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11 

ABSTRACT 12 

Iron isotope fractionation in hydrothermal systems is a useful diagnostic tool for tracing 13 

ore-forming processes. Here, we report on the Fe isotopic compositions of a suite of 14 

hydrothermal minerals from ores (pyrite, pyrrhotite, and quartz) from the Wulong gold deposit, 15 

Liaodong Peninsula, East China. Pyrites from quartz sulfide ores show a δ
56

Fe (
56

Fe/
54

Fe in the 16 

sample relative to IRMM-14) variation from +0.11 ± 0.03‰ to +0.78 ± 0.03‰ (2SD), and 17 

pyrrhotites from the same vein are isotopically lighter than the pyrite, varying between -0.85 ± 18 

0.01‰ and -0.07 ± 0.00‰. This result is consistent with theoretical predictions of equilibrium 19 

fractionation and published mineral compositions.  For the first time, to our knowledge, we 20 

report the Fe isotopes of hydrothermal quartz that record the isotopic compositions of the ore-21 
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forming fluids. Two quartz separates in the quartz-sulfide vein yield δ
56

Fe values of -0.02 ± 22 

0.02‰ and +0.07 ± 0.07‰, respectively. Our Fe isotope fractionation calculations show that 23 

pyrrhotite with light Fe isotopes crystallized first from the ore-forming fluids, which indicates a 24 

relatively reduced condition for the initial ore-forming fluids. Then the remaining fluids with 25 

heavy Fe isotopes precipitated pyrites with positive δ
56

Fe values, and their mineral crystallization 26 

sequence records an increase of oxygen fugacity during mineralization.  27 

Gold deposits in Wulong and Jiaodong share many similar geological characteristics. The 28 

pyrites from the Wulong deposit have higher δ
34

S values (+0.5‰ to +4.1‰) than the pyrrhotites 29 

(-1.2‰ to +1.2‰). Pyrites from the Jiaodong gold deposits show a wide range of both positive 30 

and negative δ
56

Fe values as well as high δ
34

S values, whereas those from the Wulong deposit 31 

have a relatively narrow range of positive δ
56

Fe values and near-zero δ
34

S values. The 32 

differences in Fe isotopes may be due to early precipitation of pyrrhotite with light Fe isotopes 33 

under a relatively low oxygen fugacity environment in the Wulong deposit, resulting in pyrite 34 

precipitated from the remaining fluids with heavy isotopes. The sulfur isotope variations between 35 

Wulong and Jiaodong gold deposits reflects differences in their source regions rather than 36 

oxygen fugacities. In addition, we have compiled Fe isotopic compositions of pyrite and 37 

pyrrhotite from different types of ore deposits to investigate their Fe isotopic behavior in 38 

magmatic-hydrothermal systems. Pyrite grains show a wide range of δ
56

Fe values. Positive pyrite 39 

δ
56

Fe values reflect an equilibrium isotope effect, whereas negative pyrite δ
56

Fe values may be 40 

due to kinetic isotope effects or to a mixture of sedimentary host rocks. Pyrrhotite grains show 41 

similar negative δ
56

Fe values, and they have strong influence on the Fe isotope systematics in 42 

magmatic and hydrothermal systems. Our data show that Fe isotopes can be used to trace 43 
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precipitation orders of pyrite and pyrrhotite and oxygen fugacity evolution in relatively reduced 44 

hydrothermal deposits. 45 

 46 

Keywords: Fe isotopes; Reduced hydrothermal gold deposits; Wulong gold deposit; Liaodong 47 

Peninsula 48 

 49 

1. Introduction  50 

The formation of ore deposits includes transportation and concentration of elements from 51 

the source regions. Iron, sulfur, and oxygen are the main components of ore minerals (sulfides 52 

and oxides) in various magmatic-hydrothermal deposits, and sulfur and oxygen isotopic 53 

components have been widely used to trace the source of metals and evolution of hydrothermal 54 

fluids (Goldfarb et al. 1991; Zürcher et al. 2001; Meinert et al. 2003; Chang et al. 2008; Shanks 55 

2014; Zheng et al. 2017, 2020). Iron isotopes are much less well-studied, owing in part to the 56 

lack of fractionation factors. Recent studies yielded mineral-fluid Fe isotope fractionation factors 57 

(Polyakov and Soultanov 2011; Syverson et al. 2013; Dauphas et al. 2017), which pave the way 58 

for more widespread use in understanding mineralization processes in mineral deposits 59 

(Knipping et al. 2015; Bilenker et al. 2016; Mathur and Wang 2019).  60 

Recent studies have shown that Fe isotopes can be fractionated in various ore-forming 61 

systems, resulting in wide δ
56

Fe variations. To date, an increasingly diverse array of Fe isotopic 62 

compositions of magmatic-hydrothermal systems has been reported, which include modern 63 

seafloor hydrothermal vents (Sharma et al. 2001; Rouxel et al. 2008), skarn deposits (Graham et 64 

al. 2004; Wang et al. 2011), porphyry Cu-Au deposits (Wawryk and Foden 2017; Li et al. 2018), 65 

iron oxide-apatite deposits (Bilenker et al. 2016; Childress et al. 2016; Knipping et al. 2019; 66 
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Troll et al., 2019), hydrothermal Sn-W deposits (Wawryk and Foden, 2015), magmatic Ni-Cu 67 

deposits (Bilenker et al. 2018; Ding et al. 2019; Zhao et al. 2019), and layered intrusions 68 

(Schoenberg et al. 2009; Bilenker et al. 2017). Orogenic gold deposits formed in relatively 69 

oxidized environments have also been studied (Zhu et al. 2018). However, Fe isotopes of gold 70 

deposits formed under relatively reduced conditions remain poorly understood.  71 

Heavy Fe isotopes are preferentially incorporated into sites with stronger chemical bonds. 72 

Since Fe
3+

 forms stronger bonds than Fe
2+

, ferric compounds tend to have heavier Fe isotopic 73 

compositions (Schauble et al. 2001). Because Fe
3+

 and Fe
2+

 have different melt/mineral 74 

equilibrium partition coefficients (Dauphas et al. 2009), it has been well established that redox 75 

state controls Fe isotope fractionation during high temperature magmatic processes (Sossi et al. 76 

2012; Dauphas et al. 2014; Foden et al. 2015). In magmatic-hydrothermal systems, Fe is mainly 77 

present as Fe
2+

aq (Chou and Eugster 1977; Simon et al. 2004), and significant Fe isotope 78 

fractionation is observed between precipitation of Fe
2+

 species and Fe
3+

 bearing minerals (Markl 79 

et al. 2006; Johnson et al. 2008; Steinhoefel et al. 2010). In sulfide hydrothermal systems, Fe
2+ 

80 

iron sulfides are the predominant ore minerals, and significant Fe isotope fractionation is 81 

observed under pyrite-rich hydrothermal conditions (Zhu et al. 2018). Like pyrite, pyrrhotite 82 

(Fe1-xS) contains almost exclusively ferrous iron (Mikhlin and Tomashevich 2005) but formed 83 

under relatively reduced conditions (Cooke et al. 1996). Thus, the precipitation orders of pyrite 84 

and pyrrhotite in the hydrothermal systems can be used to evaluate the evolution of the redox 85 

state in relatively reduced hydrothermal deposits.  The initial redox condition and evolution of 86 

gold deposits are important because they can provide valuable information for the source of ore-87 

forming materials and further exploration strategies. 88 
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Pyrite and pyrrhotite are common major Fe-bearing minerals in various hydrothermal 89 

deposits. Hydrothermal gold deposits with pyrite as the main ore minerals show a wide range of 90 

δ
56

Fe values for pyrite, varying from -0.78‰ and +0.79‰ (Zhu et al. 2018). By contrast, 91 

pyrrhotite preferentially incorporates the light Fe isotope in magmatic-hydrothermal systems, 92 

and the presence or absence of pyrrhotite strongly affects the Fe isotope compositions of other 93 

minerals (Wawryk and Foden 2015, 2017).  94 

Located in the Liaodong Peninsula, East China, the Wulong deposit is a large hydrothermal 95 

gold deposit (>80t at 5.35 g/t) with pyrite and pyrrhotite as main ore minerals, indicating a 96 

relatively reduced hydrothermal environment. Thus, it provides an ideal opportunity to 97 

investigate Fe isotope variations in reduced hydrothermal gold deposits. In this paper, we present 98 

Fe-S isotopic compositions from ore minerals (pyrite, pyrrhotite, and quartz) from the Wulong 99 

gold deposit with aims to (1) investigate the initial redox state of reduced gold deposit and its 100 

evolution during mineralization, and (2) evaluate the control of pyrrhotite on the Fe isotope 101 

system. In addition, combined with previously published Fe isotopic data of pyrite and pyrrhotite 102 

from different types of other deposits (Johnson et al. 2003; Wang et al. 2011, 2015; Wawryk and 103 

Foden 2015; Bilenker et al. 2018; Li et al. 2018; Zhu et al. 2018; Ding et al. 2019), we 104 

summarize their distribution patterns and discuss the causes of their mineral Fe isotopic 105 

compositions. 106 

 107 

2. Geologic Setting  108 

The Liaodong Peninsula is located in the eastern part of the North China Craton (Fig.1a), 109 

adjacent to the well-known Jiaodong gold province. It consists of Early Archean to 110 

Paleoproterozoic basement rocks overlain by unmetamorphosed thick Meso- Neoproterozoic and 111 
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Paleozoic sedimentary sequences, and magmatic activity was weak until the Mesozoic time 112 

(Yang et al. 2007). Large volumes of Mesozoic intrusive rocks crop out in the Liaodong 113 

Peninsula, mainly granitoids with minor diorites and mafic dikes (Fig.1b). Most of the intrusions 114 

were emplaced during the Early Cretaceous (131-117 Ma), and others formed in Jurassic (180-115 

156 Ma) and Late Triassic (233-212 Ma) (Wu et al. 2005). The Late Triassic magmatism 116 

occurred in a post-orogenic lithospheric delamination related extensional setting (Yang et al. 117 

2007). The Jurassic magmatism was generated by westward subduction of paleo-Pacific plate, 118 

and Early Cretaceous igneous rocks were formed due to a collapse of the thickened continental 119 

crust (Wu et al. 2019). 120 

Several gold deposits are present in the Liaodong Peninsula, including the Wulong, 121 

Sidaogou, and Xinfang deposits in the eastern part, and the Baiyun, Linjiasandaogou, and 122 

Xiaotongjiapuzi deposits in the western part (Fig.1b). The Wulong gold deposit is one of the 123 

largest gold deposits in the eastern part of the Liaodong Peninsula. The stratigraphy of the 124 

Wulong ore field comprises predominantly Quaternary sediments, and major faults strike NNE 125 

and NW (Fig.2a). The Wulong granite is the main ore-hosted rock in mining area (Fig.2), and 126 

has a SHRIMP zircon U-Pb age of 163 Ma (Wu et al. 2005). Many NNE-trending diorite, granite 127 

porphyry, lamprophyre, and diabase dikes intruded the Wulong granite (Fig.2a and b). The 128 

diorite dikes are spatially related to auriferous quartz-sulfide veins, and they have a zircon U-Pb 129 

age of 123 Ma (Liu et al. 2019). Some diabase dikes crosscut the quartz-sulfide veins.  130 

 To date, a total of 380 auriferous quartz-sulfide veins have been identified in the Wulong 131 

deposit with No. 163 vein as the largest orebody (Fig.2a). The thick quartz vein is the main ore 132 

source of Wulong gold deposit, accounting for more than 99% of the total ores. The No.163 vein 133 

is now mined underground at depths of several hundred meters below sea level (Fig.2b). Only a 134 
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few disseminated pyrites were observed in the altered diorite (Fig.4a and e), which was crosscut 135 

by quartz-sulfide veins (Fig.4b). Auriferous quartz-sulfide veins are the predominant ores in the 136 

Wulong deposit, and they vary from ~1 cm (Fig.4b) to more than 1 m (Fig.3). Ore minerals in 137 

the quartz-sulfide orebodies are composed predominantly of pyrite and pyrrhotite, and minor 138 

bismuth tellurides, chalcopyrite, and native gold (Fig.4 c, d, and f). Native gold commonly 139 

occurs within pyrite, pyrrhotite, and quartz as small composite inclusions (~5μm to ~60 μm), 140 

which mainly consist of native gold, bismuthinite, and hedleyite. Pyrite and pyrrhotite are 141 

homogeneous in composition, no chemical zonations were reported by previous studies or 142 

observed in this study.  143 

Fluid inclusion volatiles from the Wulong deposit are dominated by H2O-CO2-CH4, and 144 

temperatures and salinity of the ore-forming stage vary from 219 to 328 °C and from 0.18 to 7.86 145 

wt% NaCl equivalent, respectively (Yu et al. 2018). The δD, δ
18

O, and δ
34

S values from quartz-146 

sulfide ores range from -98 ‰ to -77 ‰, +4.8 ‰ to +8.6 ‰, and +1.1‰ to +2.4‰, respectively, 147 

interpreted to represent magmatic fluid and sulfur sources (Liu et al. 2019). 148 

 149 

3. Analytical methods 150 

3.1 Sample selection 151 

In order to investigate the evolution of Fe isotopes during mineralization and its potential 152 

relationship with spatial distribution, samples of auriferous quartz-sulfide ores were collected 153 

from the No. 163 vein at depths of -516 m, -636 m, and -756 m in the underground mine. 154 

Samples thus encompass a vertical extent of about 240 m. Most samples were collected from the 155 

thick (~1m) quartz-sulfide vein, which is composed of quartz-pyrite-pyrrhotite assemblage (Fig. 156 

4c and d). Some pyrite and pyrrhotite in the fine (~1cm) quartz-sulfide veins (Fig.4b) and 157 
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disseminated pyrite in the diorite (Fig.4a) were also sampled for comparison.  Sample locations 158 

and descriptions are given in Table 1 and illustrated in Fig. 2b.   159 

 160 

3.2 LA-ICP-MS quartz trace-element analyses 161 

Previous laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 162 

studies have shown that most natural quartz grains contain measureable amounts of Fe (Audétat 163 

et al. 2015). In order to evaluate the content of Fe in quartz, grains from two samples (WL18-85 164 

and WL18-86, same samples analyzed for Fe isotopes) were analyzed by LA-ICP-MS for trace 165 

element concentrations. The LA-ICP-MS analyses of trace elements in quartz were conducted 166 

with a Geolas Pro 193 nm laser system coupled with an Agilent 7900 ICP-MS at the State Key 167 

Laboratory of Ore Deposit Geochemistry, Chinese Academy of Sciences. Helium was used as 168 

the carrier gas and mixed with argon before entering the torch. Laser energy was set at 10 J/cm
2
, 169 

and laser repetition rate was 10 Hz. A uniform spot diameter of 44 μm was used during the 170 

experiment. Thirty seconds of background signal and 60 seconds of ablation were collected for 171 

each analysis. Detailed analysis procedure was described in Lan et al. (2017). NIST 610 was 172 

used as the external standard, and a natural quartz standard (Shandong province, China; Audétat 173 

et al. 2015) was used as a secondary standard.  174 

 175 

3.3 Fe isotope analysis 176 

Pyrite, pyrrhotite, and quartz grains were separated by hand-picking under a binocular 177 

microscope. Pyrrhotite grains were separated from pyrite magnetically. Twenty sulfides (pyrite 178 

and pyrrhotite) and two quartz separates were selected for Fe isotope analyses. In particular, 179 

quartz separates were carefully double-checked to avoid any possible micro grains of sulfide 180 
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inclusions. The mineral samples were cleaned ultrasonically in purified Milli-Q H2O (18.2 181 

MΩcm) before digestion to avoid surface contamination.  182 

Dissolution and purification processes were carried out at the University of Science and 183 

Technology of China. Quartz grains were ground to 200 mesh to facilitate later digestion. 184 

Ultrapure HNO3+HF (3:1) was used to digest sulfides and HNO3+HF (1:2) was used to digest 185 

quartz. The sampling amount was around 10 mg for sulfides and 250 mg for quartz. Iron was 186 

then separated using AG1-X8 anion resin in an HCl medium. Samples were loaded and washed 187 

with 4 mL 6M HCl to remove ions other than Fe and Zn, then 4 mL 0.4M HCl, 1mL 8M HNO3 188 

and 0.5 mL H2O were used to strip Fe. Iron yield was close to 100%, and the total procedural 189 

blanks were less than 10 ng.   190 

The purified solutions were then measured for Fe isotopes on a Thermo Scientific Neptune 191 

Plus multiple collector plasma source mass spectrometer at the Hefei University of Technology, 192 

China. Instrumental mass fractionation was corrected using standard-sample bracketing, using 193 

IRMM-014 as the certified reference material. Each sample was run a minimum of 3 times. A 194 

standard was inserted after every 14 samples. To avoid molecular interferences on Fe isotopes, 195 

sample and standard concentrations were matched at 2.0 ± 0.2 ppm. Nickel and Cr are routinely 196 

monitored for both samples and standards and in no case significant contribution has been found. 197 

Three USGS reference rocks were processed with each batch of column chemistry: AGV-2, G-2, 198 

and GSP-2 (Raczek et al. 2003; Telus et al. 2012).  199 

All data are reported using delta notation, in units of per mil relative to reference material 200 

IRMM-014, δ
x
Fe = [(

x
Fe/

54
Fe) sample /(

x
Fe/

54
Fe) IRMM-014 – 1] * 1000 (‰), where x is either 56 or 201 

57. The measured AGV-2 and GSP-2 standards yield δ
56

Fe values of +0.12 ± 0.03‰ (n = 9) and 202 

+0.15 ± 0.05‰ (n = 6), consistent with their previous published values (Craddock and Dauphas 203 
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2011). The measured G-2 standard yields δ
56

Fe values of +0.15 ± 0.05‰ (n = 9). Our data plot 204 

along a line which has a slope close to that of the theoretical mass-dependent fractionation of 205 

1.4741 (Fig. 5), suggesting that spectral interferences have effectively been resolved in medium 206 

resolution mode. 207 

 208 

3.4 In situ sulfur isotope analysis 209 

In situ sulfur isotope analyses were carried out on sulfides from polished sections using a 210 

Nu Plasma II MC-ICP-MS system, equipped with a RESOlution S-155 193 nm ArF excimer 211 

laser at China University of Geosciences, Wuhan. A uniform spot diameter of 33 μm was used 212 

during the experiment, and the ablation process was set to last for 40 s at 10Hz. An in-house 213 

pyrite standard WS-1, consisting of natural pyrite crystals from the Wenshan polymetallic skarn 214 

deposit in SW China, was used to calibrate the mass bias for S isotopes. The sulfur isotope ratio 215 

of unknown samples was calculated by correction for instrumental mass bias by linear 216 

interpolation between the biases calculated from two neighboring standard analyses. All data are 217 

reported using delta notation, in units of per mil relative to reference material VCDT, δ
34

S = 218 

[(
34

S/
32

S) sample /(
34

S/
32

S) VCDT – 1] * 1000 (‰). The 2σ analytical precision was about ± 0.3‰. 219 

 220 

4. Results 221 

4.1 Iron content of quartz   222 

The Fe contents of quartz from the quartz-sulfide veins are presented in Supplementary 223 

Table 1. Sample WL18-85 has Fe contents vary from 0.55 to 9.96 ppm with an average of 3.52 224 

ppm, and sample WL18-86 has Fe contents vary from 0.23 to 6.95 ppm with an average of 2.25 225 
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ppm. These results are consistent with Fe concentrations of the natural quartz standard with an 226 

average content of 2.2 ppm (Audétat et al. 2015). 227 

 228 

4.2 Fe isotopes 229 

Iron isotope data for minerals and rock standards are presented in Table 1 and Fig. 5. Pyrites 230 

and pyrrhotites in the thick auriferous quartz-pyrite-pyrrhotite vein show a wide range in δ
56

Fe 231 

values, varying between +0.11 ± 0.03‰ and +0.78 ± 0.03‰, and -0.85 ± 0.01‰ and -0.07 ± 232 

0.00‰, respectively. Two quartz separates in the thick quartz-sulfide vein yield δ
56

Fe values of -233 

0.02 ± 0.02‰ and +0.07 ± 0.07‰, respectively. Three pyrites in the fine quartz-pyrrhotite-pyrite 234 

veins (~1cm; Fig.4d) yield δ
56

Fe values vary between +0.35 ± 0.02‰ and +0.40 ± 0.01‰, and 235 

pyrrhotites from the same veins are isotopically lighter than the pyrite, varying between -0.55 ± 236 

0.01‰ and -0.51 ± 0.07‰. Two disseminated pyrites in diorite yield δ
56

Fe values of +0.38 ± 237 

0.02‰ to +0.41 ± 0.03‰. The δ
56

Fe values of sulfides in fine quartz-sulfide veins and diorite are 238 

consistent with those in the thick auriferous quartz-sulfide vein. The average δ
56

Fe values of 239 

sulfides from -756m, -636m, to -516m are -0.33 (n=6), -0.08 (n=6), and 0.14 (n=8), respectively. 240 

They generally become heavier upward. 241 

 242 

4.3 Sulfur isotopes of pyrite and pyrrhotite 243 

Forty-five in situ sulfur isotope compositions of sulfides (22 pyrites and 23 pyrrhotites) 244 

were determined in 10 samples from the Wulong ores. The sulfur isotopic data are listed in Table 245 

2 and plotted in Fig. 6. The δ
34

S values of the sulfides range from -1.2‰ to +4.1‰. On average, 246 

pyrite (δ
34

S ranging from +0.5 to +4.1‰) is isotopically heavier than pyrrhotite (-1.2 to +1.2‰).  247 

 248 
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5. Discussion 249 

5.1 Fe isotope fractionation in the Wulong deposit 250 

In the Wulong deposit, quartz-sulfide veins are the predominant ores, and pyrite and 251 

pyrrhotite are the main Fe-bearing minerals (Fig.3 and 4). The Fe isotopic composition of 252 

minerals can be used to evaluate evolution of fluids in hydrothermal environments with available 253 

fractionation factors of Fe-bearing minerals and ferrous fluids (Polyakov and Soultanov 2011; 254 

Dauphas et al. 2017). Equilibrium fractionation between phases is usually expressed using the α 255 

notation (1), 256 

ΔA – B = δ
56

FeA – δ
56

FeB ≈ 10
3
 ln α

56
FeA–B                                                                    (1) 257 

where the subscripts A and B are two phases. The fractionation factors can be related to the 258 

reduced partition function ratio β-factor through (2),  259 

10
3 
ln α

56
FeA–B =10

3
 ln βA–10

3
 ln βB                                                                                  (2) 260 

The β is the equilibrium fractionation factor between a given phase and the reference state of 261 

monoatomic vapor Fe (Dauphas et al. 2017). Theoretical Fe fractionation factors are calculated 262 

using the equations (1) and (2). Experimental studies have shown that Fe is mainly present as 263 

Fe
2+

aq in magmatic-hydrothermal fluids (Chou and Eugster 1977; Simon et al. 2004). We 264 

adopted the most recent reduced partition functions of Fe
2+

aq from Rustad and Dixon (2009) and 265 

pyrite from Blanchard et al. (2009) to calculate fluid (Fe
2+

aq) and pyrite fractionation factors.  266 

Pyrrhotite and troilite are all members of the same Fe1-xS (x = 0-0.125) mineral group, and they 267 

only have a slight distortion difference in the ideal NiAs crystal structure. Schuessler et al. (2007) 268 

proposed that β-factor for troilite can be used for pyrrhotite, and it has been applied in 269 

hydrothermal ore-forming systems (Wawryk and Foden 2015; Li et al. 2018). Therefore, troilite 270 

from Polyakov et al. (2007) is used to calculate pyrrhotite fractionation factors in this study. 271 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7534.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



 

 13  

 

At a given temperature, it can be predicted that 10
3
 ln βpyrite > βmagnetite > βFe

2+
aq > 272 

βpyrrhotite (Fig.7a; Polyakov and Soultanov 2011; Dauphas et al. 2017). Thus, pyrite should be 273 

isotopically heavier than cogenetic pyrrhotite. Our data are consistent with the theoretical 274 

predictions of equilibrium fractionation that pyrite is isotopically heavier than pyrrhotite, 275 

indicating that equilibrium fractionation has been reached. The results of this study are consistent 276 

with those reported by Wawryk and Foden (2015) as well as Wang et al. (2015) who also 277 

reported pyrite to be isotopically heavier than pyrrhotite.  278 

 279 

5.2 Ore-forming processes 280 

 Quartz, pyrite, and pyrrhotite are the main minerals in the Wulong ores (Fig.4). Although 281 

minor chalcopyrite grains (<0.1%) also occur in the Wulong deposit, they have little influence on 282 

the Fe isotopic composition of the system due to their low abundance.  283 

Previous study has shown that fluid inclusion homogenization temperatures of the main ore-284 

forming stage in the Wulong deposit reach a peak between 280 and 300°C (Yu et al. 2018). This 285 

temperature range is consistent with our analyses (unpublished data) of fluid inclusions in the 286 

quartz veins that contain pyrite and pyrrhotite. We use 300°C as the temperature for fractionation 287 

factor calculation of Fe isotopes in pyrite- pyrrhotite - Fe
2+

aq system (Fig.8). At 300°C, using the 288 

fractionation factors of Fe
2+

aq (Rustad and Dixon 2009), pyrite (Blanchard et al. 2009), and 289 

pyrrhotite (Polyakov et al. 2007), the calculated fractionation factor is 1.09‰ between pyrite and 290 

fluid, and between pyrrhotite and fluid is -0.52‰. The heaviest and lightest δ
56

Fe values for 291 

pyrite and pyrrhotite are +0.78‰ and -0.85‰, respectively. The calculation results show that the 292 

initial δ
56

Fe value for the ore-forming fluid is -0.31‰ assuming only pyrite is the main Fe-293 

bearing minerals in the system, and initial δ
56

Fe value for the ore-forming fluid is -0.33‰ 294 
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assuming only pyrrhotite is the main Fe-bearing minerals in the system. The agreement between 295 

these values suggests the calculations yield a well-constrained value for initial fluid δ
56

Fe, 296 

especially considering consistency with values from hydrothermal fluids in hot springs (Sharma 297 

et al. 2001). The δ
56

Fe values of pyrite and pyrrhotite are plotted in the pyrite and pyrrhotite 298 

evolution lines (Fig.8).  299 

Pyrite and pyrrhotite have different oxygen fugacity stability fields under hydrothermal 300 

conditions (Cooke et al. 1996; Wawryk and Foden 2017). Theoretical Fe isotope fractionation 301 

between minerals and an Fe
2+

-bearing fluid suggests that pyrite will be isotopically heavier than 302 

the fluid and pyrrhotite will be lighter (Fig. 7b). In addition, based on the following lines of 303 

evidence, we consider that δ
56

Fe values of quartz can represent the Fe isotopes of ore-forming 304 

fluids during pyrite and pyrrhotite precipitation. Considering that quartz crystallized directly 305 

from the same fluid that produced the ore minerals, we consider that δ
56

Fe values of quartz 306 

effectively represents the Fe isotopes of ore-forming fluids during pyrite and pyrrhotite 307 

precipitation. Prior studies have used isotopic compositions of quartz in a similar fashion 308 

(Goldfarb et al. 1991; Shanks 2014). Thus, the Fe isotopic compositions of pyrite, pyrrhotite, and 309 

quartz can be used to trace the evolution of oxygen fugacity during ore-forming processes. 310 

In the case of the Wulong gold deposit, three possibilities appear to exist for the sequence of 311 

crystallization of sulfides: (1) pyrite crystallized first, (2) pyrite and pyrrhotite co-crystallized, 312 

and (3) pyrrhotite crystallized first. The petrographic relations between pyrite and pyrrhotite are 313 

ambiguous (Fig. 4e and f). Assuming that pyrite crystallized first, the δ
56

Fe of the initial ore-314 

forming fluid would be -0.31‰ and would gradually decrease as precipitation of pyrite proceeds 315 

(Fig.8a). This result is consistent with experimental study of Fe isotopic fractionation between 316 

pyrite and Fe
2+

aq under hydrothermal conditions (Syverson et al. 2013). However, the calculated 317 
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δ
56

Fe of the remaining fluids would be much lower than quartz separates in the quartz-sulfide 318 

ores (-0.02‰ and +0.07‰), suggesting that pyrite did not crystallize before pyrrhotite. Similarly, 319 

if pyrite and pyrrhotite co-crystallized, δ
56

Fe values of ore-forming fluids would be lower than 320 

quartz separates in the quartz-sulfide ores (Fig. 8b). Assuming the pyrrhotite crystallized first, 321 

the δ
56

Fe values of ore-forming fluids are consistent with those of quartz separates (Fig. 8c). 322 

Thus we interpret that pyrrhotite crystallized before pyrite in the Wulong deposit, indicating a 323 

relatively low oxygen fugacity environment at the early stage of ore formation. The subsequent 324 

precipitation of pyrite records an increase of oxygen fugacity during mineralization. In addition, 325 

the degree of oxygen fugacity increase is limited because chalcopyrite is the only Cu-bearing 326 

mineral and no bornite was observed in the Wulong deposit (Fig.9). It is noteworthy that pyrite 327 

exerts a greater impact on the evolution of Fe isotopes than pyrrhotite during the mineralization 328 

processes (Fig.7). Thus, initial precipitation dominated by pyrrhotite with slightly positive δ
56

Fe 329 

values of ore-forming fluids would give way to Fe isotopic effects of subsequent pyrite 330 

precipitation, resulting in evolution of Fe isotopes towards negative values. 331 

Based on the geological observations and isotopic data in this study, ore-forming processes 332 

of the Wulong deposit can be summarized as follows. Pyrrhotite (low δ
56

Fe) crystallized first 333 

from the initial ore-forming fluids under a relatively low oxygen fugacity conditions, resulting in 334 

increase in δ
56

Fe of the remaining ore-forming fluids. Due to increasing oxygen fugacity, 335 

perhaps from addition of meteoric water, ore fluids subsequently crystallize pyrite (high δ
56

Fe). 336 

The addition of meteoric waters is supported by decreases of temperatures and δ
18

Ofluid values 337 

during the ore-forming processes in the Wulong deposit (Yu et al. 2018).  338 

 339 

5.3 Comparison with Fe isotopic compositions in Wulong and other gold deposits 340 
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      The Jiaodong Peninsula is China's principal source for gold and is one of the globally 341 

important gold provinces. The Wulong deposit is adjacent to the Jiaodong gold province, and 342 

they share many similar geological characteristics (Goldfarb and Santosh 2014; Zhu et al. 2015; 343 

Yu et al. 2018) including: (1) Gold orebodies are hosted in Mesozoic granites; (2) Gold 344 

mineralization occurred at ca. 120 Ma; (3) Major ore minerals precipitated at ca. 300℃. 345 

However, unlike most gold deposits in Jiaodong, which are dominated by pyrite, Wulong gold 346 

deposit contains a large amount of pyrrhotite and pyrite, indicating that it was formed under 347 

more reducing conditions (Fig. 9).  348 

     Pyrites from the Wulong deposit have a relatively wide range of δ
56

Fe values (0.11‰ to 349 

0.78‰). By contrast, the δ
56

Fe values of pyrite from quartz-sulfide veins in the Jiaodong gold 350 

deposits show a much larger range, varying from -0.78‰ and +0.79‰ (Zhu et al. 2018). In 351 

addition to Fe isotopes, pyrites from Jiaodong gold deposits have systematically heavier sulfur 352 

isotopes (δ
34

S +6.8 to +12.5‰; Mao et al. 2008) than those from the Wulong gold deposit 353 

(+0.5‰ to +4.1 ‰). In Figure 10, δ
56

Fe from individual pyrite grains are plotted against average 354 

δ
34

S from in situ measurements from the same grains. No correlation is apparent between the two 355 

isotope systems. The possible reason for the differences in Fe isotopes is that under low oxygen 356 

fugacity conditions, pyrrhotite from the Wulong deposit with light Fe isotopes crystallized first 357 

from the ore-forming fluids, and the remaining fluids with heavy Fe isotopes can only precipitate 358 

pyrites with positive δ
56

Fe values. The distinct δ
34

S values between the Wulong and Jiaodong 359 

deposits may be accounted for their different source regions or oxygen fugacities. It has been 360 

shown that hydrothermal pyrites formed under higher oxygen fugacities would yield 3.5 to 5.4‰ 361 

lower δ
34

S values (Cai et al. 2018; Zhu et al. 2018), which is inconsistent with the Wulong and 362 

Jiaodong data. Therefore, the difference in oxygen fugacities alone is not a plausible explanation 363 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7534.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



 

 17  

 

here, and the differences in δ
34

S between Wulong and the Jiaodong deposits must reflect 364 

differences in sources of sulfur. 365 

Porphyry Cu-Au deposits are also major gold resources, and Fe isotope data exist for some. 366 

Pyrite from the Duolong porphyry Cu-Au deposit has δ
56

Fe ranging from +0.23 to +0.48‰ (Li et 367 

al. 2018), within the range for Wulong pyrite. However, the Wulong gold deposit records an 368 

increase of oxygen fugacity during mineralization, which is different from the porphyry Cu-Au 369 

deposits that are characterized by a decrease of oxygen fugacity during ore formation (Fig.9). 370 

 371 

5.4 Fe isotopic compositions of pyrite and pyrrhotite in various ore deposits 372 

Pyrite and pyrrhotite are common minerals in magmatic and hydrothermal ore-forming 373 

systems, and their Fe isotopic compositions provide a valuable means for understanding 374 

mineralization processes. We have compiled δ
56

Fe values from pyrite and pyrrhotite in porphyry 375 

deposits (Li et al. 2018), skarn deposits (Wang et al. 2011, 2015), porphyry-skarn deposits 376 

(Graham et al. 2004), hydrothermal W-Sn deposits (Wawryk and Foden 2015), orogenic gold 377 

deposits (Zhu et al. 2018), and magmatic Ni-Cu deposits (Bilenker et al. 2018; Ding et al. 2019) 378 

to compare Fe isotopes vary in different ore-forming environments.  379 

Pyrite from the assembled ore deposit data set spans a wide δ56Fe range of ~4‰ (Fig. 11a). 380 

Nevertheless, there are some systematic differences among different deposit types. (1) Pyrites 381 

from high temperature hydrothermal W-Sn and porphyry deposits show a narrow range of 382 

positive δ
56

Fe values (Wawryk and Foden 2015; Li et al. 2018). This is consistent with 383 

equilibrium fractionation since pyrite has the highest ln β values among common ore minerals 384 

(Fig.7a). (2) Pyrites from porphyry-skarn (Grasberg, Mathur et al. 2000; Pollard et al. 2005) and 385 

skarn deposits have a wide range of δ
56

Fe values, both positive and negative (Graham et al. 2004; 386 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7534.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



 

 18  

 

Wang et al. 2011, 2015). Negative δ
56

Fe values of pyrites in the skarn systems may be due to a 387 

mixture between magmatic and sedimentary sources (Graham et al. 2004). (3) Pyrites from 388 

Jiaodong and Wulong gold deposits show both positive and negative δ
56

Fe values, and the 389 

negative values were explained by Rayleigh fractionation during pyrite precipitation in an open 390 

system (Zhu et al. 2018). In general, positive pyrite δ
56

Fe values reflect an equilibrium isotope 391 

effect, whereas negative pyrite δ
56

Fe values may be due to a kinetic isotope effects or a mixture 392 

of sedimentary host rocks (Graham et al. 2004; Mansor and Fantle 2019). 393 

Unlike pyrite, pyrrhotite grains from different types of ore deposits show similar narrow 394 

ranges of δ
56

Fe values (Fig.11b). Most pyrrhotites from these deposits show negative δ
56

Fe 395 

values, ranging between -1.0 and 0.0‰, with a minority of slightly positive values from skarn 396 

and magmatic Ni-Cu deposits (Wang et al. 2015; Wawryk and Foden 2015; Bilenker et al. 2018; 397 

Ding et al. 2019). It has been proposed that magmatic assimilation of country rocks may explain 398 

the isotopically light and heavy nature of pyrrhotites (Bilenker et al. 2018). However, pyrrhotites 399 

from hydrothermal skarn deposit with sedimentary host rocks show no more significant shift 400 

toward negative δ
56

Fe values than with other deposits. In addition, pyrrhotites from the Wulong 401 

hydrothermal gold deposit with host igneous rocks having positive δ
56

Fe values do not show an 402 

obvious shift toward more positive δ
56

Fe. Therefore, the effect of contamination on the Fe 403 

isotopic compositions of hydrothermal pyrrhotite may be limited.  404 

Mass balance is the primary control on Fe isotopes in a defined geological system. As such, 405 

the variations in the crystallization history of Fe-bearing minerals controls the Fe isotopic 406 

composition of that system. Among the common Fe-bearing ore minerals in magmatic-407 

hydrothermal systems, pyrite and pyrrhotite have the highest and lowest β-factors, respectively 408 

(Fig.7a; Dauphas et al. 2017). Hence, under equilibrium conditions, pyrite will favorably 409 
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incorporate heavier Fe than will pyrrhotite. However, although pyrrhotite from various types of 410 

deposits always shows light Fe isotopes, the δ
56

Fe values of pyrite vary significantly with the 411 

presence or absence of pyrrhotite (Fig.11). This may be due to the preference of pyrrhotite for 412 

isotopically light Fe, which strongly influences the Fe isotopic systems in magmatic-413 

hydrothermal porphyry deposits (Wawryk and Foden 2017; Li et al. 2018). Similar Fe isotopic 414 

patterns of pyrrhotite have also been reported in magmatic systems (Schuessler et al. 2007; 415 

Bilenker et al. 2018).  416 

 417 

6. Implications 418 

Pyrite and pyrrhotite are the major Fe-bearing minerals of the quartz-sulfide veins in the 419 

Wulong reduced gold deposit. Iron isotope fractionation modeling shows that under a relatively 420 

low oxygen fugacity condition, pyrrhotite with low δ
56

Fe crystallized first from the initial ore-421 

forming fluids, resulting in fluids with elevated δ
56

Fe values. Due to an increase of oxygen 422 

fugacity, pyrite with heavy δ
56

Fe values started to precipitate later. The Fe isotopic compositions 423 

provide a new perspective for the initial redox condition and evolution of the Wulong gold 424 

deposit, which are important to trace the source of ore-forming materials and further exploration. 425 

Most pyrrhotite grains from different types of ore deposits show similar distribution of 426 

negative δ
56

Fe values, and the effect of contamination on Fe isotope composition of pyrrhotite 427 

may be limited at Wulong. Pyrrhotite exerts a strong control on the Fe isotope systematics in 428 

magmatic and hydrothermal environments. The Fe isotopic compositions of other sulfides during 429 

the ore forming processes of gold mineralization and their controlling factors are an interesting 430 

topic in the future research. 431 

 432 
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Figure Captions 652 

Figure 1.  (a) Simplified geological map of the North China Craton with the distribution of 653 

Precambrian basement and Mesozoic intrusive rocks (modified from Zhang et al. 2014 and Wan 654 
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et al. 2018). (b) Geological map of the Liaodong Peninsula with the distribution of major gold 655 

deposits.  656 

 657 

Figure 2. (a) Geological map of the Wulong gold ore district with the distribution of intrusive 658 

rocks and gold orebodies. (b) A underground geological map of the No.163 vein at different 659 

depths in the Wulong gold deposit. 660 

 661 

Figure 3. Field photos showing the spatial relationship between ore bodies and magmatic rocks 662 

in the Wulong gold deposit. (a) Granite and diorite as the main host rocks of the quartz-sulfide 663 

ores, and some post-ore diabase dikes crosscut the quartz-sulfide ores. (b) A close-up view for 664 

the quartz-sulfide ore. (c) Quartz-sulfide ores contain various sizes of diorite breccia. (d) Fine 665 

quartz-sulfide veins are spatially adjacent to quartz-sulfide orebodies.  666 

 667 

Figure 4. Representative photos and reflected light photomicrographs of samples in the Wulong 668 

deposit.  (a) Disseminated pyrite in altered diorite. (b) Quartz sulfide veinlet crosscut diorite. (c) 669 

and (d) Quartz sulfide ores consist predominantly of quartz, pyrrhotite, and pyrite. (e) Pyrite, 670 

pyrrhotite, native gold, and quartz coexist in quartz sulfide ores. (f) Pyrite enclosing pyrrhotite in 671 

the ores. 672 

Mineral abbreviations: Py = pyrite, Po = pyrrhotite, Qtz = quartz, Au = native gold.  673 

 674 

Figure 5. Iron isotopic compositions (δ
57

Fe vs. δ
56

Fe) of all samples analyzed in the Wulong gold 675 

deposit. 676 

 677 
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Figure 6. In situ sulfur isotope compositions of pyrite (a) and pyrrhotite (b) in the ores from the 678 

Wulong gold deposit.  679 

 680 

Figure 7. Theoretical 
56

Fe/
54

Fe fractionation using equations (1) and (2). References for the 681 

reduced partition functions are listed in the text. The reduced partition functions of Fe
2+

aq 682 

(Rustad and Dixon, 2009), pyrite (Blanchard et al. 2009), chalcopyrite (Polyakov and Soultanov 683 

2011), magnetite and pyrrhotite (Polyakov et al. 2007) were used. (a) Reduced partition function 684 

ratios (10
3
lnβ

56/54
Fe) for pyrite, chalcopyrite, magnetite, pyrrhotite, and Fe

2+
aq. (b) Theoretical 685 

iron isotopic fractionation between minerals and a Fe
2+

 bearing aqueous solution (10
3 
ln 686 

α
56

Femineral-fluid).  687 

 688 

Figure 8. Model fractionation of Fe isotopes in a closed system for the pyrite- pyrrhotite -689 

solution system at 300℃. The same reduced partition functions as listed in Fig.7 were used. The 690 

evolution lines of ore-forming fluids during pyrite and pyrrhotite precipitation were calculated 691 

using the Rayleigh fractionation formula: δ
56

Fefluid=F
(α mineral-fluid -1)

×( δ
56

Fefluid
0
+1000)-1000, 692 

where δ
56

Fefluid
0
 is the initial Fe isotopic value and F is the fraction of Fe remaining in the fluid. 693 

(a) Assuming that pyrite crystallized first, the calculated δ
56

Fe values of the remaining fluids will 694 

gradually decrease as precipitation of pyrite proceeds, and the δ
56

Fe values of ore-forming fluids 695 

would be higher than those of quartz separates. (b) The calculated δ
56

Fe values of the remaining 696 

fluids are inconsistent with quartz separates if pyrite and pyrrhotite co-crystallized. (c) Assuming 697 

the pyrrhotite crystallized first, the δ
56

Fe values of remaining fluids are consistent with those of 698 

quartz separates. 699 

 700 
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Figure 9.  Temperature (℃) vs. oxygen fugacity (logfO2) diagram (after Wawryk and Foden 701 

2017) showing the inferred evolution path for the Wulong deposit. The schematic evolution 702 

trajectory from porphyry Cu-Au deposits is from Li et al. (2018). 703 

Mineral abbreviations: Py = pyrite, Po = pyrrhotite, Cpy = chalcopyrite, Bn = bornite, Mt = 704 

magnetite, Hm = hematite. 705 

 706 

Figure 10. Comparison of Fe and S isotopes in Wulong sulfides and those from Jiaodong gold 707 

deposits (data from Zhu et al. 2018). 708 

 709 

Figure 11.  Iron isotope data from Wulong sulfides compared to other deposits. (a) Pyrite from 710 

porphyry deposit (Li et al., 2018), skarn deposits (Wang et al. 2011, 2015), porphyry-skarn 711 

deposit (Graham et al. 2004), hydrothermal W-Sn deposit (Wawryk and Foden 2015), and 712 

Jiaodong gold deposits (Zhu et al. 2018). (b) Pyrrhotite from magmatic Ni-Cu deposits (Bilenker 713 

et al. 2018; Ding et al. 2019), skarn deposit (Wang et al. 2015), hydrothermal W-Sn deposit 714 

(Wawryk and Foden 2015). 715 

 716 
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Table 1. Iron isotopic compositions from this study. 

Sample number Sample location  Sample type description Mineral/Whole rock δ56Fe(‰) 2SD(‰) δ57Fe(‰) 2SD(‰) n 

WL18-66 
-636m in No.163 vein Disseminated pyrite in diorite Pyrite 0.41 0.03 0.64 0.17 3 

WL18-82 -636m in No.163 vein Disseminated pyrite in diorite Pyrite 0.38 0.02 0.59 0.07 3 

WL18-56 -636m in No.163 vein Fine quartz-pyrrhotite-pyrite vein  Pyrite 0.40 0.01 0.59 0.05 3 

WL18-56 r
a
 -636m in No.163 vein Fine quartz-pyrrhotite-pyrite vein  Pyrite 0.42  0.09  0.60  0.08  3 

WL18-92 -756m in No.163 vein Fine quartz-pyrrhotite-pyrite vein  Pyrite 0.35  0.02  0.55  0.26  3 

WL18-93 -756m in No.163 vein Fine quartz-pyrrhotite-pyrite vein  Pyrite 0.38  0.01  0.59  0.01  3 

WL18-49 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrite 0.63  0.06  0.93  0.07  3 

WL18-49 r
a
 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrite 0.64  0.08  0.99  0.04  3 

WL18-50 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrite 0.11  0.03  0.23  0.11  3 

WL18-51 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrite 0.39  0.05  0.56  0.05  3 

WL18-52 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrite 0.32  0.02  0.55  0.02  3 



WL18-53 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrite 0.78  0.03  1.24  0.00  3 

WL18-56 -636m in No.163 vein Fine quartz-pyrrhotite-pyrite vein  Pyrrhotite -0.51  0.07  -0.69  0.04  3 

WL18-56 r
a
 -636m in No.163 vein Fine quartz-pyrrhotite-pyrite vein  Pyrrhotite -0.48  0.09  -0.65  0.09  3 

WL18-92 -756m in No.163 vein Fine quartz-pyrrhotite-pyrite vein  Pyrrhotite -0.55  0.01  -0.78  0.02  3 

WL18-93 -756m in No.163 vein Fine quartz-pyrrhotite-pyrite vein  Pyrrhotite -0.54  0.06  -0.70  0.02  3 

WL18-50 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrrhotite -0.72  0.07  -1.08  0.09  3 

WL18-50 r
a
 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrrhotite -0.70  0.08  -1.03  0.02  3 

WL18-52 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrrhotite -0.35 0.01 -0.46 0.02 3 

WL18-53 -516m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrrhotite -0.07 0.00 -0.13 0.04 3 

WL18-90 -756m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrrhotite -0.82 0.04 -1.14 0.07 3 

WL18-91 -756m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrrhotite -0.82 0.02 -1.21 0.02 3 

WL18-85 -636m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrrhotite -0.85 0.01 -1.25 0.13 3 



WL18-86 -636m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Pyrrhotite -0.31 0.00 -0.38 0.02 3 

WL18-85 -636m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Quartz -0.02 0.02 0.00 0.06 3 

WL18-86 -636m in No.163 vein Thick quartz-pyrite-pyrrhotite vein Quartz 0.07 0.07 0.11 0.10 3 

AGV-2  Andesite standard Whole rock 0.12  0.03  0.19  0.09  9  

G-2  Granite standard Whole rock 0.15  0.05  0.23  0.05  9  

GSP-2  Granodiorite standard Whole rock 0.15  0.05  0.21  0.09  6  

Note r
a
 in sample name denotes a replicate digestion and analysis of the same sample. 



Table 2. In situ S isotopic compositions of pyrite and pyrrhotite in the Wulong gold deposit. 

Sample Mineral δ34S(‰) Sample Mineral δ34S(‰) 

WL12-4-PO-1 pyrrhotite 0.7  WL12-4-PY-1 pyrite 1.9  

WL12-4-PO-2 pyrrhotite 0.2  WL12-4-PY-2 pyrite 1.8  

WL18-86-PO-1 pyrrhotite -0.2  WL18-66-PY-1 pyrite 2.5  

WL18-86-PO-2 pyrrhotite -0.5  WL18-66-PY-2 pyrite 3.0  

WL18-56-PO-1 pyrrhotite 0.5  WL18-90-PY-1 pyrite 3.0  

WL18-56-PO-2 pyrrhotite 0.0  WL18-90-PY-2 pyrite 2.9  

WL18-92-PO-3 pyrrhotite -1.2  WL18-49-PY-1 pyrite 0.5  

WL18-92-PO-2 pyrrhotite 1.2  WL18-49-PY-2 pyrite 3.0  

WL18-93-PO-1 pyrrhotite 0.7  WL18-51-PY-1 pyrite 2.9  

WL18-93-PO-2 pyrrhotite -0.3  WL18-51-PY-2 pyrite 3.0  

WL18-92-PO-1 pyrrhotite 0.2  WL18-56-PY-1 pyrite 1.7  

WL18-66-PO-1 pyrrhotite 0.3  WL18-56-PY-2 pyrite 1.9  

WL18-66-PO-2 pyrrhotite 0.0  WL18-92-PY-1 pyrite 2.0  

WL18-90-PO-1 pyrrhotite 0.2  WL18-92-PY-2 pyrite 2.0  

WL18-90-PO-2 pyrrhotite 0.3  WL18-93-PY-1 pyrite 2.0  

WL18-85-PO-1 pyrrhotite -0.6  WL18-93-PY-2 pyrite 1.6  

WL18-85-PO-2 pyrrhotite 0.7  WL18-50-PY-1 pyrite 2.2  

WL18-50-PO-1 pyrrhotite -0.1  WL18-50-PY-2 pyrite 2.1  

WL18-50-PO-2 pyrrhotite 0.6  WL18-52-PY-1 pyrite 3.7  

WL18-52-PO-1 pyrrhotite 0.8  WL18-52-PY-2 pyrite 4.1  

WL18-52-PO-2 pyrrhotite 0.8  WL18-53-PY-1 pyrite 1.9  

WL18-53-PO-1 pyrrhotite 0.0  WL18-53-PY-2 pyrite 1.9  

WL18-53-PO-2 pyrrhotite -0.1     
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