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Abstract 22 

Mineral-scale episodic replacement of auriferous pyrite by texturally-complex 23 

pyrite, marcasite and minor arsenopyrite occurred in breccia ores from the Daqiao 24 

epizonal orogenic gold deposit, West Qinling Orogen, China. This study uses a novel 25 

combination of laser ablation-inductively coupled plasma-mass spectrometry (LA-26 

ICP-MS), Nanoscale secondary ion mass spectrometry (NanoSIMS), and secondary 27 

ion mass spectrometry (SIMS) to investigate the remobilization and re-concentration 28 

of gold and other trace elements during this complex replacement process and the 29 

probable mechanism. Several lines of evidence including some degree of preservation 30 

of external morphology, sharp contacts and compositional differences between the 31 

parent pyrite and product pyrite and marcasite, and reaction-induced porosity suggest 32 

that the replacement of parent pyrite proceeds via a two-step replacement via a 33 

dissolution and reprecipitation mechanism, plus an additional marcasite overgrowth. 34 

During the replacement of euhedral pyrite, depletion of gold and other trace elements 35 

(Te, Se, Zn, Co, Tl, Ni, W, and As) in porous product pyrite relative to its precursor 36 

indicate exsolution and remobilization of these metals from crystal lattice of the 37 

original pyrite. In the subsequent replacement of porous pyrite by two types of 38 

marcasite and minor arsenopyrite, euhedral product marcasite contains low contents 39 

of trace elements, possibly due to high metal solubility in the acidic fluids favorable 40 

for marcasite precipitation. The complex-zoned marcasite significantly enriched in 41 

gold and other metals relative to porous pyrite (W, Tl, As, Sb, Ag, Se, and Zn) is 42 

thought to have formed via precipitation triggered by further oxidation and/or 43 



 

immediate reduction in threshold supersaturation. Dissolution of the impurity-rich 44 

pyrite and precipitation of new pyrite and marcasite generations could have occurred 45 

at low pH plus high concentrations of dissolved Fe2+ condition caused by partial 46 

oxidation of aqueous H2S and/or S2- in ore fluids. The fluid oxidation is evidenced by 47 

a general decreasing trend of δ34S values from the parent euhedral pyrite, to product 48 

porous pyrite, euhedral marcasite, and complex-zoned marcasite. The isotopic results 49 

are consistent with ore fluid oxidation controlled by pressure fluctuations during 50 

multistage hydraulic fracturing in a fault-valve regime at Daqiao deposit. This 51 

quantitative study emphasizes that the pressure-driven hydrothermal process plays a 52 

key role in the micron- to nano-scale redistribution and re-enrichment of gold and 53 

other trace metals during episodic replacement of auriferous pyrite in brittle 54 

rheological zones from epizonal orogenic gold systems. 55 

Keywords: Replacement of pyrite; Marcasite overgrowth; Gold remobilization; 56 

fluid perturbation; Orogenic gold mineralization 57 

 58 

1. INTRODUCTION 59 

Dissolution and reprecipitation replacement of auriferous iron sulfides and 60 

sulfarsenides, typically pyrite (FeS2, cubic), marcasite (FeS2, orthorhombic), 61 

pyrrhotite (Fe1–xS, x=0–0.125) and arsenopyrite (FeAsS), is ubiquitous in hypogene 62 

gold mineralization systems worldwide (e.g., Morey et al., 2008; Sung et al., 2009; 63 

Cook et al., 2013; Rottier et al., 2016; Fougerouse et al., 2016). Such replacement 64 

occurs when an externally-derived hydrothermal fluid comes into contact with pre-65 



 

existing auriferous sulfide and sulfarsenide minerals with which they are under-66 

saturated. These minerals begin to dissolve and form an interfacial layer of fluids at 67 

the mineral surfaces that is supersaturated with respect to a more stable product phase 68 

(Putnis, 2002, 2009; Brugger et al., 2010; Qian et al., 2010, 2011; Harlov et al., 2011; 69 

Altree-Williams et al., 2015). Comprehensive studies of replacement of auriferous 70 

iron sulfides and sulfarsenides are therefore crucial to decipher redistribution and re-71 

enrichment of gold (e.g., visible gold) plus other trace metals, and to monitor 72 

fluctuations in ore fluid fluxes and compositions, especially in the formation of giant 73 

and high-grade ore shoots (e.g., Tomkins and Mavrogenes, 2001; Tomkins et al., 74 

2007; Morey et al., 2008; Cook et al., 2009, 2013; Sung et al., 2009; Thomas et al., 75 

2011; Rottier et al., 2016; Fougerouse et al., 2016, 2017). However, the micron- to 76 

nano-scale textural diversity and complexity that arise from replacement may 77 

significantly obscure the original characteristics of auriferous mineral precipitation 78 

(Putnis, 2009; Altree-William et al., 2015), hampering a process-based interpretation 79 

for high grade gold ores evolution. 80 

Previous studies of replacement of auriferous minerals in hydrothermal gold 81 

deposits mostly focus on pyrite-arsenopyrite and associated metal redistribution and 82 

reprecipitation (e.g., Dubé et al., 2004; Large et al., 2007; Morey et al., 2008; Cook et 83 

al., 2009, 2013; Sung et al., 2009; Fougerouse et al., 2016; Selvaraja et al., 2017; 84 

LaFlamme et al., 2018). However, the details of replacement behavior of marcasite, a 85 

polymorph of pyrite and a significant gold-hosting iron sulfide in many hydrothermal 86 

gold deposits (e.g., Arehart et al., 1993; Fleet and Mumin, 1997; Cline, 2001; Pals et 87 

https://scholar.google.com.au/citations?user=XS9zOCoAAAAJ&hl=zh-CN&oi=sra


 

al., 2003; Franchini et al., 2015; Rottier et al., 2016), and related metal redistribution 88 

process has not been documented. Marcasite formation is kinetically favored over 89 

pyrite, but it is metastable in many geological environments and thus tends to be 90 

highly reactive. Formation and preservation conditions for marcasite have been 91 

experimentally documented, with stability favored at low pH and low temperature 92 

(Murowchick and Barnes 1986; Murowchick, 1992; Qian et al., 2011). Natural 93 

marcasite overgrowths on pre-existing pyrite have been described in a small number 94 

of low-temperature hydrothermal uranium deposits and sedimentary rocks (Goldhaber 95 

et al, 1978, 1979; Schieber and Riciputi, 2005; Schieber, 2007, 2011). In these cases, 96 

however, no specific formation mechanism was identified for the aggregates of pyrite 97 

and marcasite other than a “general replacement”. Moreover, metal transfer related to 98 

these processes has not been quantitatively documented. 99 

Despite the potential contribution of dissolution and reprecipitation reactions to 100 

the replacement of auriferous iron sulfides and sulfarsenides, the details of these 101 

processes and associated redistribution of gold are poorly understood, partly due to 102 

the very fine-grained size (less than a few tens of microns) of replacement minerals 103 

and ambiguous replacement textures. Previous studies of trace element redistribution 104 

during replacement processes have mostly relied on scanning electron microscopy-105 

energy dispersive X-ray spectroscopy (SEM-EDS), electron microprobe (EMP) and 106 

laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) (Fleet 107 

and Mumin, 1997; Morey et al., 2008; Cook et al., 2009, 2013; Sung et al., 2009). 108 

However, the utility of the SEM-EDS and EMP is limited because of the low 109 



 

concentrations of trace elements relative to detection limits. Although LA-ICP-MS 110 

can provide quantitative results for trace elements present at very low concentrations 111 

(>0.01 ppm; Large et al., 2009), the spot size of laser beam is quite large (30–75 μm) 112 

relative to the details of micron- to nano-scale chemical variation. Ion probe mapping 113 

using NanoSIMS (Nanoscale secondary ion mass spectrometry) has the advantage of 114 

combined sub-50 nm lateral resolution and low detection limits and provides an 115 

attractive option for qualitative mapping of low concentrations of trace elements at 116 

high spatial resolution (McLoughlin et al., 2011). Furthermore, SIMS, with a spot size 117 

as small as 10 μm, provides an opportunity to study sulfur isotopic variation between 118 

the different generations of sulfides and their replacements (Chen et al., 2015). 119 

In this study, we document details of textures and overprinting relationships for 120 

auriferous pyrite replaced by pyrite and marcasite in breccia gold ores from the 121 

Mesozoic Daqiao epizonal orogenic gold deposit, West Qinling Orogen, China. In-situ 122 

LA-ICP-MS trace element spot and line analyses and NanoSIMS element mapping 123 

combined with SIMS sulfur isotope analysis are used to reveal the redistribution of 124 

gold and other trace elements and related variations in sulfur isotopic composition. A 125 

mechanism to explain the observations is proposed, and implications for fluid-126 

mediated pyrite replacement and related metal transfer in hydrothermal gold systems 127 

are discussed. 128 

 129 

2. GEOLOGICAL BACKGROUND AND SAMPLING 130 

The Qinling Orogen formed as a result of the prolonged subduction of the proto-131 



 

Tethyan ocean and subsequent collision between the North China Craton (NCC) and 132 

Qinling micro-plate along the Shangdan suture in the middle Paleozoic, and 133 

subduction of the paleo-Tethyan ocean and subsequent collision between the Qinling 134 

terrain and the South China Block (SCB) along the Mianlue suture in the Early 135 

Mesozoic (Fig. 1a; Meng and Zhang 1999; Dong et al. 2011). This orogen extends 136 

along a NW-strike for 2,500 km from the Dabie Mountains in the east to the Qilian 137 

Mountains and Kunlun Mountains in the west (insert of Fig. 1a). The West Qinling 138 

Orogen (WQO), separated from the East Qinling Orogen (EQO) broadly by the 139 

Baocheng Railway, can be further divided into the northern, central and southern 140 

domains by the Shangdan suture and Hezuo-Lintan-Liangdang Fault (HLLF), 141 

respectively (Wu et al., 2018a). The northern domain is an early Paleozoic oceanic 142 

arc, while the central and southern domains are characterized by greenschist-facies 143 

Devonian flysch metasedimentary rocks and unmetamorphosed to low-grade Triassic 144 

turbidites, respectively (Mao et al., 2002). The Triassic syn- to post-collisional 145 

granitoids (250–200 Ma) widely distribute in the WQO (Zeng et al., 2014).  146 

The central and southern domains of the WQO host numerous orogenic gold 147 

deposits, which are thought to have formed during Late Triassic to Early Cretaceous 148 

peaking at ca. 216–200 Ma and 144–125 Ma (Wu et al., 2018b). Gold deposits are 149 

mostly localized along several crustal-scale, first-order southward thrust faults, such 150 

the HLLF and ZCHF (Zhouqu-Chengxian-Huixian-Fengxian Fault), which strike 151 

northwest to nearly east-west in excess of 400 km (Fig. 1a). These faults are thought 152 

to have formed during the Late Jurassic to Early Cretaceous north-south compression 153 



 

in the Qinling orogenic belt (Dong et al., 2016). Seismic reflection profiling indicates 154 

that the overthrust belt is characterized by complex stacking thrust sheets, duplexes 155 

and opposed folds and faults (Liu et al., 2006). It is proposed that these crustal-scale 156 

thrust faults are channels for large-scale upwards-directed migration of fluids 157 

generated at depth (Robert et al., 1995). 158 

The Daqiao orogenic gold deposit of latest Jurassic and Early Jurassic age in the 159 

southern domain has more than 105 t of gold resources at an average grade of 3–4 g/t 160 

(Wu et al., 2018a). The comprehensive deposit geology has been described in Wu et 161 

al. (2018a) and briefly summarized here. Orebodies are structurally controlled by a 162 

number of second-order reverse faults steeply dipping 55 to 80° north or southwest 163 

and mostly localized in fracture zones at the contact between Triassic turbidites and 164 

Carboniferous limestone (Fig. 1b). High-angle reverse faults are suggested to be fluid-165 

activated valves that controlled flow from geopressured reservoirs, drove cyclic 166 

fluctuations in fluid pressure that caused mineral precipitation (e.g., Sibson et al., 167 

1988; Cox, 1995; Robert et al., 1995). 168 

Two economic styles of breccia, tectonic and hydraulic breccias, have been 169 

identified in the mine (Fig. 2). The strongly silicified tectonic breccia A contains 170 

disseminated auriferous pyrite and marcasite (up to 4 g/t; Fig. 2a and b). Tectonic 171 

breccias with high competence were hydraulically brecciated (Fig. 2c) and the 172 

resultant hydraulic breccia B is filled with chalcedony and irregular fine-grained 173 

cement-hosted pyrite, minor marcasite and arsenopyrite (Fig. 2d and e). Breccia B 174 

was further hydraulically brecciated to form more complex high-grade (up to 12 g/t) 175 



 

breccia C cemented by calcite, pyrite, marcasite, and minor chalcedony (Fig. 2d and 176 

e). 177 

A detailed interpretation of hydrothermal stages and different generations of 178 

sulfides is provided by Wu et al. (2018a). The early-ore stage sulfide euhedras and 179 

aggregates (Py2, Py3, Py4, Mc1, and Mc2) are dominantly hosted by tectonic breccia A 180 

(Fig. 2a and b), whereas the main-ore stage sulfides (Py5 and Mc3) mainly occur in 181 

hydraulic breccias B and C (Fig. 2d and e). In the late-ore stage, non- or sub-182 

economic coarse-grained marcasite and minor pyrite-pyrrhotite-calcite veins (Py6 and 183 

Mc4) developed in altered slates (Fig. 2f).  184 

Complex early- to main-ore stage aggregates of various generations of pyrite and 185 

marcasite occur in the breccias in both the tectonic and hydraulic breccia ores at 186 

Daqiao deposit. Approximately fifty unweathered breccia (A, B, and C) samples were 187 

collected from outcrops, open pits, boreholes, and underground tunnels in order to 188 

provide a representative suite of samples for petrographical and geochemical analyses 189 

(Fig. 1b). 190 

 191 

3. METHODS 192 

Samples containing iron sulfides, and typical host rocks, were prepared as 193 

polished thick and thin sections. The thick sections were examined under optical 194 

microscopy to characterize the multiple generations of sulfides, and areas of interest 195 

(3–5 mm in diameter) were drilled out and mounted in 25-mm diameter epoxy discs 196 

together with pyrite standards for SIMS sulfur isotope analysis (Chen et al., 2015). 197 



 

The samples were carefully polished, sonicated, and mount-scale photomicrographed 198 

under an optical microscope using reflected light. The images were used to navigate 199 

to regions of interest to perform the microanalyses. Prior to in-situ compositional and 200 

sulfur isotopic analyses, the polished discs were carbon coated and imaged with the 201 

scanning electron microscope (SEM) in backscattered electron (BSE) and secondary 202 

electron (SE) modes to determine the detailed mineralogy, qualitative mineral 203 

compositional zoning, textural relationships and paragenesis. We used a diverse 204 

combination of micro-analytical techniques to investigate the elemental and isotopic 205 

characteristics of various generations of pyrite and marcasite. The methodology is 206 

summarized below and more standard and specific details for each are given in 207 

Appendix A.  208 

3.1. LA-ICP-MS multi-element analysis of sulfides 209 

Concentrations of trace elements in pyrite and marcasite were determined using 210 

laser-ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) at 211 

CODES, University of Tasmania. This instrumentation employs a New Wave 213-nm 212 

solid-state laser microprobe coupled to an Agilent 4500 quadrupole ICP-MS. The 213 

method is described in detail in Large et al. (2009) and Thomas et al. (2011). Spot 214 

ablation was carried out using a 25 to 40 micrometer spot size at 5 J/cm2 and using 5 215 

Hz, with a 30 s baseline and 30–45 s of ablation. Two laser profiles with profile 216 

lengths of 500 to 600 μm across pyrite and marcasite aggregates were also measured. 217 

Thirty-nine LA-ICP-MS spot analyses on pyrite and thirty-three on marcasite were 218 

measured (Table B.1).  219 



 

 220 

3.2. NanoSIMS multi-element imaging of sulfides 221 

After trace element analysis, the epoxy mounts were polished with a series of 222 

diamond polishing powders (down to 1 μm) to minimize surface topography and 223 

coated with 10 nm of platinum to provide conductivity at high voltage. NanoSIMS 224 

analysis was performed at the Centre for Microscopy, Characterisation and Analysis 225 

(CMCA) at the University of Western Australia (UWA), using a CAMECA 226 

NanoSIMS 50L. The method is described in McLoughlin et al. (2011). A Cs+ ion 227 

source with a spot size of approximately 50 nm was employed. Negative secondary 228 

ions (34S-, 63Cu32S-, 60Ni32S-, 75As32S-, 123Sb-, and 197Au-) were then sputtered from the 229 

sample surface using a beam current of ~2.5 pA.  230 

 231 

3.3. SIMS sulfur isotope analysis 232 

High-precision secondary ion mass spectrometry (SIMS) S-isotope analysis was 233 

carried out using the Cameca IMS-1280 at the Institute of Geology and Geophysics 234 

(Beijing), Chinese Academy of Sciences. Analytical conditions and procedures for 235 

high-precision S-isotope analyses with this IMS-1280 are described in detail 236 

elsewhere (Chen et al., 2015). We used the same parameters as Chen et al. (2015) and 237 

applied a Cs+ primary ion beam, with a spot size of approximately ~10×15 μm, impact 238 

energy of 10 kV, and an intensity of ~2.5 nA. 239 

Analyses of matrix-matched reference material should be used to correct the mass 240 

fractionation during SIMS analysis (e.g., LaFlamme et al., 2016, 2018). However, due 241 



 

to a lack of suitable marcasite standard, two pyrite standards: Sonora pyrite (δ34SVCDT 242 

= +1.61‰; Farquhar et al., 2013) and Balmat pyrite (δ34SVCDT = +16.12 ± 0.68‰, 2 σ; 243 

Whitehouse, 2013) were used during both the pyrite and marcasite analysis sessions. 244 

Pyrite standard has been utilized for SIMS and LA-MC-ICP-MS sulfur isotope 245 

analysis for marcasite in other studies (e.g., Rouxel et al., 2008; Wong et al., 2017). 246 

Here, we use a comparison of results from the two techniques to assess potential 247 

matrix effects. Eighteen SIMS spot analyses on pyrite and twenty-nine on marcasite 248 

were measured (Table B.2). 249 

 250 

 251 

4. RESULTS 252 

4.1. Petrographic features 253 

Detailed optical and SEM petrographic observations revealed that inclusion-free 254 

pyrite is surrounded by porous pyrite, that is, in turn, bordered by marcasite together 255 

with minor arsenopyrite in the Daqiao breccias (Fig. 3, Table 1). Sulfide generations 256 

and replacement/overgrowth reactions are described with notation of the form Xi-j, 257 

which means that sulfide X of generation i is inferred to have replaced and/or 258 

overgrown sulfide j of a previous generation. The generations of interest here are Py3, 259 

Py4-py, Mc2-py in the early-ore stage, and Mc3-py and Apy in the main-ore stage.  260 

Py3 aggregates (0.01–2 mm across) are generally nonporous and free or almost 261 

free of mineral inclusions (Fig. 3a-g). Py3 commonly contains narrow internal cyclic 262 

elemental zones in the SEM images (Fig. 3c and d). 263 

Py4-py (0.01–1 mm across) borders Py3 (Fig. 3a-d) and is also present in Py3 264 



 

microfractures and interstitial spaces between Py3 grains (Fig. 3e-g and i). Py4-py 265 

commonly contains mineral inclusions (5–100 μm in diameter), such as chalcopyrite, 266 

galena, and arsenopyrite (Fig. 3a-c, and e). Py4-py aggregates are characterized by 267 

abundant pores varying in size (1–50 μm in diameter), which exhibit no perceptible 268 

preferred orientation. Porosity in most of Py4-py occupies approximately 1–10 %, or in 269 

some cases 10–25 % of the volume, although we note that the petrographical 270 

techniques used are not quantitative and cannot identify sub-micron pores. The 271 

contact between Py3 and Py4-py is sharp and curvilinear (contact marked with yellow 272 

lines in Fig. 3a-g, i and k). 273 

Marcasite consisting of Mc2-py and Mc3-py is anisotropic with yellowish-brown to 274 

grayish-blue polarization colors (Fig. 3e-h and k). Mc2-py and Mc3-py are commonly 275 

intergrown and are characterized by a bimodal grain size distribution with a fine (1–276 

100 μm) and a coarse (up to 300 μm) grained domain (Fig. 3k and l). In the fine-277 

grained domains, Mc2-py microcrystals occurs as aggregates surrounding Py4-py, with 278 

sharp, planar to curvilinear interfaces between Py4-py and Mc2-py (contact marked with 279 

red lines in Fig. 3e-l). Porous Mc2-py and Mc3-py also contains irregular Py4-py 280 

inclusions and shows similar external morphology with euhedral Py4-py grains (Fig. 3g 281 

and h). Mc2-py commonly displays some fine pores and a lower average atomic mass 282 

than Py4-py shown as a darker color in BSE images (Fig. 3i and j). Zoned Mc3-py, in 283 

some cases, surrounds Mc2-py crystals and varies in size (1–10 μm; Fig. 3l). In BSE 284 

image of the fine-grained domains, marcasite aggregates are zoned with irregular 285 

bright, sector and sub-micrometer cyclic bands of Mc3-py in Mc2-py crystals (Fig. 3m), 286 



 

suggesting a precipitation cyclicity between Mc2-py and Mc3-py. There are minor fine-287 

grained Apy veinlets or inclusions (1–10 μm), closely intergrown with Mc2-py and 288 

zoned Mc3-py (Fig. 3i, j and l). 289 

The coarse-grained domains generally border the fine-grained Mc2-py and Mc3-py 290 

domains (contact marked by white lines in Fig. 3k and l). In this domain, tabular Mc2-291 

py contains little porosity. Infrequent sub-micron Mc3-py bands are present in Mc2-py, 292 

and Apy inclusions are notably absent (Fig. 3l). 293 

 294 

4.2. Sulfide trace element compositions 295 

Wu et al. (2018a) report LA-ICP-MS spot analyses of all the different generations 296 

of pyrite and marcasite from the Daqiao deposit, and interpret these data in the context 297 

of sulfide evolution and deposition mechanisms during hydrothermal fluid flow and 298 

gold mineralization. In this study, we present additional LA-ICP-MS data that enable 299 

a better understanding in the complex textures of pyrite and marcasite aggregates in 300 

the breccias. Seventy-two previously unreported analyses of pyrite and marcasite 301 

given in Table B.1 are summarized in Table 2. The results (Fig. 4) are based on 302 

combination of the 72 spot analyses and the data reported in Wu et al. (2018a). Data 303 

from two previously unreported LA-ICP-MS transects across complex sulfide 304 

aggregates are also presented in Figure 5. Because of the large compositional 305 

variations, median values are used for comparison (Fig. 6). 306 

Py3 307 

Gold contents in the euhedral inclusion-free Py3 interpreted as early-ore stage vary 308 



 

from b.d.l. (below detection limit) to 107 ppm with a median of 0.5 ppm, while 309 

arsenic ranges from b.d.l. to 87444 ppm (median = 3115 ppm, n = 49; Fig. 4a). A 310 

range of other trace elements occurred at concentrations above the detection limits in 311 

Py3, mainly including Co, Ni, Cu, Zn, Se, Ag, Sb, Tl, and Pb (Table 2, Fig. 4b-f). 312 

Spikes in As, Co, Ni, Sb, Cu, and Tl were revealed by the LA-ICP-MS line analyses 313 

(Fig. 5c and d). 314 

Py4-py 315 

Based on results of thirty-three LA-ICP-MS spot analysis, trace elements in Py4-py 316 

can be classified into two groups that are enriched and depleted in comparison to Py3 317 

(Figs. 4-6). The enriched group consists of Cu, Sb, Ag, Pb, and Bi. The depleted group 318 

includes Au (median = 0.09 ppm), As (median = 130 ppm), Te, Se, Zn, Co, Tl, Ni, and 319 

W (Fig. 6a). Some Py4-py domains show spikes of As, Cu, Sb and Tl in the LA-ICP-320 

MS laser profiles (Fig. 5c and d). 321 

Mc2-py 322 

Forty-four spot analyses of Mc2-py reveal that a small number of trace elements are 323 

enriched in Mc2-py relative to Py3 (Figs. 4 and 6a). These elements include Sb, Ag, Zn, 324 

and W. Concentrations of other trace elements are much lower than those both in Py3 325 

and Py4-py, notably for Au (median = 0.08 ppm), As (median = 21 ppm), Co, Ni, Pb, 326 

and Bi. In the laser profiles, it was difficult to obtain trace element contents of 327 

unmixed Mc2-py or Mc3-py because the spot size of laser beam was larger relative to the 328 

zone width (Fig. 5c and d). 329 

Mc3-py 330 



 

The main-ore stage Mc3-py, which occurs in irregular zones with higher average 331 

atomic mass than early-ore Mc2-py, shown in brighter BSE images (Fig. 3l and m) is 332 

enriched in a suite of trace elements relative to Py3, Py4-py and Mc2-py (Figs. 4-6). 333 

Based on the results of forty spot analyses, elements enriched in Mc3-py compared to 334 

Py3 and Py4-py are Au (median = 5.8 ppm), W, Tl, Ag, Sb, Se, and Zn. Elements 335 

depleted in Mc3-py relative to Py3 and Py4-py include Te, Ni, Co and Bi. Although As is 336 

depleted in Mc3-py (median = 2578 ppm ppm) relative to Py3, it is higher in Mc3-py 337 

than in Py4-py (Fig. 6). 338 

The LA-ICP-MS ablation profiles clearly reveal 2–3 distinctive spikes that record 339 

zones in the Mc2-py–Mc3-py aggregates that are enriched in As, Sb, Tl, Cu, and minor 340 

Au (marked with red arrows on Fig. 5c and d). Relative trace element concentrations 341 

in the two generations of marcasite (Mc2-py and Mc3-py) are more similar to each other 342 

than they are to Py3, in spite of higher absolute trace element concentrations in the 343 

zones of Mc3-py (Fig. 6). 344 

Apy  345 

Fine Apy grains or veinlets mainly occur as 1–10 μm intergrowths with zoned 346 

Mc3-py (Fig. 3i, j and l). The size of the Apy is smaller than the laser beam, so it was 347 

not possible to obtain unmixed analyses of Apy. A small number of SEM-EDS 348 

analyses of the Apy grains were obtained (not shown), and these fall on a 349 

compositional mixing line between FeS2 and FeAsS, indicating the analyses are Apy-350 

Mc3-py mixtures, or that the Apy is depleted in As. 351 

 352 



 

4.3. Trace element distribution in sulfides  353 

A typical sulfide texture involving co-existing Py3, Py4-py and marcasite was 354 

chosen for NanoSIMS mapping (boxed area on Fig. 7a). The high-resolution 355 

NanoSIMS images reveal three chemical microbands in Py3 (~0.5 μm across; marked 356 

with red arrows; Fig. 7c-g). These bands are of continuous shape and are enriched in 357 

Ni, As, and Sb, and to a less extent, Au and Cu compared to the host Py3. These metal-358 

rich microbands are compositionally consistent with the chemical zoning recorded in 359 

the LA-ICP-MS line analyses across Py3 (Fig. 5c and d).  360 

The micropores in the Py4-py and Mc2-py appear dark in the NanoSIMS elemental 361 

maps (Fig. 7b). Arsenic, Sb, and Au are heterogeneously distributed in porous Py4-py. 362 

Cu enrichment occurs as inclusions (0.25–1 μm across; marked with green arrows) in 363 

Py4-py and Mc3-py (Fig. 7c). Euhedral or irregular Mc2-py has lower Cu and Ni 364 

concentrations than Py3 while As, Sb, and Au contents are elevated in Mc2-py relative 365 

to Py3 though this may be due to some extent to a partial contribution from Mc3-py. 366 

The Mc3-py zones (1–3 μm in thickness) and minor Apy aggregates are characterized 367 

by depletion of 34S compared to Py3, Py4-py, and Mc2-py (Fig. 7b). The highest As, Sb, 368 

and Au concentrations are associated with irregular finger shaped zones of Mc3-py 369 

(Fig. 7e-g), which are characterized by a higher average atomic mass than Py3, Py4-py, 370 

and Mc2-py in the BSE images (Fig. 7a). There is no Ni enrichment in Py4-py, Mc2-py or 371 

Mc3-py (Fig. 7d). 372 

In the NanoSIMS line profile (Fig. 7h), five zones with elevated Cu, As, Sb and 373 

Au ion counts (concentrations) can be identified in Py3. The Mc3-py and Apy 374 



 

aggregates also display zoning; three peaks exhibit high concentrations of trace 375 

elements compared to other immediately adjacent iron sulfides (Fig. 7h). The three 376 

peaks in Mc3-py correlate with regions of 34S depletion; however, similar peaks in Py3 377 

are not associated with sulfur isotopic variations. 378 

 379 

4.4. Sulfur isotopes  380 

The sulfur isotopic compositions presented herein are from high-resolution, 381 

previously unpublished SIMS analyses (Fig. 8, Table B.2). The δ34S values of a total 382 

of thirteen analyses of Py3 vary from +1.9 to +9.0‰, with a mean of +4.6‰ (σ = 1.9); 383 

five analyses of Py4-py vary from +1.7 to +4.3‰, with a mean of +2.9‰ (σ = 1.0); 384 

thirteen analyses of Mc2-py vary from -0.9 to +3.7‰, with a mean of +2.4‰ (σ = 1.2); 385 

sixteen analyses of Mc3-py yield a large range in δ34S value from -11.4 to +2.2‰ 386 

(mean -1.3‰, σ = 4.4). In contrast, the mean LA-MC-ICP-MS sulfur isotopes of these 387 

four types of sulfides (Py3, Py4-py, Mc2-py, and Mc3-py) are +5.2‰ (s.d. = 2.4, n = 17), 388 

+3.4‰ (s.d. = 1.3, n = 11), +5.0‰ (s.d. = 3.9, n = 17), and -9.7‰ (s.d. = 6.2, n = 6), 389 

respectively (Fig. 8, Wu et al., 2018a). 390 

 391 

5. DISCUSSION 392 

5.1. Textual interpretations 393 

5.1.1. Pyrite replacement by pyrite 394 

Detailed textural observations demonstrate that porous Py4-py, together with 395 

chalcopyrite, galena and arsenopyrite inclusions, occurs preferentially along micro-396 

fractures and grain margins of Py3 (Fig. 3). The reaction front is sharp and curvilinear 397 



 

at sub-micron resolution of the NanoSIMS mapping and profile (Fig. 7). These 398 

observations are taken as evidence supporting the idea that Py4-py mainly formed by 399 

replacement of Py3 via a dissolution and reprecipitation mechanism (Table 1). 400 

Preservation of some aspects of the external morphology of parent Py3 (Fig. 3a-d) 401 

implies some degree of a spatial and temporal coupling between the dissolution and 402 

reprecipitation (cf. Putnis, 2002, 2009; Altree-Williams et al., 2015). However, it is 403 

still possible that some Py4-py overgrowth may coarsen the external dimension of 404 

parent Py3 that was replaced by Py4-py. 405 

The volume reduction necessary to create the observed porosity in product Py4-py 406 

may be accommodated by some combination of a lower molar volume relative to Py3, 407 

and the partial dissolution of parent Py3 into the fluid (Walker et al., 1995; Putnis, 408 

2002, 2009; Rubatto et al., 2008). It has been calculated that pyrite containing 3.8 409 

wt% arsenic (Fe32S62As2) has an expansion of 0.83 % in volume relative to pure pyrite 410 

as a consequence of the greater length of As-S bonds than S-S bonds (Blanchard et al., 411 

2007). During the replacement of arsenic-rich Py3 by arsenic-depleted Py4-py (median 412 

3115 ppm vs. 130 ppm As), the As-induced volume decrease alone cannot explain the 413 

1–10 vol% porosity in Py4-py (Fig. 3). Volume reduction during hydrothermal 414 

replacement has been suggested to be due to dissolution of parent phase in excess of 415 

the product phase precipitated, because of their different solubilities in the interfacial 416 

fluids (Putnis, 2002, 2009). However, in this case of pyrite replacement by pyrite, the 417 

solubility is not expected to change much. 418 

It has also been suggested that porosity in pyrite from hydrothermal gold deposits 419 



 

is a consequence of rapid crystallization (Simon et al., 1999). Porous pyrite formed 420 

via rapid growth is characterized by aggregates of fine grain size microcrystals, 421 

several microns across, with the grain size distribution controlled by rapid nucleation 422 

relative to crystal growth (Butler and Richard, 2000). Concentrations of Au, As (e.g., 423 

up to 2.4 wt% As and 1600 ppm Au; Simon et al., 1999), and other trace elements are 424 

high because the extra vacancies and surface defects associated with rapid growth 425 

facilitate their incorporation (Reich et al., 2005). Aggregates of porous Py4-py at 426 

Daqiao deposit contains much lower contents of Au, As and other trace metals (130 427 

ppm As and 0.1 ppm Au; Fig. 4) than Py3. However, this compositional difference 428 

does not eliminate a rapid growth, since trace element concentrations around could be 429 

low during the Py4-py reprecipitation. 430 

 431 

5.1.2. Marcasite relationships 432 

Aggregates of Mc2-py and Mc3-py commonly occur on the margins of Py4-py (Fig. 433 

3e, f, i, k and l), or as euhedral grains containing irregular Py4-py inclusions (Fig. 3g 434 

and h). Several lines of textural evidence, including the sharp, planar to curvilinear 435 

interface between Py4-py and Mc2-py (Fig. 3e-l), fine pores in Mc2-py (Fig. 3e-l), some 436 

degree of preservation of Py4-py external dimension (Fig. 3g and h), and occurrence of 437 

fine-grained Apy inclusions with Mc2-py and Mc3-py (Fig. 3i, j and l), imply that Mc2-py 438 

and Mc3-py aggregates probably formed by replacement of Py4-py (Table 1). However, 439 

during the replacement of Py4-py, cyclic precipitation between Mc2-py and zoned Mc3-py 440 

(Fig. 3m) indicates that there may have been switching between the early-ore and 441 

main-ore conditions as the ore-forming process progressed. 442 



 

In some cases, aggregates of fine-grained Mc2-py crystals and zoned Mc3-py with 443 

little porosity formed directly on Py4-py margins where this is no sign of dissolution 444 

(Fig. 3l). This texture implies that the marcasite reprecipitation is not tightly coupled 445 

with dissolution of Py4-py (Putnis, 2009; Xia et al., 2009). The degree of coupling 446 

between dissolution and precipitation is thought to be controlled by fluid parameters, 447 

such as pH, and the degree of supersaturation (Xia et al., 2009; Qian et al., 2011). 448 

Experimental studies have demonstrated that pyrite with fine, homogenous 449 

porosity intergrown with marcasite can form via solid-state marcasite transformation 450 

in a closed system at temperatures of 425–500 °C (Table 1, Fleet, 1970; Murowchick, 451 

1992). However, the observed 1–50 μm pores (1–10 vol%) in Py4-py are quite different 452 

to those in pyrite produced in the experiment. Moreover, it has been suggested that the 453 

rate of solid-state reaction is relatively slow in sulfides even at high temperatures. For 454 

example, iron sulfides with peak metamorphic temperature of 500–600 oC preserve 455 

Co and sulfur isotope zoning on the micron scale (Evans et al., 2014). Kinetic studies 456 

suggest that a half-life for the solid-state transformation of marcasite to pyrite at 200 457 

°C is 3×106 yr (Lennie and Vaughan, 1992). Precipitation of pyrite and marcasite or 458 

their aggregates can occur on timescales of only a few hours under hydrothermal 459 

conditions and temperatures to 220 °C (Qian et al., 2011). At Daqiao deposit, 460 

conditions were fluid-rich (Wu et al., 2018a) and temperatures are thought to have 461 

been low (ca. 100–240 °C; Xu et al., 2015), within the stability field of marcasite 462 

(temperature less than 240°C; Murowchick and Barnes, 1986). It is therefore likely 463 

that solid-state transformation was not a significant contributor to replacement of 464 



 

pyrite by marcasite. 465 

Coarse-grained Mc2-py domains also occur perpendicular to aggregates of Mc2-py 466 

and Mc3-py (Fig. 3k and l). These Mc2-py euhedra contain few pores in comparison to 467 

those in Mc2-py inferred to have formed by replacement of porous Py4-py. Cementation 468 

of Mc2-py idiomorphic crystals indicates that marcasite precipitated from fluids as new 469 

grains or as overgrowths rather than forming during pyrite replacement (cf. Zhao et 470 

al., 2014). In summary, Py3 was replaced first by porous Py4-py, and the Py4-py was 471 

replaced by a combination of Mc2-py, Mc3-py and minor Apy, then followed by 472 

overgrowth of coarse-grained Mc2-py. 473 

 474 

5.1.3. Comparison with pyrite replacements reported in the literature 475 

Replacement of inclusion-free pyrite by porous, inclusion-rich pyrite has been 476 

reported from other hydrothermal systems (e.g., Su et al., 2008; Morey et al., 2008; 477 

Sung et al., 2009; Pal et al., 2011; Gao et al., 2017; Chen et al., 2018; Li et al., 2018). 478 

For example, porous rims of pyrite closely associated with visible gold have been 479 

suggested to form via hydrothermal alteration of pre-existing pyrite during increases 480 

in temperature and sulfur fugacity during prograde metamorphism (Morey et al., 481 

2008). Porous As-poor pyrite with numerous arsenopyrite inclusions, documented at 482 

an Archean orogenic gold deposit, Western Australia, has been proposed to form by 483 

partial replacement of As-rich pyrite via fluid-mediated coupled dissolution and 484 

reprecipitation (Sung et al., 2009). This replacement of one phase by a porous variant 485 

of the same phase has also been observed for other minerals. For instance, the margins 486 

of Ni-bearing arsenopyrite from an Archean orogenic gold deposit have been reported 487 



 

to be hydrothermally replaced by Ni-poor, native Au-bearing rims via dissolution and 488 

reprecipitation, with consequent Ni and Au remobilization (LaFlamme et al., 2018). 489 

Magnetite is widely hydrothermally replaced by porous, trace element-poor magnetite 490 

via the dissolution and reprecipitation (Wen et al., 2017). Magmatic zircon can be also 491 

replaced by porous secondary zircon carrying lower concentrations of trace elements 492 

than the precursor mineral, with replacement inferred to have occurred via aqueous 493 

fluid or melt-mediated coupled dissolution and reprecipitation (Geisler et al., 2007). 494 

Partial dissolution of pyrite, associated with subsequent marcasite precipitation, 495 

has been documented in the low-temperature sandstone-hosted uranium deposits, U.S. 496 

(Goldhaber et al., 1979; Reynolds et al., 1982). In the global black shale successions 497 

ranging in age from Middle Proterozoic to Cretaceous, intermittent marcasite 498 

precipitation has also been interpreted to be initiated by oxidation and dissolution of 499 

the already existing sedimentary pyrite (Schieber and Riciputi, 2005; Schieber, 2007, 500 

2011). 501 

 502 

5.2. Trace element remobilization and gold re-enrichment 503 

The LA-ICP-MS and NanoSIMS analyses highlight systematic trace element 504 

variations between the different generations of pyrite and marcasite (Figs. 4-7). In 505 

replacement of Py3 by porous Py4-py (Fig. 6a), elements enriched in Py4-py relative to 506 

Py3 (Cu, Sb, Ag, Pb, and Bi) may be sourced from infiltrating fluids, or from metals 507 

hosted in sub-micron inclusions (e.g., chalcopyrite, galena, arsenopyrite) formed 508 

during remobilization from Py3. Existence of these fine mineral inclusions in porous 509 



 

Py4-py is supported by the spikes of Cu and Sb in LA-ICP-MS laser profiles (Fig. 5c 510 

and d), as well as Cu nano-inclusions in NanoSIMS image (Fig. 7c). The presence of 511 

Cu, Pb, Ag, and Bi-bearing minerals in porous alteration pyrite-arsenopyrite 512 

assemblages formed via trace element remobilization and re-enrichment during 513 

hydrothermal replacement have been documented in other gold deposits (e.g., Morey 514 

et al., 2008; Sung et al., 2009; Cook et al., 2013). In contrast, metals (Te, Se, Zn, Co, 515 

Tl, Ni, Au, W, and As; Fig. 6a) depleted in porous Py4-py relative to Py3, commonly 516 

exhibit zonation patterns in the parent Py3 at Daqiao deposit (Figs. 5c, d and 7). 517 

Similar zonation for Au, As, Co, Ni, and Se in pyrite have also been reported from 518 

other hydrothermal gold ores (e.g., Cook et al., 2013; Yan et al., 2018). These metals 519 

that are depleted in porous Py4-py may have been expelled from the system during 520 

replacement of Py3.  521 

The trace element redistribution process during replacement of Py3 by Py4-py plus 522 

minor inclusions (Ccp, Gn, Apy) may therefore be described by: 523 

 Py3 + fluids (Cu2+, Sb-, Ag+, Pb2+, Bi2+) (aq) 524 

Py4-py + Ccp + Gn + Apy + fluids (Te-, Se-, Zn2+, Co2+, Tl1+, Ni2+, Au+, W6+, As-) 525 

(aq)   (1) 526 

Few previous studies have documented the compatibility of trace elements in 527 

marcasite relative to pyrite, so the processes that controlled trace element 528 

incorporation into product marcasite are difficult to determine. However, the 529 

solubility of most metals increases as pH decreases so the presence of fluids 530 

sufficiently acidic to stabilize marcasite (e.g., pH<2.5 at 220 oC; Qian et al., 2011) 531 



 

may have led to increased metal mobility and decreased metal compatibility (Reed 532 

and Palandri, 2006). Only W is notably enriched in both product Mc2-py and Mc3-py 533 

compared to the precursor Py4-py. Tungsten is suggested to be transported mainly as 534 

carbonate or bicarbonate complexes in carbonic metamorphic fluids (Higgins, 1980), 535 

so fluid boiling-related decrease of CO2 partial pressure could have resulted in W 536 

sequestration into marcasite. Other lines of evidence at Daqiao deposit, including the 537 

hydrothermally altered in-situ carbonaceous materials in breccia ores, and Au-rich 538 

fine-grained pyrite and marcasite characterized by negative δ34S values hosted in 539 

hydrothermal cements, are also consistent with rapid fluid phase separation of a CO2-540 

bearing fluid phase, triggered by hydraulic fracturing (Wu et al., 2018a). 541 

Despite the likely pH-induced decreased metal compatibility during marcasite 542 

precipitation, complex-zoned Mc3-py is enriched in a suite of trace elements compared 543 

to Py4-py (Fig. 6b). It has been suggested that metal-rich zones form due to a build-up 544 

of high trace element concentrations at local mineral-fluid interfacial layers (Putnis et 545 

al., 1995; Putnis and Mauthe, 2001). At the Daqiao deposit, this could manifest as 546 

rapid deposition of narrow Mc3-py zones together with fine-grained arsenopyrite on 547 

porous Py4-py (Figs. 3l and 7). Precipitation of Mc3-py could be initiated by a reduction 548 

in threshold of the supersaturation of metals near the interfacial layers triggered by 549 

changes in fluid chemistry. Metal enrichment in Mc3-py relative to Py4-py (W, Tl, Au, 550 

As, Sb, Ag, Se, and Zn; Fig. 6b) might have been derived to some combination of the 551 

Py4-py dissolution, and metals sourced from infiltrating fluids.  552 

Trace element redistribution during replacement of Py4-py by Mc2-py, Mc3-py and 553 



 

minor Apy is described as:  554 

Py4-py + fluids (W6+, Tl1+, Au+, As-, Sb-, Ag+, Se-, Zn2+,) (aq)     555 

Mc2-py + Mc3-py + Apy + fluids (Cu2+, Te-, Pb2+, Ni2+, Co2+, Bi+) (aq)    (2) 556 

It is interesting to note that trace elements enriched in Py4-py commonly occur as 557 

an isovalent substitution for Fe2+ in pyrite (e.g., Cu and Pb), while those depleted in 558 

Py4-py relative to Py3 either isovalently substitute for S- (Te, Se, and As; Deditius et al., 559 

2008) or Fe2+ with potential As involvement (Co and Ni; Yang and Downs, 2008). 560 

Trace elements such as Au, Ag, Tl, and Bi, which show coupled heterovalent 561 

substitution for Fe2+ with or without As, can display either relative enrichment (Ag 562 

and Bi) or depletion (Tl and Au) in Py4-py compared to Py3 (Eq. 1 – Fig. 6a). In 563 

contrast, trace elements enriched (e.g., Se, Sb, and As) and depleted (Cu, Pb, Bi, Co, 564 

and Ni) in the product zoned Mc3-py generally isovalently or heterovalently substitute 565 

for S- and Fe2+ in marcasite, respectively (Eq. 2 – Fig. 6b). 566 

Little is known about the potential relations between metal redistribution patterns 567 

in the replacement pyrite and marcasite and their elemental substitution mechanisms 568 

during replacement via dissolution and reprecipitation reactions. It has been suggested 569 

that mineral surfaces could become charged during chemical reactions at mineral-570 

solution interfaces (Stumm and Morgan, 1996). To reach electroneutrality between the 571 

mineral surface and solution, the charged surfaces attract ions of opposite charge and 572 

repels ions of similar charge (Smith, 1999). It is interesting to speculate if, to some 573 

extent, metal enrichment generally related to Fe2+ and S- substitutions in product 574 

pyrite (Py4-py) and marcasite (Mc3-py), respectively, were associated with the different 575 



 

charged reaction interfaces formed during the fluid-mediated replacement process. 576 

Changes in surface charge of iron sulfides has been suggested to be related to the 577 

changing pH in fluids (Widler and Seward, 2002; Qian et al., 2011). 578 

 579 

5.3. Drivers for replacement and overgrowth 580 

5.3.1. Pyrite replaced by pyrite 581 

When one phase is replaced by the same phase with a new composition, the 582 

substituted solid solutions in the parent phase tend to exsolve to reduce the strain 583 

energy, which enhances the surface reactivity and thus the dissolution rate (Geisler et 584 

al., 2007). Non-stoichiometric parent phases are likely have higher solubility in fluid 585 

than ideal stoichiometric end-member of the daughter phase, which drives dissolution 586 

and reprecipitation (Lippmann, 1980; Fougerouse et al., 2016). In addition, it has been 587 

proposed that arsenic enrichment in the pyrite lattice can effectively accelerate fluid-588 

mediated pyrite dissolution since the formation of sulfur vacancies preferentially 589 

proceeds in the vicinity of arsenic (Blanchard et al., 2007). LA-ICP-MS trace element 590 

analysis reveals the much higher contents of As (median 3115 ppm vs. 130 ppm As; 591 

Fig. 4a) plus other solid solutions (Te, Se, Zn, Co, Tl, Ni, Au, W, and As; Fig. 6a) in 592 

parent Py3 than product Py4-py. These high impurity concentrations provide a driver 593 

for replacement of Py3 by Py4-py during fluid infiltration. 594 

 595 

5.3.2. Pyrite replaced by marcasite  596 

It has been proposed that pyrite replacement textures and subsequent marcasite 597 

precipitation in sandstone-hosted uranium deposits and black shales result from 598 



 

oxidation and dissolution of pre-existing pyrite (e.g., Granger and Warren, 1974; 599 

Goldhaber et al., 1978, 1979; Reynolds et al., 1982; Schieber and Riciputi, 2005; 600 

Schieber, 2007, 2011). These reactions have been suggested to proceed mainly via 601 

Eqs. 4 – 7 (Goldhaber et al., 1978; Schieber, 2007): 602 

FeS2 (pyrite) + 3.5 O2 + H2O = Fe2+ + 2H+ + 2SO4
2-            (4) 603 

2FeS2 (pyrite) + 3.5 O2 + 3H2O = 2FeO (OH) + 4H+ + 4S2O3
2-   (5) 604 

nH+ + nS2O3
2- + 2H2S (aq) = 2H2Sn + nHSO3

-                (6) 605 

Fe2++ H2Sn
 = FeS2 (marcasite) +Sn-2

0 + 2H+                     (7) 606 

Experimental studies have demonstrated that marcasite precipitation is strongly 607 

favored over pyrite at pH<pK1 of the aqueous polysulfide species present (e.g., for 608 

H2S2, pK1 = 5, at 25°C; Murowchick and Barnes, 1986; Schoonen and Barnes, 1991; 609 

Murowchick, 1992; Benning et al., 2000). This pH-dependence is postulated to occur 610 

as a consequence of electrostatic interactions between polysulfide species and iron 611 

sulfides growth surfaces. Negative ions such as H2S
- and S2- are strongly attracted to 612 

the sites of pyrite growth, while the protonated ends of neutral polysulfide H2S2 and 613 

H2S
- favor marcasite (Tossell et al., 1981; Schoonen and Barnes 1991; Murowchick 614 

1992). Polysulfide aqueous species have been suggested to form by partial oxidation 615 

of aqueous H2S by chemically reactive sulfur species electron accepters (e.g., 616 

thiosulfate, Eq. 6) resulted from pre-existing pyrite oxidation reaction via Eq. 5 617 

(Goldhaber et al, 1979; Murowchick and Barnes, 1986). The increasing solubility of 618 

ferrous iron (Fe2+) derived from partial oxidation of pre-existing pyrite has been 619 

suggested to provide another factor favorable for marcasite precipitation (Eq. 7; 620 



 

Granger and Warren, 1974; Goldhaber et al., 1979; Schieber and Riciputi, 2005; 621 

Schieber, 2007, 2011).  622 

It has been proposed that formation of marcasite would also occur either at 623 

temperatures <220°C and pH<2.5 or where there is a deficiency of S2– under oxic or 624 

anaerobic conditions (Qian et al., 2011). At Daqaio, oxidation as a factor facilitating 625 

marcasite formation is favored over a deficiency of S2– and other S-bearing species 626 

(e.g., polysulfide aqueous species) in the hydrothermal ore fluids, because numerous 627 

marcasite veinlets formed, even during the late-ore stage (Fig. 2f) and the continued 628 

formation of sulfides is inconsistent with a deficiency of S-bearing species. Oxidation, 629 

on the other hand, is consistent with oxidation inferred from sulfur isotope evidence to 630 

have been induced by fluid phase separation during multistage brecciation (Wu et al., 631 

2018a). 632 

 633 

5.3.3. Insights from sulfur isotopes 634 

Marcasite deposition as a consequence of oxidation is also consistent with the 635 

sulfur isotopic variations observed at Daqiao deposit. A general trend of decreasing 636 

δ34S values obtained by both SIMS and LA-MC-ICP-MS is displayed from Py3 to Py4-637 

py, and then to Mc2-py and Mc3-py (Fig. 8). The distinct negative δ34S value of Mc3-py is 638 

also visible in the NanoSIMS profile, where the three Mc3-py peaks containing high Au 639 

and other trace elements are coincident with the positions of 34S depletion (Fig. 7h).  640 

Fluid oxidation has been commonly suggested to play a role in gold deposition 641 

and negative δ34S values in sulfides (e.g., Drummond and Ohmoto, 1985; Hodkiewicz 642 

et al., 2009; Tang et al., 2013; LaFlamme et al., 2018). Fractionation of heavy 34S into 643 



 

the oxidized sulfur species would lead to 34S depleted H2S in the residual ore fluid, 644 

and consequently pyrite and marcasite precipitated from the fluid post-oxidation 645 

would be characterized by decreased δ34S values relative to sulfides precipitated pre-646 

oxidation (Ohmoto, 1972). In addition, or alternatively, it has been proposed that 647 

isotopically light sulfur in marcasite from hydrothermal uranium deposits (-25‰–-648 

40‰) is derived from pre-existing pyrite (>0‰), remobilized via partial oxidation to 649 

soluble metastable sulfur oxyanions (Goldhaber et al., 1978; Reynolds et al., 1982). 650 

It is notable that the δ34S values for pyrite derived from SIMS or LA-MC-ICP-MS 651 

analysis are similar (Fig. 8; mean +4.6‰ vs. +5.2‰ for Py3; +2.9‰ vs. +3.4‰ for 652 

Py4-py), while those for marcasite, though showing the same trends, are different  653 

(+2.4‰ vs. +5.0‰ for Mc2-py; -1.3‰ vs. -9.7‰ for Mc3-py). Matrix effects during 654 

SIMS analysis may have contributed to this difference, given that the pyrite standard 655 

was applied to correct marcasite data. The crystallographically unmatched standard 656 

and analyte could cause mass bias during processes like secondary ion sputtering and 657 

ionization (Riciputi et al., 1998). Further work and standard development is needed to 658 

better elucidate the matrix effects during SIMS sulfur isotope analysis of marcasite. 659 

 660 

5.3.4. Genetic model for observed textures 661 

The textures described here are consistent with the genetic model proposed by Wu 662 

et al. (2018a), where the sulfide deposition and dissolution are related to multistage 663 

hydraulic fracturing. A pressure-driven genetic model for pyrite replacement at 664 

Daqiao deposit is tentatively proposed (Fig. 9). In the early-ore stage deep-seated 665 

fluids discharged from regional thrust faults stalled at the low-permeability Triassic 666 



 

turbidites resulting in sulfide disseminations of Py3 (Wu et al., 2018a). During 667 

deposition of subhedral auriferous Py3, ore fluids were probably reduced with pH >2.5 668 

(Fig. 9a; cf. Granger and Warren, 1974; Murowchick and Barnes, 1986; Qian et al., 669 

2011). Temperature is thought to have been between 100°C and 240°C based on 670 

microthermometry of fluid inclusions in the ore-related quartz from breccia ores (Xu 671 

et al., 2015). 672 

When fluid pressure exceeds the lithostatic load, accumulating shear stress creates 673 

extensive hydraulic fracture permeability (Sibson et al., 1988). Fracturing could have 674 

resulted in phase separation and partitioning of reduced H2S into the vapor phase to 675 

produce residual fluids enriched in more oxidized sulfur species (Ohmoto, 1972; 676 

Drummond and Ohmoto, 1985). 677 

With the evolution of ore fluids to a more oxidizing condition, pre-existing As-678 

rich Py3 started to dissolve, with reprecipitation of porous As-poor Py4-py. Some 679 

metals transferred from Py3 into porous Py4-py, others transferred into minor Cu-, Pb-, 680 

and As-bearing inclusions, while others were incorporated into metal-rich solutions 681 

that migrated within the system on some length scale (Fig. 9b). 682 

Further oxidation of ore fluids during hydraulic fracturing led to partial dissolution 683 

of the product Py4-py and formation of aqueous polysulfide species and then Mc2-py 684 

reprecipitation, under low pH (<2.5) and high Fe2+ solubility conditions (Fig. 9c). 685 

Mc2-py contains low concentrations of trace elements, plausibly because of high metal 686 

solubilities in the low pH environment. Elevated concentrations of metals may have 687 

been present in the interfacial solutions, since the presence of small pores and a high 688 



 

proportion of fluids are thought to stabilize metals in solution at concentrations that 689 

would be considered metastable in a free fluid (Putnis et al., 1995; Putnis and Mauthe, 690 

2001). Further brecciation and subsequent rapid fluid-pressure fluctuations may have 691 

resulted in oxidation and/or an immediate reduction in threshold supersaturation 692 

(Putnis et al., 1995). Either of these processes could trigger precipitation of the fine 693 

Mc3-py enriched in gold and other trace elements but depleted in 34S (Fig. 9c).  694 

The cyclic pressure fluctuations during this stage caused cycling precipitation 695 

between Mc2-py and Mc3-py, leading to the complex-zoned Mc3-py within Mc2-py (Fig. 696 

9c). A similar mechanism has been proposed to explain repeated high-Au negative 697 

δ34S zones within individual pyrite crystals in Porgera porphyry-epithermal gold 698 

deposit, Papua New Guinea, which is thought to have formed via episodic rapid 699 

pressure release due to fault failure (Peterson and Mavrogenes, 2014). 700 

During wall-rock readjustment after hydraulic fracturing, coarse-grained Mc2-py 701 

euhedra, growing from ore fluids, started to overgrow on the outside of replacement 702 

pyrite and marcasite aggregates (Fig. 9d; Sibson, 1987). After the hydrothermal 703 

deposition and sealing of the fractures, fluid pressure rebuilds and the hydraulic 704 

fracturing cycle repeats.  705 

 706 

5.4. Implications for gold redistribution in fault-valve regime 707 

Fluid cycling related to multistage hydraulic fracturing at the Daqiao gold deposit 708 

is consistent with cyclic fluid fluctuations triggered by fault-valve behavior as 709 

reported in other brittle to ductile hydrothermal systems (e.g., Sibson, 1987; Sibson et 710 



 

al., 1988; Cox, 1995; Robert et al., 1995; Wilkinson and Johnston, 1996). Brittle 711 

rheological systems caused by earthquake rupturing and associated zones of 712 

brecciation have long been recognized as channels for fluid flow and as sites for high-713 

level (1–2km) hydrothermal systems (Phillips, 1972; Sibson, 1987).  714 

Epizonal orogenic gold mineralization (<6 km) in metamorphic belts, especially 715 

high-grade breccia ore shoots, has been proposed to record a history of incremental 716 

extensional opening and hydrothermal recementation (Hagemann et al., 1992; Gebre-717 

Mariam et al., 1995). Mineral deposition in the extensional zones is thought to be 718 

triggered by fluid fluctuations and boiling revealed by fluid inclusion 719 

microthermometry and critical stress analyses (e.g., Phillips, 1972; Sibson, 1987; Li et 720 

al., 2002; Ostapenko and Neroda, 2007). Thermodynamic modelling reveals that 721 

removal of H2S from ore fluids into vapor phase during boiling lowers the total 722 

activity of sulfur in ore fluids, which destabilizes gold-bisulphide complexes and 723 

leads to gold deposition (Williams-Jones et al., 2009).  724 

However, few previous studies have focused on the sequence of hydrothermal 725 

events, sulfide replacement and related metal redistribution in episodically evolving 726 

hydrothermal systems. Exceptions include a LA-ICP-MS in-situ sulfur isotope study 727 

of ore-related pyrite in dilational structures from orogenic gold deposits, Yilgarn 728 

Craton, where negative δ34S values were suggested to be a result of fluid-pressure 729 

fluctuations associated with fault-valve cycling (Hodkiewicz et al., 2009). In a later 730 

study, Rottier et al. (2016) proposed that a progressive increase of fS2, fO2, and pH in 731 

ore fluids from epithermal systems in Peru, drove replacement of pyrrhotite and 732 



 

arsenopyrite by marcasite and pyrite via a dissolution-reprecipitation mechanism 733 

associated with systematic redistribution of trace elements. At the Daqiao deposit, a 734 

combination of LA-ICP-MS, SIMS and NanoSIMS analyses record the micron- to 735 

nano-scale, complex-zoned redistribution and re-enrichment of gold plus other trace 736 

metals during a two-step replacement process related to multistage hydraulic 737 

fracturing.  738 

The results emphasize the key role of brittle rheological regimes caused by the 739 

fault-valve activity not only in gold deposition, but also in redistribution and re-740 

enrichment of gold and other metals in high-level hydrothermal gold systems 741 

worldwide. If, as we suggest, ore fluids in these hydrothermal systems began to 742 

partially oxidize during abrupt pressure decreases and fluctuations associated with 743 

hydraulic brecciation, pre-existing auriferous pyrite could dissolve and form zoned 744 

gold-rich marcasite. Complex zoning in marcasite indicate that this replacement is 745 

controlled by episodic processes, plausibly, such as infiltration of hydrothermal fluids 746 

in response to pressure variation.  747 

 748 

6. CONCLUSIONS 749 

Detailed microscopic observations as well as the geochemical data presented in 750 

this study indicate that the replacement of auriferous pyrite at the Daqiao epizonal 751 

orogenic deposit mainly proceeded via a two-step dissolution and reprecipitation 752 

replacement process plus additional marcasite overgrowth. 753 

Results of LA-ICP-MS and NanoSIMS analyses suggest that gold and other trace 754 



 

elements (Te, Se, Zn, Co, Tl, Ni, W, and As) originally incorporated in parent Py3 are 755 

partly expelled and remobilized during replacement by porous Py4-py. Other metals 756 

(Cu, Sb, Ag, Pb, and Bi) mainly occurring as mineral inclusions, show enrichment in 757 

Py4-py. In the replacement of Py4-py by aggregates of Mc2-py, Mc3-py and minor 758 

arsenopyrite, Mc2-py is deficient in metals, while metals (W, Tl, Au, As, Sb, Ag, Se, 759 

and Zn) are enriched in zoned Mc3-py.  760 

The textures observed at Daqiao deposit provide a record of evolving fO2 and pH 761 

in ore fluids. Four steps are proposed for the process of replacement and precipitation 762 

of various sulfides and sulfarsenides: (1) Py3 precipitation; (2) partial dissolution of 763 

Py3 and reprecipitation of Py4-py with metal redistribution under increasing fO2; (3) 764 

partial dissolution of Py4-py with reprecipitation of metal-poor Mc2-py and cyclic 765 

reprecipitation of metal-rich zoned Mc3-py plus minor arsenopyrite via a reduction in 766 

threshold supersaturation; and (4) overgrowth of Mc2-py.  767 

Similar to findings elsewhere, episodically pressure-driven hydrothermal 768 

movement in brittle rheological zones triggered by fault-valve behavior is thought to 769 

be critical in the formation of the Daqiao epizonal orogenic gold deposit. This study 770 

further quantitatively emphasizes the pressure-driven process plays a key role in the 771 

micron- to nano-scale, complex-zoned redistribution and re-enrichment of gold and 772 

other metals during the replacement of auriferous pyrite.  773 
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 1053 

Figure and table captions 1054 

Fig. 1. (a) A simplified map showing tectonic division of the Qinling Orogen. Also 1055 

shown are the major faults, gold deposits and the location of Daqiao (modified from 1056 

Wu et al., 2018a). The insert indicates the location of the West Qinling Orogen in 1057 

China. (b) Geology of the Daqiao gold deposit. 1058 

Fig. 2. Photographs illustrating textures of breccia ores of the Daqiao gold deposit. (a) 1059 

Typical auriferous silicified tectonic breccia A. (b) Fine-grained pyrite (Py) and 1060 

marcasite (Mc) disseminations in silicified tectonic breccias A. (c) Hydraulic 1061 

limestone breccias cemented by coarse calcite (Cc) veins. (d) Multistage hydraulic 1062 

brecciation first cemented by quartz (Qz) and then by calcite. (e) Black silicified 1063 

breccia A cemented by quartz and sulfides forming breccia B and then filled with 1064 



 

calcite-chalcedony (Cal)-marcasite matrix (breccia C). (f) Late-ore stage marcasite-1065 

calcite veinlets in altered slate. 1066 

Fig. 3. Typical textures and overprinting relationships of different generations of 1067 

pyrite and marcasite at Daqiao deposit. (a-d) Inclusion-free, zoned pyrite (Py3) is 1068 

surrounded by porous pyrite (Py4-py) plus minor chalcopyrite (Ccp), galena (Gn), and 1069 

arsenopyrite (Apy) inclusions. Note the sharp and curvilinear interfaces among them 1070 

(contacts marked with yellow lines). (e and f) Py4-py borders Py3 and is also present in 1071 

Py3 microfractures and interstitial spaces between Py3 grains; Py4-py is in turn 1072 

bordered by aggregates of marcasite (Mc2-py and Mc3-py; contact marked by red lines). 1073 

(g and h) Marcasite (Mc2-py and Mc3-py) containing irregular Py4-py inclusions shows 1074 

similar external morphology with euhedral Py4-py grains. (i) Marcasite (Mc2-py and 1075 

Mc3-py) and arsenopyrite (Apy) veinlets and inclusions in porous Py4-py that presents in 1076 

the microfractures and margins of Py3. (j) Close-up of intergrowth of marcasite and 1077 

Apy inclusions. (k) Mc2-py and Mc3-py are characterized by a bimodal grain size 1078 

distribution with a fine and a coarse grained domain (contact marked by white lines) 1079 

bordering porous Py4-py. (l) Bright zoned Mc3-py, Apy and Mc2-py euhedras occurs as 1080 

aggregates surrounding Py4-py in the fine-grained domain. (m) Bright, sub-micron 1081 

sector and cyclic bands of Mc3-py in Mc2-py. Scale bar is 30 μm. 1082 

Fig. 4. Diagrams showing results of LA-ICP-MS spot analysis on the different 1083 

generations of pyrite and marcasite. (a) Au-As. (b) Au-Ag. (c) Cu-Zn. (d) Sb-Tl. (e) 1084 

Co-Ni. (f) Pb-Bi. 1085 

Fig. 5. (a and b) Comparisons of typical sulfide textures involving co-existing Py3, 1086 

Py4-py and marcasite (Mc2-py and Mc3-py) under reflected microscopy and SEM. (c and 1087 

d) LA-ICP-MS profiles showing the trace element variations across different sulfides 1088 

as shown on (a) and (c), respectively. 1089 

Fig. 6. Spider diagrams illustrating the gain and loss of trace elements during the Py3 1090 

(a) and Py4-py (b) replacement processes. 1091 

Fig. 7. NanoSIMS ion maps (b-g) from the boxed area of sulfide aggregate (a) of 1092 



 

sulfur (34S), copper (63Cu32S), nickel (60Ni32S), arsenic (75As32S), antimony (123Sb), 1093 

and gold (197Au) showing the trace element distribution during pyrite replacement, 1094 

and line profile (h) showing the trace element variation patterns.  1095 

Fig. 8. Box figure (a) and histogram (b) showing the variation of δ34S values of 1096 

different generations of pyrite and marcasite involved in the pyrite replacement. 1097 

Fig. 9. Schematic diagram of the pressure-driven two-step replacement process of 1098 

pyrite, subsequent marcasite overgrowth and associated remobilization of gold and 1099 

other trace metals at the Daqiao gold deposit. See text for explanations. 1100 
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Table 1. Comparison between diagnostic features of dissolution and 1148 

reprecipitation, overgrowth, solid-state 1149 

Main 

features 

Dissolution and 

reprecipitation 
Overgrowth Solid-state diffusion 

Sulfide textures at Daqiao gold 

deposit 

Preservation 

of external 

morphology 

tight (dissolution-

limiting) or rough 

(reprecipitation-

limiting) preservation 

of external 

morphology of parent 

phase 

overgrowth phase 

coarsens the 

external 

morphology of pre-

existing phase 

preservation of 

external morphology 

of parent phase 

some aspects of preservation of 

external morphology of Py3 and 

Py4-py 

Phase 

boundary 

distinct and sharp 

interface between 

parent and product 

phases 

sharp interface 

between pre-

existing and 

overgrowth phase 

compositional  

diffusion gradients 

caused by ion 

exchange in both 

parent and product 

phases 

distinct and sharp interfaces even 

at sub-micron scale 

Porosity 

numerous permeable 

pores and cracks 

within product phase 

few pores in 

overgrowth phase; 

pores exist during 

rapid growth 

few pores within 

product phase 

numerous pores within Py4-py, 

aggregates of Mc2-py and Mc3-py; 

few pores in coarse-grained Mc2-py  

Mineral 

inclusion 

numerous mineral 

inclusions in product 

phase 

existence or absence 

of inclusions 

absence of 

inclusions 

chalcopyrite, galena, and 

arsenopyrite inclusions within Py4-

py; arsenopyrite inclusion within 

aggregates of Mc2-py and Mc3-py 

Existence of 

fluid 

fluid-involved open 

system 

fluid-involved open 

system 

dry and closed 

system 

episodic infiltration of deep-seated 

hydrothermal fluids 

Temperature 
low to high 

temperature 

low to high 

temperature 

high temperature 

(e.g., 425–500 °C) 
low temperature  (< 240 °C) 

Reaction 

rate 

rapid (e.g., several 

hours) 

rapid (e.g., several 

hours) 

extremely slow (e.g., 

millions of years) 

relative rapid related to hydraulic 

fracturing 
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Table 2. Summarized LA-ICP-MS analyses of different generations of pyrite and marcasite involved in the pyrite replacement from the 1154 

Daqiao gold deposit. 1155 

Iron 

sulfides Co Ni Cu Zn As Se Ag Sb Te W Au Tl Pb Bi 

Py3 (n = 

49)               

Median 35.6 138.8 4.3 3.0 3115.1 54.4 0.2 10.0 0.2 0.9 0.53 4.4 12.8 0.2 

Min b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 2.9 b.d.l. 

Max 1805.7 1679.2 905.3 511.6 87443.9 464.5 52.3 3172.9 18.5 15.4 107.01 227.2 791.1 29.3 

Py4-py (n = 33)                           

Median 13.0 46.5 53.0 1.2 130.2 36.5 1.3 70.6 0.2 0.1 0.09 1.6 40.4 0.6 

Min b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 2.9 b.d.l. 

Max 190.2 3949.7 8730.3 1246.8 8031.4 124.4 78.0 1999.8 20.1 7.4 89.85 238.0 2163.7 166.3 

Mc2-py  (n = 44)                           

Median 0.2 1.3 2.9 7.4 21.4 10.1 1.0 19.1 0.0 8.8 0.08 2.3 1.0 0.0 

Min b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 2.9 b.d.l. 

Max 226.3 809.7 250.9 856.7 3028.4 131.3 17.1 514.1 6.6 462.7 5.06 167.3 151.4 1.9 

Mc3-py (n = 40)                           

Median 1.3 9.7 46.5 3.9 2578.2 142.4 8.9 824.2 0.1 33.2 5.82 104.1 21.4 0.0 

Min b.d.l. b.d.l. b.d.l. b.d.l. 19.4 3.6 b.d.l. 3.2 b.d.l. b.d.l. b.d.l. 0.5 2.9 b.d.l. 

Max 114.5 872.0 415.2 519.4 12726.5 427.6 815.6 4369.8 9.2 92.7 62.86 1049.6 720.7 6.5 
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Table B.1. LA-ICP-MS analyses of different generations of pyrite and marcasite involved in the pyrite replacement from the Daqiao gold 1160 

deposit 1161 

Sample no. 
 Analysis 

no. 

 Iron 

Sulfide

s 

Co Ni Cu Zn As Se Ag Sb Te W Au Tl Pb Bi 

DQ391-1 DQ391-1 

Py3 

13.82  273.92  4.27  0.67  3133.08  78.99  0.06  4.65  0.19  0.01  0.02  0.07  7.79  0.63  

DQ391-2 DQ391-2 93.64  150.49  32.39  6.03  5729.82  70.28  0.21  42.80  0.04  0.04  0.06  1.06  54.32  0.66  

DQ447-1 DQ447-1 1.19  12.74  

103.8

3  6.26  

21746.8

9  

283.6

4  4.74  126.27  0.00  0.93  10.05  2.38  18.67  0.00  

DQ447-2 DQ447-2 5.28  138.83  72.46  3.00  5026.65  50.27  10.15  463.18  0.28  5.22  3.16  31.28  74.69  0.05  

DQ462-1 DQ462-1 15.17  610.84  5.79  0.46  6516.35  1.66  0.11  6.93  0.15  2.52  0.17  0.01  6.60  0.29  

DQ462-2 DQ462-2 

258.0

2  

1225.8

2  99.13  1.66  9392.46  2.58  4.78  67.72  0.90  0.17  1.28  0.22  45.02  0.27  

DQ445-1 DQ445-1 52.26  261.61  54.85  14.62  1816.96  52.50  16.51  709.33  0.00  1.75  10.90  130.88  34.44  0.10  

DQ-107-3 DQ-107-3 0.55  8.64  29.54  45.23  2010.46  1.53  12.26  67.59  0.00  2.84  0.42  28.06  2.59  0.02  

DQ-282-1 DQ-282-1 55.91  102.28  11.80  0.73  225.38  42.10  0.24  4.54  0.23  0.00  0.14  0.03  20.08  7.12  

DQ-291-2 DQ-291-2 7.23  54.87  

342.4

9  1.15  4812.63  54.37  18.17  190.31  0.11  0.80  10.93  12.22  41.00  0.60  

DQ-291-5 DQ-291-5 12.43  26.63  

195.2

9  1.82  3317.96  33.93  19.67  311.23  0.10  0.40  5.21  24.85  73.26  0.31  

DQ-383-1 DQ-383-1 

970.4

9  392.25  0.24  0.26  1637.62  77.07  0.07  0.82  0.00  0.03  0.04  0.04  1.46  0.29  

DQ-288-1 DQ-288-1 82.12  542.62  

113.6

6  12.26  4215.92  71.85  13.33  596.29  1.87  1.20  4.95  40.76  63.44  4.24  

DQ-288-2 DQ-288-2 91.71  448.34  

513.1

8  36.41  

10967.8

7  

126.9

8  52.30  

3172.8

7  4.04  2.67  33.66  164.63  569.17  19.53  

DQ-379-3 DQ-379-3 

144.8

4  543.93  0.29  0.20  2565.18  31.31  0.03  0.73  0.18  0.03  0.00  0.00  1.30  1.09  

DQ-379-6 DQ-379-6 78.10  379.20  

282.7

6  3.32  3143.03  13.94  7.51  190.74  7.05  0.15  2.32  19.31  178.00  29.27  



 

DQ-379-7 DQ-379-7 74.25  

1248.6

1  

905.3

1  62.21  3827.86  20.95  3.96  68.64  3.08  0.37  0.30  13.86  10.87  11.83  

DQ-395-1 DQ-395-1 90.72  326.78  18.01  7.48  1472.57  6.48  0.21  44.53  0.19  8.73  0.01  4.36  791.14  5.22  

DQ-477-1 DQ-477-1 0.91  23.86  98.45  1.27  

22624.4

9  

458.3

1  3.59  30.53  6.03  0.01  2.99  1.93  37.65  0.02  

DQ-477-2 DQ-477-2 

160.4

9  649.19  98.77  1.23  

13345.5

2  

464.4

6  6.38  120.69  8.34  1.35  1.67  0.46  203.38  0.40  

DQ-477-3 DQ-477-3 3.37  123.42  88.52  1.90  

16560.8

7  

437.3

9  6.73  96.55  5.31  12.70  2.46  1.55  65.31  0.07  

DQ-198-1 DQ-198-1 4.79  153.74  

346.9

6  4.71  5584.95  

139.4

6  1.59  503.80  0.06  9.79  16.13  29.73  41.15  0.21  

DQ-198-7 DQ-198-7 35.55  137.14  

682.3

8  4.31  7613.33  

122.0

5  28.73  

1944.0

6  0.06  1.07  

107.0

1  227.24  77.82  0.17  

DQ403-1 DQ403-1 

Py4-py 

3.79 46.45 13.95 62.12 43.79 3.66 0.05 342.66 0 0 0.42 1.58 6.41 0 

DQ429-2 DQ429-2 22.16 138.49 57.5 0.47 2.13 27.34 1.57 206.54 0.3 0.02 0.07 1.41 511.58 1.79 

DQ445-2 DQ445-2 55.76 213.94 53.06 9.31 489.15 11.63 4.77 99.46 0.04 4.91 0.9 10.3 237.58 1.43 

DQ445-3 DQ445-3 45.81 337.63 98.21 3.36 365.51 3.19 8.34 126.99 0.34 0.14 0.26 7.39 317.18 4.47 

DQ-282-2 DQ-282-2 13.71 62.87 1.5 0.38 57.7 61.9 0.04 0.14 0.37 0 0.01 0.01 0.81 0.6 

DQ-291-4 DQ-291-4 8.29 33.95 

183.6

1 1.41 2642.29 52.93 20.86 473.36 0 6.2 2.91 30.33 77.74 0.67 

DQ-383-2 DQ-383-2 1.93 137.9 53.27 1.88 71.36 3.99 1.34 70.56 0 0.51 0.12 11.82 70.18 0.57 

DQ-263-1-

1 

DQ-263-1-

1 

173.9

2 362.17 9.08 0.12 0.32 34.04 0.89 46.19 1.15 0 0.08 0.02 177.76 4.15 

DQ-263-1-

2 

DQ-263-1-

2 77.51 300.39 

118.6

7 1.07 13.04 37.08 9.32 

1126.5

2 2.24 0 1.56 0.12 

2163.7

1 

166.3

2 

DQ-263-2-

3 

DQ-263-2-

3 

145.2

7 

3949.7

3 

8730.

3 20.25 2.53 37.24 40.03 6.66 0 0.01 0.09 0.05 189.01 3.48 

DQ-263-2-

4 

DQ-263-2-

4 0.17 2.35 5.14 0.07 0 35.88 0.36 0.05 0.12 0 0 0 7.42 0.39 

DQ-355-1 DQ-355-1 4.13 8.01 10.14 0.85 662.86 50.3 0.18 9.77 0 0.19 0.01 0 49.03 0.35 

DQ-355-2 DQ-355-2 0.29 3.79 36.98 77.64 838.79 25.88 0.29 38.33 0.21 0.25 0.01 0.01 151.2 1.4 

DQ-198-6 DQ-198-6 85.03 269.03 536.5 5.15 6901.95 102.1 22.49 1999.7 0.01 3.59 89.85 237.96 156.82 0.23 



 

3 7 

DQ382-1 DQ382-1 94.81 111.14 35.84 0.37 4416.88 59.77 0.7 97.31 

20.0

8 0.08 0.4 4.79 75.57 77.78 

DQ382-2 DQ382-2 76.88 281.83 94.8 0.99 1063.69 47.1 2 90.21 0.96 1.02 0.23 3.9 14.13 3.53 

DQ403-2 DQ403-2 

Mc2-py 

1.58 25.95 5.8 

230.9

4 0.16 3.48 0.04 18.98 0 0 0 0.24 0.86 0 

DQ429-1 DQ429-1 1.1 28 25.72 2.11 38.37 8.03 0.26 3.04 0.04 3.7 0.1 33.47 0.6 0 

DQ462-3 DQ462-3 50.56 157.41 

156.2

9 

101.7

9 524.79 2.13 14.3 272.52 0.05 

462.7

2 0.01 11.69 151.43 0.02 

DQ-107-2 DQ-107-2 0.04 1.06 12.45 29.84 1701.41 2.96 8.53 42.76 0 0.31 0.23 49.36 1.5 0.01 

DQ-395-2 DQ-395-2 0.22 0.37 30.07 5.25 273.27 2.67 0.07 97.74 -0.05 25.78 0.11 28.84 19.9 0.05 

DQ-198-9 DQ-198-9 0.39 1.5 20.42 8.59 2393.31 

131.2

9 1.35 131.92 0.16 83.28 5.06 9.62 8.52 0.08 

DQ-208-1 DQ-208-1 0 1.06 5.11 45.49 253 5.93 16.05 362.55 0 12.81 0.23 4.13 1.03 0 

DQ-208-5 DQ-208-5 0 0.03 0.59 28.98 169.59 55.48 3.3 455.01 0 36.69 0.12 72.8 0.54 0 

DQ-208-7 DQ-208-7 0.02 0.62 3.02 1.02 8.38 1.54 17.14 11.77 0 0.25 0.08 3.47 0.26 0 

DQ-209-2 DQ-209-2 0.12 0.04 0.26 17.16 132.45 83.68 4.47 514.05 0.08 10.75 0.12 55.22 1.86 0 

DQ-209-3 DQ-209-3 0 0 0.26 6.12 137.68 20.19 5.59 31.53 0 7.15 0.07 5.62 0.79 0.01 

DQ-209-4 DQ-209-4 0.01 0 1.66 2.41 357.02 12.09 4.65 118.87 0 10.52 0.71 44.57 3.96 0 

DQ-379-1 DQ-379-1 

203.2

5 596.71 9.36 0.16 2176.12 20.69 0.86 19.34 0.23 0 0.09 4.32 11.13 1.9 

DQ-379-2 DQ-379-2 

226.3

2 809.66 4.15 0.44 3028.36 28.75 0.85 12.15 0.19 0.03 0.11 1.28 15.17 1.45 

DQ-107-1 DQ-107-1 

Mc3-py 

1.55 15.18 42.48 36.28 1758.77 3.58 19.97 49.73 0.1 10.38 0.89 33.53 7.36 0.19 

DQ-282-3 DQ-282-3 0 7.07 

367.6

4 2.69 2437.23 149.9 9 

1550.6

5 0.55 45.55 0.76 131.23 28.7 0.02 

DQ-291-3 DQ-291-3 13.2 180.75 86.65 2.06 4625.02 37.09 29 868.37 0.49 33.19 10.87 54.66 197.2 6.51 

DQ-291-1 DQ-291-1 1.22 67.46 

112.4

3 2.26 4749.37 96.33 29.12 

1097.3

3 0.17 44.49 7.79 55.91 104.53 1.13 

DQ-383-3 DQ-383-3 0.11 94.26 

244.0

8 0.99 3240.15 60.72 1.28 500.18 0.28 18.69 2.29 74.14 33.91 0.1 



 

DQ-379-4 DQ-379-4 

108.2

7 172.8 

415.1

6 3.18 5009.62 36.02 18.95 511.5 1.19 3.52 8.46 155.61 11.03 1.89 

DQ-379-5 DQ-379-5 2.67 436.92 

148.1

3 2.49 2728.77 18.53 20.48 387.49 0.49 3.29 6.11 100.41 52.27 2.25 

DQ-198-2 DQ-198-2 2.11 60.22 

300.8

8 2.48 

12726.4

7 

301.5

8 4.98 

1389.2

7 0.01 5.6 52.61 123.55 43.51 0.25 

DQ-198-3 DQ-198-3 1.44 68.41 

290.6

1 2.2 

10708.1

4 241.6 2.87 852.11 0 17.25 62.86 62.47 23.74 0.16 

DQ-198-4 DQ-198-4 1.54 53.2 

160.0

2 3.94 

12217.5

7 

305.0

5 7.16 1610.6 0.06 35.97 48.47 106.05 39.51 0.36 

DQ-198-5 DQ-198-5 3.35 78.79 

144.7

4 3.55 

10934.0

2 275.2 7.51 1640.6 0.01 70.96 40.81 102.19 45.99 0.34 

DQ-198-8 DQ-198-8 

114.4

9 871.95 

216.5

3 19.32 7870.94 

109.0

9 8.82 

2174.4

7 0.33 32.76 44.89 86.41 389.78 1.62 

DQ-198-10 DQ-198-10 1.31 4.31 34.43 11.02 3866.47 

118.7

1 1.58 213.79 0 92.68 10.55 15.19 22.78 0.15 

DQ-198-11 DQ-198-11 1.05 3.4 46.69 6.88 5711.13 310.1 2.61 415.07 0 38.61 13.06 25.44 42.17 0.19 

DQ-208-2 DQ-208-2 0.08 0.35 27.95 28.16 2719.1 108.5 

577.1

3 

4369.7

7 0.18 51.7 7.96 902.78 4.76 0.02 

DQ-208-3 DQ-208-3 0.02 0.89 38.49 15.73 7836.08 

216.1

8 

549.5

9 

3085.0

7 0 28.72 45.05 786.7 2.47 0 

DQ-208-4 DQ-208-4 0.05 0.62 46.25 

107.2

5 6736.69 

142.3

6 815.6 

4225.7

2 0.04 46.52 50.68 

1049.5

9 4.51 0 

DQ-208-6 DQ-208-6 0.09 9.6 49.3 28.79 7690.66 

427.6

3 

617.3

6 

3461.3

9 0.1 63.73 22.48 868.16 13.65 0.02 

DQ-209-1 DQ-209-1 0.48 5.89 37.35 21.49 6279.67 

189.0

9 

409.8

8 

1945.3

3 0 3.89 32.23 442.71 35.95 0.03 
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Table B.2. SIMS in situ sulfur isotope compositions of different generations of 1163 

pyrite and marcasite involved in the pyrite replacement from the Daqiao gold 1164 

deposit 1165 

Analysis no.  Iron Sulfides δ34S‰ VCDT 2s 

DQ198-1  

Py3 

2.9 0.02  

DQ198-7 2.5 0.02  

DQ291-1 4.1 0.02  

DQ291-3 4.0 0.03  

DQ383-1 1.9 0.02  

DQ379-5 2.3 0.02  

DQ395-2 9.0 0.03  

DQ477-1 5.3 0.02  

DQ477-2 5.5 0.02  

DQ477-3 5.3 0.02  

DQ477-4 5.3 0.03  

DQ477-5 6.0 0.03  

DQ477-6 5.5 0.03  

DQ198-6 

Py4-py 

4.3 0.02  

DQ291-4 1.7 0.02  

DQ383-2 2.1 0.02  

DQ383-3 2.9 0.02  

DQ379-2 3.8 0.02  

DQ198-8 

Mc2-py 

1.1 0.02  

DQ198-10 3.2 0.02  

DQ208-1 3.0 0.03  

DQ208-2 3.7 0.03  

DQ208-3 2.3 0.01  

DQ208-6 2.9 0.03  

DQ291-5 2.1 0.03  

DQ291-6 3.3 0.02  

DQ383-4 2.9 0.02  

DQ379-1 2.3 0.02  

DQ379-3 3.2 0.03  

DQ379-6 2.1 0.02  

DQ395-1 -0.9 0.05  

DQ198-2 

Mc3-py 

1.3 0.03  

DQ198-3 -1.6 0.04  

DQ198-4 0.9 0.03  

DQ198-5 1.2 0.02  

DQ198-9 2.2 0.02  

DQ198-11 1.4 0.02  

DQ198-12 1.4 0.02  

DQ198-13 1.5 0.02  

mailto:DQ198@1


 

DQ198-14 1.0 0.03  

DQ208-4 2.0 0.02  

DQ208-5 -4.1 0.05  

DQ208-8 -8.0 0.09  

DQ208-7 -11.4 0.14  

DQ291-2 0.9 0.02  

DQ379-4 -10.0 0.02  

DQ379-7 -0.1 0.08  
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