, f, g, h). It is worth noting that wherever a 159 

ductile texture of chalcopyrite is present, some spatially associated chlorite occurs in the vicinity (Figs. 160 

3e, f, g, h). Later-stage pyrite veins occur in some samples.  161 

During hydrothermal alteration, pyrrhotite, pentlandite, and chalcopyrite were replaced by 162 

mackinawite, pyrite, cubanite, vallerite, and violarite (Yang et al. 2006). In some Pt-rich samples, 163 

sperrylite grains from 10 to 30 m in size are found inside serpentinized olivine grains (Figs. 4a, b, c, d, 164 

e). Palladium-rich PGM grains are also encountered (Fig. 4f), which is consistent with previous studies 165 

(Yang et al. 2006; Prichard et al. 2013). In addition, abundant small grains (mostly <5 m) of PbTe(Se) 166 

were found both inside base metal sulfides (BMS) and altered silicates (Fig. 4f).  167 

 168 

Sample preparation and analytical methods 169 

Most of our samples (codes starting with 04JCI) were collected from the 1185-m level along 170 

exploration line 6 (Fig. 2b). Samples GS-1 and GS-7 were collected from the same type of ore, but 171 

their detailed location is not available. Heavy mineral separates including mainly sulfide and minor 172 

PGM were obtained, with the sulfide minerals being mainly pyrrhotite, pentlandite, and chalcopyrite. 173 

 174 

Whole-rock Cu and Ni analysis 175 

Nickel and Cu concentrations were determined by inductively coupled plasma atomic emission 176 

spectroscopy (ICP-AES) at the National Research Center of Geoanalysis (NRCG), Chinese Academy 177 

of Geological Sciences, Beijing, China. Samples were digested with HCl, HNO3, HF, and HClO4 in 178 

screw top, PTFE-lined, stainless steel bombs at 190 °C for 12 h. Indium was used as an internal 179 

standard. The precision of the analyses was generally better than 1%. Two national geochemical 180 
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standards, GBW07233 (sulfide) and GBW 07109 (granite), and an in-house standard Xinchao8 (sulfide) 181 

were used to monitor the reproducibility. 182 

 183 

Pt-Re-Os isotope analysis  184 

All Pt-Re-Os chemistry was performed at the NRCG. Platinum, Re and Os concentrations were 185 

measured using the isotope dilution method. The 195Pt, 187Re and 190Os spikes were purchased from the 186 

Oak Ridge National Laboratory, USA, and calibrated at the NRCG. The samples were crushed and 187 

ground to less than 200 mesh using contaminant-free equipment. Approximately 4 g of whole-rock 188 

powder or 2g of each sulfide separate were weighed precisely and loaded into Carius tubes, together 189 

with 195Pt, 187Re and 190Os mixed spikes, and digested by reverse aqua regia in the presence of a small 190 

amount of H2O2 (Shirey and Walker 1995). The tubes were heated in an oven at 230 °C for about 24 h. 191 

Osmium was separated as OsO4 by distillation at 105–110 °C and trapped by Milli-Q water. 192 

During distillation, the inverse aqua regia acted as the oxidizer. Half of the residual solution was used 193 

for Re extraction by acetone in 5 M NaOH solution (Du et al., 2001, 2004). The other half of the 194 

solution was used to pre-concentrate Pt by tellurium co-precipitation (Yang et al. 2003; Yang, 2005). 195 

Platinum and Re concentrations were measured by ICP-MS (PQ Excell) at the NRCG. The intensity of 196 

the 190Os signal was monitored to correct for traces of Os in Re. Hydrogen peroxide and 5% ammonia 197 

were alternately used to wash the Teflon injection tube in order to avoid cross-contamination between 198 

samples (Du et al. 2001, 2004). Using a negative thermal ionization mass spectrometer (N-TIMS, 199 

MAT-262), osmium concentrations and isotopic compositions were measured by peak jumping on an 200 

electron multiplier at the Laboratory of Crust–Mantle Materials and Environments, University of 201 

Science and Technology of China. All measured ratios were corrected for oxygen isotopic compositions 202 

(Sun et al. 1997), and iteration was used to correct mass fractionation and calculate Os concentrations 203 

and isotopic compositions based on a 192Os/188Os ratio of 3.0827 (Yang 2005; Yang et al. 2008). 204 

An in-house standard, HLP molybdenite, was used to monitor the reproducibility of the Re-Os 205 

measurements (Du et al. 2012). The Re and 187Os contents and Re–Os ages of HLP determined during 206 

the course of this work were 276.3 ± 2.0 ppm, 648.1 ± 4.5 ppb and 221.0 ± 4.6 Ma (n=2), respectively, 207 

which coincide within uncertainties with the reference values (Re = 283.8 ± 6.2 ppm, Os =659 ± 14 208 

ppb and t = 221.4 ± 5.6 Ma; Du et al. 2012). For Pt, three national standards, GBW07293, GBW0729l 209 

and GBW07102, were systematically analyzed (5 analyses for each). The measured values are 407.0 ± 210 
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32 ppb, 66 ± 12 ppb, and 11.0 ± 5.7 ppb, consistent with the reference values of 440 ± 37 ppb, 58 ± 5 211 

ppb, and 6 ± 1 ppb, respectively (Yan et al. 1998). The generally large variations in the analyzed results 212 

are due to the smaller amounts of sample material analyzed in this study (1g) compared to the 213 

recommended amount (10g) (Yan et al. 1998). The results of standard GBW07293 with higher Pt 214 

content show a better reproducibility, and it is worth noting that our samples contain high Pt contents 215 

similar to that of this standard. Because we did not have reference material with certified 186Os/188Os 216 

ratios to monitor the analytical accuracy of the 186Os/188Os values of the samples, we measured one 217 

sample (04JCI-79S) with a low 190Pt/188Os ratio of 0.03, as this sample should have insignificant 218 

amount ofradiogenic 186Os, and thus a mantle like 186Os/188Os ratio of about 0.11984 at 830 – 430 Ma 219 

(Puchtel et al. 2005). Five replicate analyses of this sample, without addition of spike, yield an average 220 

186Os/188Os ratio of 0.1208 ± 0.0012, consistent with the expected mantle value within error. 221 

Platinum blanks varied from 0.4 to 1.3 ng, and are thus insignificant relative to the quantity of Pt 222 

obtained from most samples (160 to >100000 ng). Two whole rock samples (04JCI-77, 79) with 223 

relatively low amounts of Pt (4.6 to 15 ng) may be affected by blank, but the extremely low 190Pt/188Os 224 

ratios of these two samples (0.0003, 0.0017) imply that the Pt blank had a negligible effect on the Pt-Os 225 

isochron age calculation. Rhenium blanks range from 8 to 30 pg, insignificant relative to the quantities 226 

of Re analyzed in the samples (2200–45,000 pg). Osmium blanks range from 0.7-3.4 pg, significantly 227 

lower than the amount of Os derived from the samples (170- 15700 pg). 228 

The age calculations were made using the 187Re decay constant (1.666 ×10-12) from Smoliar et al. 229 

(1996), and 190Pt decay constant (1.542 ×10-12) from Walker et al. (1997). In the Re-Os and Pt-Os 230 

isochron calculation performed using the ISOPLOT program (Ludwig 2003), the absolute errors used 231 

for 187Re/188Os and 187Os/188Os, and 190Pt/188Os and 186Os/188Os are those listed in Table 1.  232 

 233 

In-situ sulfur isotope analysis  234 

In-situ sulfur isotope analyses of pyrrhotite and chalcopyrite were conducted using a Nu Plasma 235 

HR multicollector ICPMS at the Geological Survey of Finland in Espoo together with a Photon 236 

Machine Analyte G2 laser microprobe (Molnar et al. 2016; Maier et al. 2016). Samples were ablated in 237 

He gas (gas flows = 0.4 and 0.1 l/min) within a HelEx ablation cell (Müller et al. 2009). During the 238 

ablation, the data were collected in static mode (32S, 34S). Line spots of pyrrhotite and chalcopyrite 239 

were ablated at a spatial resolution of 30 m in diameter and about 150 m in lenth, using a fluence of 240 
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2.7 J/cm2 and a repetition rate of 4 Hz. The total S signal obtained for chalcopyrite was generally below 241 

3 V and for pyrrhotite, it was below 2 V. Under these conditions, after a 20 s baseline measurement, 242 

~100 s of ablation is needed to obtain an internal precision of 34S/32S 6 ± 0.00001 (2). In-house 243 

pyrrhotite (Polopo) and chalcopyrite standards (Cpy1) were used for external standard bracketing and  244 

in-house pyrite (Py1) and chalcopyrite standards (Cpy2) were  employed for quality control. An 245 

average 34S (CDT) value of -1.02 ± 0.32‰ (2, n = 3) was obtained for Py1, which is consistent with 246 

the value of -0.6 ± 1.2‰ (2) measured by gas mass spectrometry. For Cpy2, we obtained an average 247 

value of -0.57 ± 0.28‰ (2, n = 3), which is consistent with the gas mass spectrometry value of -0.7 ± 248 

1.0‰ (2). 249 

 250 

Analytical results 251 

Concentrations of Pt, Re, Os, Ni, and Cu, Re-Os and Pt-Os isotopic data for whole-rock samples 252 

and sulfide separates are presented in Table 1. The sulfide separates generally have much higher Pt 253 

contents than the whole-rock samples, ranging from 4 to 40 times, indicating a dominant control of Pt 254 

by sulfide minerals. The sulfide separates also show higher Re and Os contents than the whole-rock 255 

samples, but generally less than 8 times, indicating that part of Re and Os is also contained in the 256 

silicate fraction. This results in higher Pt/Os ratios for the sulfide separates than for the bulk-rock 257 

samples, but the contrast of Re/Os ratios between sulfide separates are much less. One group of our 258 

Cu-Pt rich ore samples (04JCI-77, 79) have the highest Ni contents (25,000–48,000 ppm) and a 259 

relatively low Cu contents (8000–21000 ppm) with the lowest Cu/Ni ratios (0.2 to 0.8 in whole-rock 260 

samples). These two samples have the highest Os contents, of 80 and 8 ppb respectively, and relatively 261 

low Pt/Os ratios of <56. Another group of samples (04JCI-72, 74, 75, 81, 82) contains lower Ni 262 

contents (<13,000 ppm) and clearly higher Cu contents (20,000 to 60,000 ppm) with higher Cu/Ni 263 

ratios ranging from 3.1 to 5.4. These samples show extremely high Pt concentrations (up to 13000 ppb 264 

in whole rock), low Os concentrations (mainly <0.4 ppb in whole rock), and high Pt/Os ratios up to 265 

120000 (whole rock). Two samples (73, 86) have a composition between the two groups (Fig. 5). 266 

Compared to the large variation of Pt/Os, the Cu and Pt-rich samples only show several times higher 267 

Re/Os ratios than the Ni-rich samples. 268 
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The samples show poor linearity on the 187Re/188Os vs. 187Os/188Os isochron diagram, yielding an 269 

errorchron age of 519 ± 130 Ma, with an initial 187Os/188Os ratio of 0.41 ± 0.13 (MSDW=3417). The  270 

samples have a large spread in 190Pt/188Os, with maximum ratios reaching values of ca. 350 (Fig. 7). On 271 

the 190Pt/188Os vs. 186Os/188Os isochron diagram, the samples show better linearity than the Re-Os 272 

isotope system, yielding an isochron age of 433 ± 40 Ma and an initial 186Os/188Os ratio of 0.1291 ± 273 

0.0074 (MSWD=168) (Fig. 7). Two replicates of sulfide separates and one whole-rock analysis of 274 

sample 04JCI-81 plot quite far from the isochron (Fig. 7). If the obvious outliers (sample 04JCI-81) are 275 

neglected, the refined isochron age becomes 436 ± 23 Ma and the initial 186Os/188Os ratio 0.1242 ± 276 

0.0047 (MSWD = 41) (Fig. 8a). For most samples, the whole-rock and sulfide separate compositions 277 

generally plot close to the isochron trend, though only one whole rock and four sulfide separates 278 

overlap with this trend within their uncertainty limits (Fig. 7). If calculated using only the sulfide 279 

separate samples (without sample 04JCI-81), the isochron age becomes 432 ± 28 Ma and the initial 280 

186Os/188Os ratio 0.1253 ± 0.0069 (MSWD = 24) (Fig. 8b), which is indistinguishable from the results 281 

calculated using both sulfide separate and whole rock samples (Fig. 8a). Nevertheless, regardless of 282 

whether all samples or sulfides alone are considered, the MSWD value calculated for the Pt/Os 283 

isochron greatly exceeds one. This implies that the one or both of the conditions required for 284 

development of a true isochron (complete isotopic equilibration at the time of the event of interest and 285 

lack of disturbance of the Pt/Os systematics since that time) is not fulfilled. This must be borne in mind 286 

when making tectonic interpretations of the apparent age. The results listed above are based on the 287 

isotope abundance and decay constant of 190Pt from Walker et al. (1997). A similar age is obtained if 288 

the recommended values of Begemann et al. (2001) are used.  289 



 11 

Pyrrhotite and chalcopyrite of 7 samples from the Cu-Pt-rich ores were analyzed for in-situ S 290 

isotope composition (Table 2). Pyrrhotite from Ni-rich ore (04JCI-77, 79) has 34S (CDT) values 291 

ranging from -0.67 ± 0.18‰ to +0.10 ± 0.14‰, indistinguishable from the values of -0.1.28 ± 0.12‰ 292 

to +0.38 ± 0.15‰ obtained for pyrrhotite and chalcopyrite of Cu-Pt-rich ores. There is no difference 293 

between coarse-grained pyrrhotite and chalcopyrite and fine-grained veinlet-like chalcopyrite, which is 294 

disseminated in serpentine (Fig. 9). All analyses form a peak from -1.0 to +0.5‰ (Fig. 10).  295 

 296 

Discussion 297 

  298 

Magmatic and hydrothermal enrichment 299 

The genesis of Ni-Cu-(PGE) sulfide deposits are generally attributed to segregation of an 300 

immiscible sulfide liquid from a mafic-ultramafic magma (Naldrett 1980). Late-stage magmatic or 301 

hydrothermal fluids may also have played some role in redistribution of the metals to variable degrees 302 

(Boudreau et al. 1986; Le Vaillant et al. 2015). The generally good positive correlation between 303 

chalcophile metal and sulfur contents in the main ore bodies (No.1, 2, 24) of the Jinchuan intrusion 304 

indicates that the major mineralization is controlled by magmatic sulfides (Chai and Naldrett 1992b). 305 

This is supported by a very good positive correlation between metal tenors of iridium group PGEs 306 

(IPGE: Os, Ir, Ru, not shown, data from Chai and Naldrett 1992b). For the Cu-Pt-rich ores of this study, 307 

the magmatic enrichment is evidenced by the well-preserved interstitial sulfide textures (Fig. 3a). 308 

The main ore bodies in the Jinchuan intrusion have Cu/Ni ratios of around 0.5, and Pt/Ir ratios of 309 

around 50, which are consistent with a high-Mg basaltic parental magma composition (Chai and 310 

Naldrett 1992a; Yang et al. 2006; Song et al. 2006). Hydrothermal fluid process has also been proposed 311 

to play some role in the redistribution of metals to variable degrees, especially in the Cu-Pt rich ore as 312 

supported by several lines of evidence (Chai et al. 1999b; Yang et al. 2006; this study). The silicate 313 

minerals have been extensively altered (Yang et al. 2006; this study). One important feature of this ore 314 

type is that abundant Pt-Pd-bearing platinum group minerals (PGM) occur in altered silicates (e.g., 315 

serpentine), associated with other hydrous minerals (e.g., chlorite) or fractures of base metal sulfide 316 

(BMS). This is clearly different from the main ore bodies where PGM mainly occur as small inclusions 317 



 12 

enclosed in BMS (Yang et al. 2006; this study). Silver-bearing PGM was identified in the Cu-Pt-rich 318 

ore hosted in altered silicates, whereas this type of PGM is absent in the main ore bodies (Yang et al. 319 

2006). Compared with the main ore bodies, the Cu-Pt-rich ore shows clearly elevated Cu, Pt, Pd and 320 

Au concentrations on the primitive mantle normalized chalcophile element patterns, with the 321 

(Pt+Pd)/(Os+Ir+Ru+Rh) ratio increasing from <7 in the main ore bodies to 240-710 in the Cu-Pt-rich 322 

ore (Pt up to 80 ppm; Fig. 7 in Yang et al. 2006). All these features suggest that a hydrothermal fluid 323 

has significantly changed the metal composition in the Cu-Pt-rich mineralization. 324 

In our study, two samples (04JCI-77, 79) have similar Cu/Ni and Pt/Os ratios to those of the 325 

nearby main ore body (Fig. 3). These two samples also show relatively high whole-rock Os contents 326 

(8.5–79.6 ppb), also similar to those of the nearby ore body (Fig. 3). Another group of samples 327 

(04JCI-72, 74, 75, 81, 82, 86) show high Cu/Ni and Pt/Os ratios. The two sample groups have different 328 

sulfide mineral assemblages, with that of the first group being dominated by pentlandite and pyrrhotite 329 

(Fig. 3b) and that of the second group by chalcopyrite with minor pentlandite (Fig. 3c). This may 330 

indicate that monosulfide solid solution (MSS) fractionation played some role in the distribution of 331 

metals, which has also been proposed for the metal content variations in the main ore bodies (Su et al. 332 

2008; Chen et al. 2013). However, we have observed abundant small veinlets of chalcopyrite within 333 

altered silicates (Fig. 3c), and some chalcopyrite associated with chlorite shows ductile textures (Figs. 334 

3e, f, g, h). In addition, sperrylite occurs mainly in serpentine (Fig. 4). These features support the 335 

interpretation of previous studies that a later-stage fluid may have redistributed metals in the Cu-Pt-rich 336 

ores (Yang et al. 2006; Gao et al. 2009). 337 

Though both Pt and Pd are high in the Cu-Pt rich ore, Pt is generally more enriched over Pd 338 

resulting in high Pt/Pd ratios ranging from 7 to 50 (Yang et al. 2006; Chen et al. 2013). On the other 339 

hand, it has been reported that negative Pt anomalies occur in net-textured and massive ores in some of 340 

the Nos. 1 and 2 main ore bodies, which show variable Pt/Pd ratios, with the lowest values being as 341 

low as 0.02 (Su et al. 2008; Song et al. 2009; Chen et al. 2013). Song et al. (2009) suggest that the 342 

fractionation of sulfide liquid may not differentiate Pt and Pd, as the two elements have similar 343 

partition coefficients between MSS and sulfide melt (Barnes et al., 1997; Mungall and Brenan, 2014). 344 

It is proposed that the Pt depletion probably resulted from precipitation of Pt-Fe alloys together with 345 

chromite prior to sulfide saturation (Song et al. 2009). However, disseminated ores in these ore bodies 346 

do not show a negative Pt anomaly (Song et al. 2009; Chen et al. 2013). Another possible mechanism is 347 



 13 

hydrothermal fluid redistribution of metals (Chai et al. 1992b; de Waal et al. 2004; Ripley et al. 2005; 348 

Yang et al. 2006; Gao et al. 2009; Su et al. 2008; Song et al. 2009). A recent paper summarized all the 349 

published PGE data of the Jinchuan deposit, the primitive mantle normalized PGE patterns of the main 350 

ore bodies exhibit both positive and negative Pt anomalies (Fig. 8 in Duan et al. 2016), in agreement 351 

with a hydrothermal fluid redistribution of Pt.  352 

The solubility of Pt and Pd in hydrothermal fluid is dependent on several factors, including 353 

oxidation condition, PH and salinity (Barnes and Liu 2012). Under oxidized conditions, the 354 

predominant Pt and Pd species are chloride complexes. In contrast, under more reduced conditions, 355 

bisulfide complexes predominate (Barnes and Liu 2012). Fluid inclusions in hydrous minerals (e.g., 356 

tremolite) in the Cu-Pt-rich ore of Jinchuan have been studied in detail by (Yang et al. 2006). The fluid 357 

phases include chlorine as well as CO2, N2, CH4 and H2S, with homogenization temperature being in 358 

the range of 235-365 ℃ (Yang et al. 2006). This indicates that the fluid is under a relatively reduced 359 

condition, and Pt and Pd occur mainly as bisulfide in fluid. Meanwhile, the high sulfide content of the 360 

Jinchuan ore samples makes Pt and Pd highly soluble in hydrothermal fluid (Barnes and Liu 2012). 361 

However, in any conditions, Pd is more soluble in hydrothermal fluids than Pt and therefore is easier to 362 

dissolve and remobilize by hydrothermal fluids (Keays et al. 1981; Wood et al. 1992; Xiong and Wood 363 

2000; Seabrook et al. 2004; Barnes and Liu 2012). Hence, later hydrothermal alteration is more likely 364 

to remove more Pd than Pt, giving rise to positive and negative Pd anomalies rather than those of Pt 365 

(Prichard et al. 2013).The Pt-Os age of the Cu-Pt-rich ore is about 430 Ma, significantly younger than 366 

the main magmatic stage of about 830 Ma (see later discussion), indicating the major Pt enrichment is 367 

clearly not magmatic but related to a post-magmatic hydrothermal fluid event. However, the reason for 368 

the enrichment of Pt over Pd is difficult to explain. During the cooling of sulfide melt, about half of Pd 369 

is hosted in BMS, mainly in pentlandite, and a lesser amount in pyrrhotite and chalcopyrite, while the 370 

majority of Pt is hosted in PGM inside BMS, or at the contact between BMS and silicates (Godel et al. 371 

2007; Holwell and McDonald 2007; Chen et al., 2014). It may be possible that leaching of Pd from 372 

BMS is less efficient than Pt from small Pt-bearing PGM grains. The sulfur isotope compositions of the 373 

Cu-Pt-rich ore are indistinguishable from the compositions of the main ore bodies obtained previously 374 

by Ripley et al. (2003), consistent with mobilization of sulfur from the main ore body to the Cu-Pt-rich 375 

mineralization. 376 

We suggest that the high Pt/Os and Cu/Ni ratios of some Cu-Pt-rich ores are produced firstly by 377 
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fractionation of sulfide liquid in a magmatic stage, which was followed by overprinting via a 378 

hydrothermal fluid process, elevating further the Cu, Pt, Pd and Au contents. Probably in a similar way 379 

to the metal redistribution in the Sarah’s Find deposit in Western Australia, circulation of As-rich 380 

hydrothermal fluids dissolved base metals, Pd, and Pt from the main orebodies and redeposited them 381 

along a sheared footwall contact (Le Vaillant et al. 2016). 382 

 383 

Age of Pt enrichment 384 

 385 

The Re-Os isochron show poor linearity with an errorchron age of 519 ± 130 Ma, with an initial 386 

187Os/188Os ratio of 0.41 ± 0.13 (MSDW=3417). The poor linearity could be explained by 387 

inhomogeneity of initial 187Os/188Os ratio which will be discussed later. On the Pt-Os isochron diagram, 388 

duplicate analyses of two sulfide separates and one whole-rock analyses of sample 04JCI-81 plot above 389 

the isochron (Fig. 7). This could potentially be explained by mobility of Pt during a late-stage 390 

disturbance after the main hydrothermal fluid event. However, in most cases, the analyses of sulfide 391 

separates and whole-rock samples plot along the isochron line, especially for those samples with high 392 

Pt/Os ratios that dominate the age result (04JCI-72, 74, 75, 82) (Fig. 7). This indicates that the 393 

later-stage disturbance may be local and the main system has preserved the original isotopic 394 

composition. Samples without the outliers of samples 04JCI-81 yield an isochron age of 436 ± 23 Ma 395 

(Fig. 8a). This age is quite similar to the isochron age (433 ± 40 Ma) obtained from all samples 396 

(including 04JCI-81). If we only consider the isochron obtained from the sulfide separates of these 397 

samples (without 04JCI-81), the isochron age will be 432 ± 28 Ma, similar to the isochron age defined 398 

by whole rock and sulfide separates. The initial 186Os/188Os ratio (0.1242 ± 0.0047, or 0.1253 ± 0.0069 399 

sulfide only) is comparable to the mantle value at ca. 430 Ma (~0.11984, Puchtel et al. 2005; Brandon 400 

et al. 2006; Coggon et al. 2013), confirming the possibility of a ~435 Ma age. This age is significantly 401 

younger than that of the main magmatic and ore-forming processes of the Jinchuan intrusion, which 402 

occurred at ca. 830 Ma (Li et al. 2004, 2005; Yang et al. 2005; 2008; Zhang et al. 2010). Regarding the 403 

disturbance of samples 04JCI-81, one potential possibility is the effect of the Indo and Eurasian 404 

collision in Cenozoic (Zhang et al. 2009). 405 

The Jinchuan main ore body contains a considerable amount of Pt, which could have generated 406 

radiogenic 186Os between crystallization of the primary ore and the time of the proposed hydrothermal 407 
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event. The main ore bodies of the Jinchuan intrusion generally have Pt/Os ratios lower than 50 (Chai 408 

and Naldrett 1992b; Su et al. 2008; Song et al. 2009; Li and Ripley 2011; Chen et al. 2013). Assuming 409 

that the crystallization of the intrusion and the main ore formation took place at 830 Ma (Li et al. 2005; 410 

Zhang et al. 2010; Yang et al. 2005; Yang et al. 2008), the radiogenic 186Os produced within the 411 

following 400 Ma would yield a 186Os/188Os ratio lower than 0.000035. This value will be elevated to 412 

0.0007 if a higher Pt/Os ratio of 1000 is assumed. In any case, the radiogenic 186Os/188Os ratio is 413 

extremely low at about 400 Ma and has a negligeable impact on the homogeneity of initial 186Os/188Os 414 

ratios of our samples on the isochron diagram. This is an advantage of the Pt-Os isotope system 415 

compared to the Re-Os system in dating later-stage hydrothermal enrichments in Ni-Cu-PGE sulfide 416 

deposits, because the Re-Os system has clearly higher inherited radiogenic 187Os due to both the much 417 

higher abundance of 187Re and its shorter half-life relative to that of 190Pt. These could produce large 418 

heterogeneities in initial 187Os/188Os at the time of a hydrothermal event if the fluid enrichment event is 419 

significantly younger than the intrusion, and thus could explain the poor linearity of the Re-Os isochron 420 

of the Jinchuan Cu-Pt rich ore samples (Fig. 6). 421 

 422 

Link to the regional tectonic evolution 423 

To the south of the Longshoushan Group are the North Qilian high-pressure (HP) belt and the 424 

North Qaidam ultra-high-pressure (UHP) belt (Fig. 1a), which are juxtaposed 250 km apart from each 425 

other. Eclogites from both belts, with protoliths of MORB and OIB affinities, have yielded similar 426 

metamorphic ages (464 vs. 500–457 Ma; Song et al. 2006; Zhang et al. 2006). These eclogites are 427 

interpreted to result from subduction of cold oceanic crust from the south to the north (Song et al. 2003, 428 

2006; Cao et al. 2011). The closure of the Qilian Ocean and subduction cessation took place at ~446 429 

Ma. This inference is based on several lines of evidences, including the 446±3 Ma age of the latest arc 430 

volcanic rocks (Wang et al., 2005), and the 446-454 Ma Ar–Ar ages of phengitic mica from the 431 

blueschist belt (Liou et al. 1989; Liu et al. 2006). Ultra-high pressure metamorphic ages of the North 432 

Qaidam belt are constrained at c. 423 Ma by U–Pb SHRIMP dating of zircon from garnet peridotites 433 

(Song et al. 2005) and coesite-bearing metapelites (Song et al. 2006), and are proposed to result from 434 

continental subduction (Song et al. 2005, 2006, 2014). Intensive uplift during the Qilian orogeny is 435 

marked by the Lower Devonian intermontane molasse well developed throughout the North Qilian 436 

orogenic belt, which is interpreted to result from continental collision between the Alax Block and 437 
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Qilian–Qaidam Block. The age of the molasse formation is dated at 417 Ma by employing the Ar-Ar 438 

method of  to blue schists (Lin et al. 2010) and at 404–424 Ma by using U-Pb zircon retrograde ages 439 

of eclogite samples (Song et al. 2014). These ages are consistent with those of the syn-collisional felsic 440 

intrusions, including the Jinfosi intrusion in the northwestern part of the North Qilian orogenic belt 441 

(424 ± 3 Ma, Wu et al. 2010) and the Laohushan intrusion in the eastern part of the North Qilian 442 

orogenic belt (423.5 ± 3 Ma, Qian et al. 1998). 443 

The collision between the Alax Block and Qilian–Qaidam Block is also recorded by the 444 

regional-scale ductile shear zone striking NW-SE at the southern margin of the North Qilian suture 445 

zone (Fig. 1, Qi et al. 2004). The lower age limit of the shear zone is estimated to be 440 Ma, as 446 

represented by the youngest felsic volcanic rocks which have experienced intensive shearing (502–440 447 

Ma, Yin et al. 1998; Guo et al. 2001), whereas the upper age limit is constrained by a number of felsic 448 

intrusions with ages of 388 to 403 Ma which cut the shear zone (Yin et al. 1998; Guo et al. 2001). Qi et 449 

al. (2004) reported Ar-Ar ages of biotite and K-feldspar separated from mylonite of the shear zone, 450 

ranging from 395–380 Ma, which also define the upper age limit for the shear zone. 451 

In the Jinchuan intrusion area, a high degree of alteration near the contact zone is evidenced by 452 

the occurrence of actinolite replacing olivine (Li et al. 2004) and tremolite replacing clinopyroxene 453 

(Ripley et al. 2005). Based on the lithological observations, de Waal et al. (2003) suggested that the 454 

current dip of the Jinchuan intrusion is due to a counterclockwise rotation after emplacement, with the 455 

original intrusion being a sub-horizontal sill instead of a vertical dike-like body. Through geochemical 456 

and structural studies, Song et al. (2012) suggested that the four ultramafic segments at Jinchuan were 457 

originally portions of two separate subhorizontal intrusions, which emplaced at different stratigraphic 458 

levels and were subsequently rotated and dismembered. Lehmann et al. (2007) performed detailed 459 

mapping of the contact zone between the intrusion and its country rocks and found several lines of 460 

evidence supporting the model in which the emplacement of the intrusion is ‘tectonic’: 1) The contacts 461 

at the north and south of the intrusion are clearly discordant and the gneiss-intrusion contact is highly 462 

sheared in the south; 2) lenses of peridotite up to 30 m in length occur in the country rock, with cores 463 

of olivine-pyroxene cumulate and margins of schist and chlorite schist, and 3) the southern contact is 464 

gently curved and its orientation follows that of the foliation of the gneisses. A ductile shear zone 465 

parallel to the F1 fault at Jinchuan occurs 10 km to the south of the Jinchuan intrusion, striking NW to 466 

SE with a width of several meters to tens of meters. This shear zone is recorded by mylonite foliation 467 
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and stretching lineation, shearing folds (Ma 2012; Yang et al. 2013). Based on cross-cutting 468 

relationship between intrusions and the ductile shear zone, the age of the ductile shear zone in this 469 

region is estimated to be between 570 Ma and 410 Ma (Yang et al. 2013). This age is similar to that of 470 

the regional-scale ductile shear zone on the southern margin of the North Qilian subduction zone, 471 

which is located tens of kilometers to the SW (440–403 Ma, Qi et al. 2004). The similar age and similar 472 

NW-SW foliation direction indicates that they may belong to the same system.  473 

The presence of a ductile texture of chalcopyrite in the Cu-Pt-rich ores of Jinchuan clearly 474 

indicates deformation related to the shearing of the intrusion, and hydrothermal fluid enrichment of Cu 475 

and Pt may have occurred during this process (Figs. 3F, H, Yang et al. 2006; Gao et al. 2009). The 476 

Pt-Os isotopic age of the Cu-Pt-rich ores in the Jinchuan intrusion is identical to the continental 477 

subduction stage between the Qaidam-Qilian Block and Alax Block. It is possible that the related 478 

regional compressional forces uplifted the Longshoushan Terrane from deeper crust.  479 

 480 

Implications for sulfide mineralization 481 

To form sulfide-rich magmatic Ni sulfide deposits, addition of external crustal sulfur to a 482 

mantle-derived magma is often considered a critical factor (Keays and Lightfoot 2010; Ripley et al. 483 

2013). In most major Ni-Cu sulfide deposits, e.g., Noril’sk, Pechenga, and Voisey’s Bay, sulfide-/or 484 

sulfate-rich country rocks have provided sulfur to the magma (Hannah and Stein 2002; Li et al. 2003, 485 

2009; Hanski et al. 2011; Ripley et al. 2002). Among the rare important Ni sulfide deposits without 486 

associated sulfide-rich country rocks are the Jinchuan and Nebo Babel (Australia) deposits. In Nebo 487 

Babel, it is suggested that no crustal sulfur was assimilated by the magma based on the homogeneous 488 

and mantle-like sulfur isotope compositions (Seat et al. 2009). The country rocks of the Jinchuan 489 

intrusion are dominated by gneisses, marbles, and migmatites with a very limited amount of sulfide. 490 

Based on the potential interaction between the magma and marbles, Lehmann et al. (2007) suggest that 491 

assimilation of marble may have oxidized the magma, facilitating sulfide saturation. However, an 492 

important difference between Jinchuan and Nebo Babel is the much higher sulfide abundance at 493 

Jinchuan, with the domination of sulfide rich net-textured ores. Our new obtained sulfur isotope data 494 

from the Cu-Pt-rich ore exhibit 34S (CDT) values mainly from -1.0 to +1.0‰ with mantle-like 495 

signature, similar to the values of most samples analyzed by Ripley et al. (2005). However, a few 496 

samples show higher 34S (CDT) ranging from +3.0 to +8.3‰ (Ripley et al. 2005). Recently, multiple 497 
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sulfur isotope (Δ33S) anomaly has been reported in the Jinchuan sulfide ores, though these samples also 498 

show mantle like 34S (-1 - +2‰). This is interpreted as evidence for a contribution of Archean crustal 499 

sulfur from country rocks in ore formation (Duan et al. 2016). The situation is similar to some other 500 

magmatic Ni sulfide deposits showing Δ33S anomaly but mantle like 34S (CDT) (Fiorentini et al. 2012; 501 

Konnunaho et al. 2013). 502 

  503 

Implications for dating of hydrothermal fluid process 504 

During hydrothermal enrichment, Pt is generally much more mobile than Os, and hence ores with 505 

extremely high Pt/Os ratios could be generated, such as we suggest to have happened at Jinchuan. 506 

Resulting in high Pt/Os ratios will facilitate the acquisition of high-quality Pt-Os ages. The Jinchuan 507 

case suggests that the Pt-Os isotope system is potentially a powerful tool for dating hydrothermal fluid 508 

overprinting of Cu-Ni-(PGE) sulfide deposits and could be applied to other Cu-Ni-(PGE) deposits 509 

worldwide. For example, in the Sudbury Igneous Complex (SIC), magmatic-segregation is the main 510 

process accounting for the massive sulfides in the Sublayer and Footwall Breccia (Naldrett 1989). 511 

Nevertheless, the effects of hydrothermal overprinting are observed in the foot-wall rocks, especially in 512 

the southern range, and this process may have enriched Cu and PGE (Mukwakwami et al. 2014a, b). 513 

The hydrothermal alteration may be related to deformation triggered by the Penokean Orogeny. U-Pb 514 

dating of titanite yield has yielded an age of 1849 ± 6 Ma, suggesting that the deformation occurred 515 

immediately after crystallization of the SIC during the Penokean Orogeny (Mukwakwami et al. 2014a). 516 

However, most titanite grains are discordant, and the timing of hydrothermal fluid overprinting could 517 

potentially be confirmed using the Pt-Os isotope system. In the Portimo complex in Finland, the origin 518 

of the PGE enrichment in the off-set type PGE mineralization in the footwall rocks is not clear, The 519 

debate centers on whether this mineralization formed in the in a late magmatic stage at ca. 2.44 Ga or 520 

in a later hydrothermal fluid episode during the Svecofennian orogeny at 1.9-1.8 Ga (Lahtinen et al. 521 

2005) . Anderson and Thalhammer (2006) attempted to date the Portimo off-set ores using the Re-Os 522 

isotope system, but it turned out that this system may have been disturbed by a fluid process as it did 523 

not yield a reasonable age. Therefore, it would be worthwhile to try to date the Portimo PGE-rich ores 524 

could be using the Pt-Os isotopic system, as a further test on the ability of the Pt-Os system to date 525 

hydrothermal overprints. 526 

 527 
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Conclusions 528 

The Jinchuan Cu-Pt-rich ore exhibits extensive alteration, consistent with an enrichment of Cu and 529 

Pt in a late hydrothermal fluid process. The Pt-Os isochron age of the Cu-Pt-rich ore body is about 430 530 

Ma, clearly younger than the main ore formation episode at about 825 Ma but similar to the age of the 531 

regional collision event between the Qiamdam-Qilian and Alax Blocks. We suggest that the Cu-Pt-rich 532 

ore formed during the uplift of the Longshoushan Terrane from depth due to the regional tectonic 533 

compression during the Paleozoic orogenic processes. The Jinchuan case suggests that the Pt-Os 534 

isotope system is potentially a powerful tool for dating hydrothermal overprinting of Ni-Cu-(PGE) 535 

sulfide deposits.  536 
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 851 

Figure captions 852 

 853 

Fig. 1. Regional geological map showing the location of the Jinchuan intrusion (after Song et al. 2006, 854 

2014; Duan et al., 2016). LSS indicates Longshoushan.  855 

Fig. 2 a) Map showing the Jinchuan intrusion and country rocks. I, II, III, IV represent mining district 856 

defined the mining company. b) Vertical cross sections of ore bodies 1 and 6 of the Jinchuan intrusion, 857 

and an expanded view at three different elevation levels of the horizontal distribution of the 858 

hydrothermal ore (modified after SGU, 1984; Tang et al. 2002; Gao et al. 2009; Zhang et al. 2010).  859 
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 860 

Fig. 3. Photomicrographs of Cu-Pt-rich ores. a, Densely disseminated sulfide with serpentinized olivine; 861 

b, Sulfide mineral aggregate dominated by pentlandite and pyrrhotite; c, Sulfide minerals dominated by 862 

chalcopyrite with minor pentlandite; d, Chalcopyrite vein in serpentinized olivine; e–f, chlorite 863 

associated with ductile sulfide; g–h, another example of chlorite associated with ductile sulfide. Chl, 864 

Serp, Mag, Sul, Po, Pn, Cp indicate chlorite, serpentine, magnetite, sulfide, pyrrhotite, pentlandite, and 865 

chalcopyrite, respectively. Figures a, e and g taken in transmitted light with crossed polars and figures b, 866 

c, d, f and h taken in reflected light.  867 

 868 

Fig. 4. Photomicrographs of Cu-Pt-rich ores. a-c, Serpentine containing PtAs2; d, serpentine containing 869 

PtAs2; e, PtAs2 in serpentine; f, PdTeBi and PbTe(Se) in the margin of chalcopyrite. Serp, Mag, Cp 870 

indicate serpentine, magnetite, and chalcopyrite, respectively. Figure a taken in transmitted light with 871 

crossed polars, figures b-d taken in reflected light, and figures e-f are back-scattered electron images. 872 

 873 

Fig. 5. a) Cu/Ni vs. Pt/Os ratios of sulfide separate (S) and whole-rock samples (W) from Cu-Pt-rich 874 

ore; b) Pt vs. Os diagram for sulfide separates and whole-rock samples from Cu-Pt-rich ore. The 875 

combination of these figures argues for Cu and Pt mobility in hydrothermal event. 876 

 877 

Fig. 6. Re-Os isochron of sulfide separates and whole-rock samples from a Cu-Pt-rich ore body in the 878 

Jinchuan intrusion. Note the poor linearity of the isochron. 879 

 880 

Fig. 7. Pt-Os isochron of sulfide separates and whole-rock samples from a Cu-Pt-rich ore body in the 881 

Jinchuan intrusion. The numbers are part of sample number, for example, 82S and 82W indicate sulfide 882 

separate and whole-rock analyses of sample 04JCI-82. Sulfide separates of sample 04JCI-74, 04JCI-81, 883 

GS7 and whole-rock sample 04JC-81 have replicate analyses labeled as 74S-2, 81S-2, GS7-2 and 884 

81W-2, and they are linked using thin dashed line. 885 

  886 

Fig. 8. a, Pt-Os isochron of sulfide separates and whole-rock samples from a Cu-Pt-rich ore body in the 887 

Jinchuan intrusion, excluding the obvious outlier sample 04JCI-81. b, Pt-Os isochron of only sulfide 888 

separates of samples from a Cu-Pt-rich ore body in the Jinchuan intrusion, excluding the obvious 889 
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outlier sample 04JCI-81.  890 

 891 

Fig. 9. In-situ sulfur isotope compositions of pyrrhotite and chalcopyrite grains of samples from a 892 

Cu-Pt-rich ore body. a) fine-grained veinlet chalcopyrite from Cu-Pt-rich ore sample 04JCI-72; b) 893 

coarse-grained chalcopyrite and pyrrhotite from sample 04JCI-72; c) coarse-grained chaocopyrite and 894 

pyrrhotite from another Cu-Pt-rich sample 04JCI-74; c) a fine-grained veinlet chalcopyrite from sample 895 

04JCI-74; e) coarse-grained pyrrhotite from a Ni-rich sample 04JCI-77; f) coarse-grained pyrrhotite 896 

from another Ni-rich sample 04JCI-79. Po, Pn, Cp, Serp and Mag indicate pyrrhotite, pentlandite, 897 

chalcopyrite, serpentinite and magnetite, respectively. 898 

 899 

Fig. 10. 34S (CDT, ‰) distribution of sulfide grains from the Cu-Pt-rich ore body. Note that almost all 900 

grains have values within the range of -1.0 to +1.0.  901 

 902 

Table Captions 903 

 904 

Table 1. Platinum Re and Os concentrations (ppb), and Pt-Os and Re-Os isotope data for sulfide 905 

separates and whole-rock samples and Ni and Cu concentrations (ppm) for whole-rock samples from a 906 

Cu-Pt-rich ore body of the Jinchuan intrusion. 907 

 908 

Table 2. In-situ sulfur isotope composition of pyrrhotite and chalcopyrite grains of samples from a 909 

Cu-Pt-rich ore body in the Jinchuan intrusion. 910 

 911 


