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Abstract

The Shuiyindong Carlin-like gold deposit, the largest one of this type in China, is located in the Late Paleozoic—Early Mesozoic
Youjiang basin. The pyrites in the studied ore bodies (No. I to V) can be divided into four main types plus several sub-types: (1) As-
poor pyrites include Pyl (Pyla and Pylb), Py2, and Py3; and (2) As-rich pyrite Py4 (Py4a and Py4b). In situ LA-ICP-MS analyses
show that the As-rich pyrite also contains higher Au, Cu, Sb, and TI than the other pyrite types. In situ NanoSIMS analyses show the
534S variation of Pyl (48.1~67.5%0), Py2 (2.4~7.6%0), Py3 (9.2~14.2%o¢), and Py4 (— 3.0~6.6%o), with the average values of 58.1%o,
5.1%o, 11.4%0, and 3.1%, respectively. The large 6>*S variations of As-poor pyrites may reflect a sedimentary source. However, the
narrow ranges of 5>*S values for the As-rich pyrite (Py4) may not reflect a sedimentary but a magmatic or metamorphic origin. A
metamorphic sulfur source of Py4 is favored due to paucity of coeval magmatism in the region and decreasing variations of 5°*S values
from Pyl to Py4. Integrated transmission electron microscope (TEM) and NanoSIMS element mapping show that the distribution and
concentration of Au are discordant with As and Cu at the submicron scale, also implied by the occurrence of some of Au as nano-
submicron particles in Py4. Overall, our new data indicate that the ore fluids were not only enriched in Au but also in As, Cu, and S.
Taking an alternative of fluid oxidation probably resulting in the decreasing 5°*S values of Py4, our result of I to V orebodies indicates
the mixing between the underlying metamorphic fluid and meteoric water. Integrated variations in 5**S and As-Au-Cu correlations
across individual pyrite grains infer the physicochemical changes of aqueous and/or aqueous-carbonic fluids along migration paths.

Keywords Shuiyindong Carlin-like gold deposit - Pyrite - NanoSIMS and LA-ICP-MS analyses - Sulfur isotopes - Trace element
compositions

Introduction

As a significant type of gold deposits worldwide, Carlin-like gold
deposit (CLGD) is best known in northern Nevada, the USA,
— . - and southwestern China (Archart 1996; Hofstra and Cline 2000;
Editorial handling: S.-Y. Jiang Hu et al. 2002, 2017a, b; Su et al. 2009a, b, 2018 and references
Electronic supplementary material The online version of this article therein). The CLGDs in China and Nevada have many similar-
(httpsz//doi.o_rg/lAO.100A7/s00126—019—(4)0929—w) contains supplementary ities and differences in mineral assemblages, tectonic settings,
material, which is available to authorized users. . . .

geologic processes, alteration types, paragenetic sequences, and
physical-chemical conditions of mineralization (Ashley et al.
1991; Zhang 1998; Hu et al. 2002; Hofstra et al. 2005; Peters
et al. 2007; Su et al. 2009a, 2018; Cline et al. 2013). In south-
. western China, the CLGDs are mainly distributed in a “Golden
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China (Fig. 1). Most of the large ones are present in the Guizhou
2 College of Earth and Planetary Sciences, University of Chinese Province, such as the Shulylndong ?md Lannigou gold deposits
Academy of Sciences, Beijing 100049, China (Zhang et al. 2003; Xiao 2012; Cline et al. 2013; Chen et al.
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Fig. 1 Simplified geologic map showing the distribution of sediment-
hosted disseminated Au deposits in the Youjiang basin (modifed from
Chen et al. 2012, 2015b; Hou et al. 2016; Nevolko et al. 2017). F1:

2015a, b; Hu et al. 2017a), hosted in Late Paleozoic and Early
Mesozoic sedimentary rocks in the southwestern margin of the
Yangtze craton (Su et al. 2009b). Based on ore geometry, host
lithology, and controlled structure, some researchers have further
divided the CLGD:s in this region into strata-bound type, such as
the Shuiyindong gold deposit, and fault-bound type controlled by
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Honghe Fault; F2: Panxian-shizong Fault; F3: Ziyun-du’an Fault; F4:
Pingxiang Fault; F5: Youjiang Fault; F6: Poping Nappe Structure

high-angle reverse faults, such as the Lannigou gold deposit (Fig.
1; Liu and Liu 2005; Guo and Zhou 2006; Chen et al. 2015b; Tan
etal. 2015a,2017). CLGDs in this region share similar wall-rock
alterations to the classic CLGDs in Nevada, such as
decarbonatization, silicification, argillization, carbonatization,
sulfidation, or pyritization (Hofstra and Cline 2000; Cline et al.
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2005). They are generally low temperature (< ~250 °C), low to
moderate salinity (< 6 wt% NaCl equiv), low to moderate CO,
abundance, rich in H,S, and relatively reduced condition for the
ore-forming fluids (Hu et al. 2002).

Many attempts have been made to determine the mineraliza-
tion age of CLGD:s in this region (Fig. 1). For example, the
sericite in the quartz veins of the Lannigou gold deposit yielded
a At/ Ar plateau age of 194.6 +2 Ma (Chen et al. 2009a). The
hydrothermal rutile and sericite from the Zhesang gold deposit in
the region yielded the **Ar/*’Ar and SIMS U-Pb ages of 215.3 +
1.9 Ma and 213.6 + 5.4 Ma, respectively (Pi et al. 2016, 2017).
The hydrothermal apatite from the Nibao gold deposit yielded
the SIMS Th-Pb age of 141 + 3 Ma (Chen et al. 2019). The
hydrothermal calcite from the Zimudang gold deposit yielded
the Sm-Nd age of 148 + 5 Ma (Wang 2013). Based on the
relatively reliable ages, there might be two episodes of gold
mineralization in the region, one about 200-230 Ma in the south-
ern basin and another about 130-150 Ma in the northern basin,
corresponding to Indosinian and Yanshanian orogeny (Hu et al.
2017a; Su et al. 2018).

The age, geology, and style of mineralization of the
Shuiyindong gold deposit have been well studied in the last
two decades (Zhang et al. 2003, 2005; Xia 2005; Liu et al.
2006a; Su et al. 2008, 2009a, b, 2012, 2018; Xiao 2012; Wang
etal. 2014; Hou et al. 2016). And two groups of ages were given
by a pyrite/arsenopyrite Re-Os isochron age of 235 + 33 Ma
(Chen et al. 2015a) and calcite Sm-Nd isochron ages from 134
+ 3 Ma to 136 =3 Ma (Su et al. 2009a), respectively. However,
Chen et al. (2019) themselves pointed out that the age of 235 +
33 Ma could be problematic and eliminated because the samples
have been mixed by multiple generations of sulfides and have
low Re and Os contents. According to the field observation and
nearby the Shuiyindong mining district, there is a remnant expo-
sure of Jurassic sedimentary rocks (~0.7 km?) that were con-
formable to and folded together with the Late Triassic rocks
(Wang 1997; Su et al. 2018), suggesting a maximum limit of
Jurassic age for the Shuiyindong deposit. These facts indicate
that the mineralization of the Shuiyindong gold deposit is more
likely to be consistent with the second episode of gold mineral-
ization in the region.

The Yanshanian (ca. 140 Ma) and Indosinian (ca. 215 Ma)
granite and granite-related W-Sn polymetallic deposits have been
recognized in the southern and eastern parts of the Youjiang basin
(Hu et al. 2017b), whereas they are rare inside the basin.
Indosinian (Triassic) magmatism produced voluminous granitic
plutons in South China, particularly in Hunan, Jiangxi, and
Guangxi Provinces (Hu and Zhou 2012). Although there is no
Indosinian granite exposed in the Youjiang basin, there occur a
few Indosinian W-Sn deposits (e.g., Xinzhai and Nanyangtian;
Feng et al. 2011). It is reasonable to infer Indosinian hidden
granite intrusions in this region.

The sources of the ore-forming metals and fluids have been
investigated using stable isotopes, such as S isotopes of

sulfides (Zhang et al. 2010; Wang et al. 2013; Tan et al.
2015b; Hou et al. 2016), H-O isotopes of fluid inclusions in
quartz (Hu et al. 2002; Wang 2013; Peng et al. 2014; Tan et al.
2015b), and C-O isotopes of calcite (Su et al. 2009a; Zhang
et al. 2010; Tan et al. 2015b, 2017). Although many efforts
have been made by previous scholars, uncertainties remain
regarding the ore-forming mechanism and genetic model,
probably due to the lack of high-quality geochemical data.

Taking sulfur isotopes and geochemical compositions of py-
rite as an example, it is well known that the gold-bearing minerals
in the CLGDs are dominantly very fine zoned pyrite grains
(Hofstra and Cline 2000; Hu et al. 2002; Cline et al. 2005; Su
et al. 2008). Therefore, the previous analyses using pyrite sepa-
rates are less convinced to distinguish the sulfur isotopes and
trace element compositions between pre-ore stage and ore-stage
pyrites. For that reason, Hou et al. (2016) have attempted to
determine sulfur isotope and trace elemental compositions of
pyrite using sensitive high-resolution ion microprobe
(SHRIMP) and laser ablation-inductively couple plasma-mass
spectrometry (LA-ICP-MS), respectively. In this study, we uti-
lized high-resolution in situ NanoSIMS (nano secondary ion
micro-spectrometry) technique, which offers much higher spatial
resolution down to nanometer scale (~ 100 nm) and much small-
er spot size (2 um) to validate the 5**S variations and trace
element distributions across individual pyrite crystals. By using
NanoSIMS, we identified a pyrite type with superheavy sulfur
isotopic compositions. Furthermore, apart from in situ LA-ICP-
MS technique, we combined TEM methods to identify the oc-
currence of nano-submicron Au particles. On the basis of these
analyses, we try to decipher the origin and evolution of sulfur for
the Shuiyindong gold deposit.

Geological background

The Yunnan-Guizhou-Guangxi contiguous region (also named
as Dian-Qian-Gui region) is commonly referred to as the
“Golden Triangle”, with many major CLGDs present in the
Youjiang basin in this region (Fig. 1; Chen et al. 2015b).
Tectonically, the Youjiang basin is located in the southwestern
margin of the Yangtze craton. It is bounded to the southwest by
the Red river fault (F1), the northwest by the Shizong-Mile fault
(F2), the northeast by the Ziyun-Du’an fault (F3), and the south-
east by the Pingxiang-Nanning fault (F4). The Youjiang basin
was developed on the Late Paleo- to Neoproterozoic basement
and has experienced at least three phases of evolution: a rift basin
on a passive continental margin from the Early Devonian to
Early Permian, a back-arc rift basin from the Late Permian to
Middle Triassic, and a foreland basin in the Late Triassic (Liu
et al. 2002; Hu et al. 2017a), corresponding to the opening,
subduction, and closure of Paleo-Tethys Ocean, respectively
(Du et al. 2013; Chen et al. 2015a). Lithologically, the basin
consists of Late Paleo- to Neoproterozoic low-grade
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metamorphic rocks and overlying thick shale and carbonate se-
quences of Cambrian to Triassic age (Hu et al. 2002, 2017a;
Peters et al. 2007; Su et al. 2008; Hu and Zhou 2012). Granite
plutons with ages varying from Triassic (Indosinian) to Jurassic-
Cretaceous (Yanshanian) are present at the margins, the east and
south of the basin (Hu and Zhou 2012; Mao et al. 2013; Pi et al.
2017; Zhu et al. 2017; Yan et al. 2018).

The exposed strata in the basin can be further divided into
two parts, Permian-Triassic platform facies strata (located to
the northwest of F6; Fig. 1) composed of thin layers of car-
bonates, siliceous rock, mudstone and pyroclastics, and
Middle Triassic basin facies strata (located to the southeast
of F6; Fig. 1) composed of terrigenous detrital turbidite, such
as calcareous sandstone, siltstone, and mudstone (Fig. 1; Suo
et al. 1993; Chen et al. 2015b).

Ore deposit geology

The Shuiyindong gold deposit is one of the largest CLGDs in
China, including four ore blocks such as Shuiyindong,
Xionghuangyan, Bojitian, and Nayang from west to east
(Fig. 2). It is situated in the eastern limb of the E-W-trending
Huijiabao anticline, approximately 20 km northwest of the
Zhenfeng county in SW Guizhou province. The total proven
gold reserve for the deposit (Fig. 2) is 265 metric tonnes (ca.
8.515 Moz), with an average grade of 5 g/t (Su et al. 2018).
Generally, the boundaries between orebodies and wall rocks
are gradational and can only be defined by cut-off grade (1
g/t). The sedimentary rocks in the Shuiyindong gold deposit
include Middle-Upper Permian and Lower Triassic bioclastic
limestone, siltstone, and argillite, such as massive bioclastic
limestone of the Middle Permian Maokou Formation (P,m)
overlied by the Upper Permian Longtan (P;l), Changxing
(Psc), and Dalong (P3d) formations, and the Lower Triassic
Yelang Formation (T;y) and Yongningzhen Formation (T;yn)
(Fig. 2).

Gold mineralization mainly occurs in the center of the east-
ern part of the Huijiabao anticline, associated with the
bioclastic limestone and calcareous siltstone of the first and
second unit of the Longtan Formation (P51' and P51°) (Fig. 3;
Liu 2001; Su et al. 2009b; Tan et al. 2015b). The first unit
mainly consists of argillite and the second unit mainly consists
of silty argillite with bioclastic limestone or coal streaks
interlayers. Tan et al. (2015a) reported that the different host
rocks were preferentially mineralized by different elements.
The bioclastic limestone is relatively more enriched in Au,
whereas the argillite is more enriched in As, Hg, Sb, and T,
and the unconformity contact between P,m and Psl and the
axis of the anticline might be the pathways of the ore-forming
fluids. It is worth to note that no coeval igneous rocks have
been recognized in the mining area.

@ Springer

Alterations and mineral paragenesis

In the Shuiyindong gold deposit, a single orebody (zone) as
defined by Au cut-off grade is commonly narrower than the
associated pyrite-mineralized zone (Fig. 4a). The most important
alteration types in the mineralized zones are decarbonatization,
silicic alteration, sulfide alteration, and argillization (Fig. 4a—h, j
and ESM Fig. 1b, f, k, I; Cline et al. 2013; Hou et al. 2016).
Carbonate minerals have been intensely dissolved in many rocks
and locally cemented by quartz and illite (ESM Fig. 1k, 1), which
has enhanced porosity of ore rocks and facilitated the occurrence
of high-grade ores within collapsed breccias (Fig. 4e, Hou et al.
2016). Silicic alteration occurred widely as disseminated quartz
or veinlets, especially at the unconformity contact between P,m
and P31 (Fig. 4e—g, k, 1). Argillization mainly included
potassium-aluminum silicate mineral assemblages of illite (+ ka-
olinite) (Fig. 4f, I). Sulfide alteration presented as various sulfides
including pyrite, arsenopyrite, realgar (£ orpiment), along with
minor stibnite and sphalerite (Figs. 4b, c, f, j-1 and 5a-1). Au-
bearing pyrite concentrated in the deformed and brecciated areas
(Fig. 4e), surrounded by disseminated jasperoid quartz with illite,
ferroan calcite, or ankerite (Fig. 4k, 1 and ESM Fig. 1k, 1), and
host rock can be cut by late calcite veins in some places (Fig. 41).
Based on microscopic textural observations, four types of pyrite
have been recognized. They are described below, in the order of
formation from Pyl to Py4.

Pyl is present in most samples. It is considered to be the
earliest pyrite in the samples (Hou et al. 2016). It can be
subdivided into two sub-types, framboidal clusters (Pyla, ESM
Fig. 1a) surrounded by euhedral, commonly isolated crystals
(Pylb, ESM Fig. le, I). The Pyla framboidal is extremely fine-
grained (0.1-4 pum) and is thought to be synsedimentary or early
diagenetic origin (Liu et al. 2006b; Hou et al. 2016), whereas the
clusters are commonly associated with pore spaces and
surrounded by quartz, dolomite, and illite. Pylb is much larger,
with diameter between 25 and 200 pm, mostly >50 pm. This
type of pyrite is most common in the P5I* sedimentary rocks such
as argillite and bioclastic limestone.

Py2 is subhedral-anhedral grain with a porous spongy tex-
ture, with grain size from 10 to 100 pm in diameter (ESM Fig.
la—d, f, g, i-k). The spongy feature is probably due to diage-
netic origin or inversion of marcasite to pyrite, which involves
an increase in density and therefore decrease in volume
(Murowchick 1992; Su et al. 2008). It commonly occurs as
disseminated grains in calcareous siltstones with abundant
organic matters (ESM Fig. 1f) or aggregates (nodules) in im-
pure bioclastic carbonates (ESM Fig. 1j, k). Most Py2 grains
have large overgrowths of Py3 (ESM Fig. 1b—d, g, j, k) or Py4
(ESM Fig. 1a, i).

Py3 is generally homogenous under microscope. It is
subhedral to euhedral, with grain size varying from 20 to
200 pum in diameter (ESM Fig. 1b—g, j, k). Some grains con-
tain small sphalerite inclusions (Sp1; ESM Fig. 1g and ESM
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Fig. 2b). Py3 commonly overgrew on the deformed or corrod-
ed surfaces of Py2 (ESM Fig. 1b—d). Some Py3 grains were
crosscut by Py4 (ESM Fig. 1h, i).

Py4 is subhedral-euhedral grain with diameter varying
from 10 to 200 um (ESM Fig. 1a-1). Oscillatory composition-
al zoning (mainly due to As fluctuation) is well developed in
Py4 (ESM Fig. 1b, d, i, I). The compositional zonation is more
complicated in the deformed grains (ESM Fig. 1b—d). Those
fault zones-related are commonly overgrowing on small cor-
roded pyrite cores and are referred to as Py4a (ESM Fig. 1b—
d, j). Those undeformed bioclastic limestone associated pyrite
are overgrowing on a pentagonal dodecahedral core of (Py1b),
and are referred to as Py4b (ESM Fig. 1e). Some native gold
nanoparticles have been found to be associated with both Py4a
and Py4b (ESM Fig. 2a, b).

Some Py4 grains are surrounded by arsenopyrite aggre-
gates or overgrowths (ESM Fig. 1If, i). During the waning
stage of hydrothermal fluid, realgar, orpiment, and stibnite
(Fig. 4b, f) are present in late carbonate veins associated with
the faults that cut the ore-rich strata. Sphalerite (Sp2) occurs in
the microfractures of Py4 (ESM Fig. 1d). The general para-
genesis sequence based on the textural observations is listed in
Fig. 5. In short, the inferred crystallization sequence is Pyl —
Py2 — Py3 (Spl) — Py4 — arsenopyrite — realgar, orpi-
ment, and stibnite and Sp2.

Sample descriptions and analytical methods
Sample locations

The samples used in this study were collected from underground
mining tunnels and a drill core (ZK23902) of the Shuiyindong
gold deposit, covering most orebodies from the bottom No. I to
the top No. V (Fig. 3). These samples are selected to study the
vertical and lateral variations of sulfur isotopes and trace element
concentrations of pyrite at the deposit scale. The depths of sam-
ples from the drill core and the underground mining tunnels are
shown in Fig. 3. Information about Au grade, lithology, and
detailed locations are listed in ESM Table 1.

Analytical methods
AAS tests and SEM-EPMA analysis

The Au grades of the rock samples used in this study (ESM
Table 1) were determined in analytical laboratory of the ALS
Chemex Ltd. in Guangzhou, China. The atomic absorption
spectroscopy (AAS) and the gravimetric methods were used
for low (< 10 ppm) and high (> 10 ppm) concentrations, re-
spectively. Back-scattered electron (BSE) and secondary
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Fig. 3 Simplified locations of S
analyzed samples of ZK23902

drill hole (after Tan et al. 2017) Altitude (m)

800

700

e

600F.

500

(0] 50_100m
C—— —

1Vc

1d
30
Ila
Illc

111b

11b

Upper Permian

Lower Triassic Dalong-Changxing

Yelang Formation
T,y*-Oolitic

Formation
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electron images of the polished thin sections of the samples
were acquired using a JEOL JSM7800F SEM under the op-
eration conditions of 10-15 kV, 10 nA, and a beam size of
I pm in diameter at the State Key Laboratory of Ore Deposit
Geochemistry, Chinese Academy of Sciences, Guiyang,
China. The concentrations of major and minor elements in
pyrite and arsenopyrite in the samples were determined using
a JEOL JXA-8230 EPMA under the operation conditions of
15kV, 10 nA, and a beam size of 1 wm in diameter, count time
10 s (peak) and 5 s (backgrounds) in the Analytical Center of
the Shandong Bureau of Metallurgy and Geology of China.
The characteristic x-rays used are Fe (Kx), S (Kx), As (L),
Au (Lx), Ni (Kx), Co (K), Cu (Kox), and Se (Lx). The
standard materials for each element are as follows: pyrite
(FeS,) for Fe and S, arsenopyrite (FeAsS) for As, pentlandite
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skutterudite ([(Co, Ni, Fe)As;_]) for Co, (silver) Ag’ for Ag,
cuprite (Cu,0) for Cu, stibnite (Sb,S;) for Sb, bismuth sele-
nide (Bi,Ses) for Se, and sphalerite (ZnS) for Zn, respectively.
The analytical errors are < 1% for Fe and S, and < 10% for As,
Ni, Pb, Au, Co, Ag, Cu, Sb, Se, and Zn. The matrix effects
were corrected using the in-house ZAF software.

In situ NanoSIMS/SHRIMP and bulk sulfur isotope
analysis of pyrite

In situ S isotope analysis and element/isotope mapping
(both line and plane scans) were carried out using a
CAMECA NanoSIMS 50L instrument at the Institute of
Geology and Geophysics, Chinese Academy of Sciences,
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Fig. 4 Photographs of mining pit, drill cores, and hand specimens,
showing the alteration, mineralization, and ore textures of the
Shuiyindong gold deposit: a Bioclastic limestone of IlIb orebody
showing the clear boundaries of ore rock and roof rock (marked as the
white dotted line), high Au grade and low Au grade of ore rocks (marked
as the red dotted line). b Extensive bedding realgar-calcite veinlets of I1d
orebody. ¢ Fine grained disseminated pyrite near the fault zones. d
Extensively occurrence of calcite veinlets from ZK23902 drill cores. e
Strongly silicified breccia from high deformation zone showing a rela-
tively high Au grade. f Stibnite-hosted silicified ore rock from ZK23902

Beijing, China. The methodology is described in detail by
Zhang et al. (2014b). Below is a brief description. A pri-
mary Cs* ion beam of 1-2 pA and 100 nm in diameter
was used for both types of analysis. **S was counted by
Faraday cup (FC) to avoid the quasi-simultaneous arrival
(QSA) effect, and **S and other elements were counted
with electronic multipliers (EMs) (Yan et al. 2018). The
standard-sample-standard bracketing method was applied
to correct for instrumental mass fractionation. Certified

drill cores. g Bioclastic limestone showing sulfide and silicic alteration. h
Fine-grained disseminated texture of argillite showing extensive
sulfidation. i Ore-unrelated calcite veins, located outside of the
Shuiyindong mining area. j Reflected light photomicrograph of arsenian
pyrite, overgrown by arsenopyrite. k. Transmitted light photomicrograph
of arsenian pyrite concentrated along the quartz vein and jasperoid quartz.
1 Transmitted light photomicrograph of arsenian pyrite and jasperoid
quartz, crossed by late calcite veinlet. Apy arsenopyrite, Py pyrite, Rlg
realgar, Snt stibnite, Cal calcite, Otz quartz

international standards (including Pyrite of Balmat,
CAR-123 pyrite) and internal reference samples (pyrite
PY-1117 and CSO1) were used during S isotope analysis.
The beam size was 2 pm in diameter. The analytical pre-
cision (1) was about + 0.5 per mil. Mapping areas range
from 25 x 25 to 50 x 50 um and the corresponding res-
olution is 256 x 256 or 512 x 512 pixels. Necessarily to
point out, the numerical color scales of the obtained im-
ages indicate relative signal intensities, and do not
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Fig. 5 Paragenetic sequence of the Shuiyindong gold deposit, showing the generalized alteration and mineral paragenesis

represent actual concentrations of the analyzed elements,
hence, different images are not comparable in the scales
of signal intensities (Yan et al. 2018). In situ S isotope
analyses for some pyrite grains were performed by
SHRIMP SI at the Australian National University
(ANU), Canberra, Australia. The spot size was 10 pum.
The results were normalized to the Ruttan pyrite standard,
and the internal precision for unknowns during the session
was between 0.020 and 0.154%o¢. Analytical techniques
are as described by Tanner et al. (2016). Bulk S isotope
analyses were carried out using a Finnigan MAT-253 mass
spectrometer at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese
Academy Sciences, Guiyang, China. GBW 04415 and
GBW 04414 Ag,S are used as the external standards
and the Vienna Canyon Diablo Troilite (V-CDT) as refer-
ence standard, with an analytical precision of +0.2%¢
(20).

In situ LA-ICP-MS trace element analysis of pyrite

On the same spots analyzed for S isotopes by NanoSIMS, trace
element analysis of pyrite was conducted by LA-ICP-MS at the
Sample-Solution Analytical Technology Co., Ltd., Wuhan,
China. Detailed operating conditions for the laser ablation system
and the ICP-MS instrument, and data reduction are the same as
described by Zong et al. (2017). Laser sampling was performed
using a GeolasPro laser ablation system that consists of a
COMPexPro 102 ArF excimer laser (wavelength of 193 nm
and maximum energy of 200 mJ) and a MicroLas optical system.
An Agilent 7700e ICP-MS instrument was used to acquire ion-
signal intensities. Helium was applied as a carrier gas. Argon was
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used as the make-up gas and mixed with the carrier gas via a T-
connector before entering the ICP. A “wire” signal smoothing
device is included in this laser ablation system (Hu et al. 2015).
The spot size and frequency of the laser were set at 24 um and 5
Hz, respectively for this study. Trace element compositions of
pyrite were calibrated against various reference materials
(MASS-1 and NIST 610) and then quantified against the
MASS-1 synthetic pyrite and NIST 610 standards using Fe as
the internal standard. Each analysis incorporated a background
acquisition of approximately 20-30 s followed by 50 s of data
acquisition from the sample. Analytical processes are as de-
scribed by Large et al. (2007). An Excel-based software
ICPMSDataCal was used to perform off-line selection and inte-
gration of background and analyzed signals, time-drift correction,
and quantitative calibration for trace element analysis (Liu et al.
2008). The analytical results of the references are in agreement
with the recommended values.

FIB-TEM analysis

Focused ion beam scanning electron microscope (FIB-
SEM) preparing samples for transmission electron micro-
scope (TEM) analysis was performed using an FEI Scios
Dual beam at the Center for Lunar and Planetary Sciences,
Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang, China. The FEI Scios Dual Beam combines a tra-
ditional field emission electron column with an FIB column
and equipped with energy-dispersive X-ray spectroscopy
(EDS) and electron backscattered diffraction (EBSD) detec-
tors. Ultra-thin slices were examined by a field emission
transmission electron microscope (Tecnai G2 F20 S-
TWIN, FEI Inc., USA) equipped with an energy dispersive
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spectrometer, in the State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang, China. The techniques
employed included the high magnification bright field to-
pography imaging analysis, high-resolution lattice imaging
analysis, selected area electron diffraction (SAED) analysis,
and Fourier transform structural analysis.

Results
Major elements in pyrite

The compositions of pyrites acquired by EPMA from the deposit
are listed in ESM Table 2. And the whole dataset is tabulated in
ESM Table 3. The contents of As are <0.14 wt.% (0.04 wt.%
average) in Pyl, < 0.34 wt.% (0.05 wt.% average) in Py2, < 1.59
wt.% (0.27 wt.% average) in Py3, and <9.32 wt.% (3.72 wt.%
average) in Py4. The concentration of Au analyzed is below the
detection limit (bdl) of EPMA in Pyl and Py2, <0.03 wt.% in
Py3, and <0.29 wt.% in Py4. The concentrations of Cu are
below the detection limits of EPMA in Pyl, <0.06 wt.% in
Py2, <0.07 wt.% in Py3, and < 0.23 wt.% in Py4.

Sulfur isotope compositions of sulfides

The sulfur isotopic compositions of sulfides from the
Shuiyindong gold deposit are compiled for comparison in
ESM Table 4 and the whole dataset of in situ analyses of pyrites
is provided in ESM Table 5. The variations are illustrated in Fig.
6. The most dramatic changes are between the the Au-poor (Pyl1,
Py2 and Py3) and the Au-rich varieties (Py4a/4b). The results for
a total of 35 analyses show that Pyla and Py1b have superheavy
5**Scpr values ranging from 63.0 to 67.5%0 (average 65.0%o)
and from 48.1 to 67.3%o¢ (average 57.2%o), respectively. The
superheavy and unfrequent values were matched with the results
(n =5, 56.9~75.7%0, average 65.6%0) acquired at ANU with
SHRIMP SI, which elucidates the existence and repeatability.
The 6**S values of Py2 (2.4 to 7.6%o, average 5.1%q, n = 11)
and Py3 (9.2 to 14.2%o, average 11.4%o, n = 22) are much lower
than those of Pyl but still evelated. The 5**S values of Py2 and
Py3 are similar to ranges of pyrite formed by biogenic and abio-
genic sulfate reduction in the Paleozoic (Fig. 7; Hou et al. 2016).
In contrast, the Au-rich varieties Py4a and Py4b have relatively
low 5**S values, varying from — 1.2 to 6.6%o (average 3.6%o, n =
97) and from — 3.0 to 5.8%o (average 2.6%o, n = 100), respec-
tively. The 534S values for stibnite (7 = 4) and realgar (n = 5) in
this study are from 1.6 to 2.1%¢ and from 2.6 to 2.7%o,
respectively.

The average 5°*S values of Py4 from orebodies I at the bot-
tom, through II-III-IV in the middle, to V at the top decrease from
4.1%0 (4.0~4.3%0) — 3.7%0 (—1.1~+ 6.1%0) — 3.0%0
(0.7~5.8%0) — 2.7%0 (— 2.0~+ 5.7%0) to 1.3%0 (1.2~1.5%o).
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Fig. 6 Histogram of NanoSIMS S isotopic compositions of pyrites,
showing the different ranges of 5**S values

TEM results

SEM images and NanoSIMS mapping shown in the previous
description imply the presence of micro-nanoscale particulate
Au in arsenian pyrite. In this scenario, to examine this hypoth-
esis and acquire further insight into the mode of Au at the
nanoscale, we made detailed TEM observation of five FIB
thin sections from the high-grade ore rocks. The results show
increasing As contents from Pylb to Py3 and to outermost
Py4 (Fig. 8a—c), consistent with the results from LA-ICP-
MS and NanoSIMS analyses. Furthermore, the HRTEM im-
age reveals the occurrence of five Au nanoparticles (< 10 nm)
further detected by EDS throughout the As-rich rim (Fig. 8d,
inset). The matrix surrounding the nanoparticles is randomly
oriented arsenian pyrite.

Trace element composition of pyrite

Apart from the Pyla grains being too small to acquire avail-
able data, the concentrations of trace elements in Pylb, Py2,
Py3, and Py4 from the Shuiyindong gold deposit, determined
by LA-ICP-MS, are listed in ESM Table 6. And the raw data
of MASS-1 is shown in ESM Table 7. The sample (Z902-24-
02, Py4a) containing sphalerite inclusions has unusually high
Zn content (48,803 ppm, marked with an asterisk, see ESM
Table 6). Figure 9 shows the ranges of selected trace elements
for different types of pyrite such as Pylb (n = 7), Py2 (n=17),
Py3 (n =20), Pyda (n = 19), and Py4b (n = 26). For compar-
ison, co-variations of some element pairs are illustrated in Fig.
10. Py1b is characterized by a wide range of trace element
abundances, with the highest being Se (0-229 ppm) and Mn
(0.31-10.95 ppm). Compared to Pyl, Py2 has elevated As
(35.78-26,949 ppm), V (0.01-0.96 ppm), Co (1.72-325
ppm), Au (0-0.08 ppm), Ni (4.44—1769 ppm), Cu (2.62-516
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Fig. 7 Variation of 5**S values of Ma
Py2&Py3 with the marine sulfate T
and sulfide curves (blue box —
represents S isotope area of 100 E'
Py2&Py3, modified from Chang J|
et al. 2008; Hou et al. 2016) 200\ 3
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ppm), Ag (0-0.12 ppm), Sb (0.95-42.80 ppm), T1 (0.12-2.98
ppm), and W (0-0.07 ppm), but lower Mn (0—11.06 ppm) and
Se (0-190 ppm) abundances. Compared to Py2, Py3 has more
variable but roughly higher As (up to 10,984 ppm), Au (up
0.73 ppm), V (up to 17 ppm), Co (0.02—175 ppm), Ni (up to
253 ppm), Cu (2.96-694 ppm), Sb (0-148 ppm), Tl (0.03—
4.45 ppm), Sn (0-16.73 ppm), and W (0-0.45 ppm) but lower
Mn (0-1757 ppm) and Se (0-72.63 ppm) abundances. Py4a/
4b have the highest As (164-54,955 ppm), Au (up to 538

Fig. 8 Photographs of FIB-TEM
work of the Shuiyindong gold
deposit. a BSE image of selected
sample (the white dashed rectan-
gle responds to the area b and the
white arrow represents the direc-
tion of FIB slice of ¢). b Image of
micro-scale visible native gold
(bright particles marked by white
arrows) by SEM. ¢ White arrow,
yellow dashed line, and white
number showing the different
layers. d TEM image of No.3
layer in (c), circular dashed lines -
show Au nanoparticles (Nps), —
with the EDS spectra attached to
the top right (the signal of Cu
originates from the copper grid)
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ppm), V (up to 14.63 ppm), Co (0.31-963 ppm), Ni (0.60—
4057 ppm), Cu (8.72-902 ppm), Zn (048,803 ppm), Ag
(0.02-9.46 ppm), Sb (1.84-285 ppm), T1 (0.10-22.37 ppm),
Sn (up to 9.30 ppm), and W (up to 14.36 ppm) but the lowest
Mn (<29.77 ppm) and Se (< 129 ppm) abundances. In sum-
mary, the average values of Au in Pyl1-3 are 0.01, 0.02, and
0.11 ppm, and those in Py4a and Py4b are 2.65 and 2.26 ppm,
respectively. The maximum value of Au increases from
0.08 ppm in Py2, 0.73 ppm in Py3, 79.0 ppm in Py4a, to
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538 ppm in Py4b. The average values of As concentrations
increase from 59 ppm in Pyl, 145 ppm in Py2, 144 ppm in
Py3, 14,036 ppm in Py4a, to 25,978 ppm in Py4b. The max-
imum concentrations of As in Py4a and Py4b are as high as
17,959 ppm and 54,955 ppm, respectively (ESM Table 6,
Figs. 9 and 10).

Nano-scale elemental and S-isotopic variation
in pyrite

The spatial variations of relative abundances of **S and other
selected elements such as Au, As, and Cu in individual grains
of Pylb, Py3, and Py4b, determined by NanoSIMS mapping
and line scan, are illustrated in Fig. 11 and ESM Fig. 3. On the
basis of Au-As-Cu variations outward, both Py4a and Py4b
can be further divided into three subzones (Py4a-1/Py4b-1,
Py4a-2/Py4b-2, and Py4a-3/Py4b-3, Fig. 11 and ESM Fig.
3), respectively. Nearly simultaneous Py4a-1 and Py4b-1 are
characterized by relatively high As and Cu but low Au con-
tents; Py4a-2 and Py4b-2 are characterized by relatively high
Au but low Cu contents; Py4a-3 and Py4b-3 are characterized
by very low As, Au, and Cu contents than Py4a-2 and Py4b-2,
possibly reflecting a waning stage of economic gold
mineralization.

Subzones Py4a-1 and Py4b-1 are collectively characterized
by approximately coherent variation of As and Cu. It is note-
worthy to mention that As concentration in Py4a-2 and Py4b-
2 are different. Py4a-2 is featured by decreased As than Py4a-
1, holding a positive correlation between As and Cu, and a
negative correlation between As and Au (ESM Fig. 3a).
Differently, Py4b-2 is distinguished by increased As content
compared with Py4b-1, with a generally positive but partly
negative correlation between As and Au, a negative coherence
between As (Au) and Cu (Fig. 11b, marked by dotted double
sided arrow; ESM Fig. 3b, ¢, marked by orange dotted oval).

Ni Cu Zn

T T
Co Se Ag Sb TI

Discussion
The mode of occurrence of gold

It has been suggested that Au in arsenian pyrite in CLGDs and
some epithermal gold deposits worldwide is present in two
forms, refractory as a substituting cation in the crystal texture
and sub-micrometer to nanometer-size native gold particles or
Au-Te aggregates (Simon et al. 1999; Palenik et al. 2004;
Reich et al. 2005; Su et al. 2008, 2012).

LA-ICP-MS data elucidates that all spots are below the
limit line of Au solubility (Fig. 10g; Reich et al. 2005), which
implies Au mainly being a substituting cation in the crystal
structure. If the experimental result is valid for all of the nat-
ural ore-forming systems, such phenomenon implies that the
ore-forming fluids were not saturated with Au. However, clear
Au spikes in Py4 are relatively rare in the NanoSIMS images
but very common in the TEM image (Fig. 8). This, together
with extremely large variation of Au concentration in Py4
determined by LA-ICP-MS and EPMA (Hou et al. 2016),
indicate that at least some of Au in Py4 occur as Au nanopar-
ticles (Au Nps). However, the ratio of these two different
modes of occurrence of Au in the Shuiyindong gold deposit
is yet to be determined and requires further research.

Gold precipitation mechanism

Boiling is an important mechanism for Au precipitation from ore
fluid (Drummond and Ohmoto 1985), but in the Shuiyindong
gold deposit, Au-bearing pyrite mostly associates with liquid-
rich inclusions (Su et al. 2008), rather than aqueous liquid-rich
inclusions coexisting with vapor-rich inclusions in the quartz.
The scavenging of refractory Au from hydrothermal fluid is
probably dominated by the kinetics of pyrite precipitation rather
than equilibrium partitioning (Palenik et al. 2004). Surface
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<« Fig. 10 Elemental binary plots for Pyl-Py4, the black dotted polygons
represent Py1—Py3, and the red dotted polygons represent Py4a and Py4b,
respectively. a As/S vs. Sb, b Tl vs. Ag, ¢ Nivs. Co, d Au/Ag vs. Co/Ni, e Ag
vs. Au, fCu vs. Au, g As vs. Au, h Cuvs. As, i Nivs. Au, j Se vs. Au, k Pb
vs. Au, and 1 Tl vs. Au. Generally, As-Au-Cu-Sb-TI-Ni-(Pb-Ag) element
assemblages are enriched in Py4a and Py4b, and Se is abundant in Py1-Py3

kinetics especially Fe-vacancies (i.c., the role of Fe-depleted,
mineral surface) may contribute to the precipitation of Au
(Deditius et al. 2014), which is consistent with the lower Fe
content of Au-bearing pyrite than the theoretical value. During
the deformation/metamorphism processes, the remobilization
and redistribution of submicroscopic Au or Au Nps from crystal
lattice of original pyrites by hydrothermal overprinting may also
exist, as indicated by the occurrence of porous texture and
microfractures in some of the Au-rich crystals (ESM Figs. 1h, i

Fig. 11 NanoSIMS element
mappings of representative
pyrites. a Py4a from sample
SYD-9a. b—d Py4b from sample
SYD-5f. White squares represent
the spot position for in situ sulfur
isotope analysis and the white
numbers show 6°*S values. Red
words in white rectangles
represent different pyrite stages
and white arrows respond to line
scans in ESM Fig. 3

»

- o
L
s
.
. =
= . c
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and 2b, Figs. 8b, 11b, and 12; Reich et al. 2006; Large et al. 2011,
Hou et al. 2016; Wu et al. 2019).

Pyrite compositional variation as indicators for fluid
evolution

Chalcophile elements such as Co, Ni, As, and Se are commonly
present in pyrite by substitution, with Ni-Co substituting Fe and
As-Te substituting S (Zhang et al. 2014a). Thus, the variations of
chalcophile elements in pyrite mainly reflect the variations of
these elements in the parental fluids. Overall, the abundances of
As-Au-Cu-Sb-Tl elements, As/S ratio, Co/Ni ratio, and AwWAg
ratio in the Au-rich pyrite (Py4) are significantly higher than those
of the Au-poor pyrites (Py1, 2, 3) (Figs. 9 and 10), indicating that
the ore-forming fluids are distinctly enriched in As-Cu-Sb-Tl
apart from Au. The variations of these trace elements are roughly
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Fig. 12 Micro- to nano-sized
particles of chalcopyrite dispersed
as twinkling dots, from the sam-
ple SYD-2-8a

N

consistent with the range of data from Hou et al. (2016). However,
unlike those described by Hou et al. (2016), our data show no
huge overlap on Au concentrations between pre-ore and syn-ore
pyrites. It is likely that this overlap was due to mixing of Pyl to
Py3 and Py4.

The As-Au binary plot indicates that there are the lowest As
concentrations (0.57—772 ppm) in Pyl and Py2, the middle values
(1.2-10,894 ppm) in Py3, and the highest values (165-54,955
ppm) in Py4, respectively (ESM Table 6, Figs. 9 and 10). The
Au-rich pyrites also have higher Au/Ag ratios (mostly 1~1000)
than those of the Au-poor pyrites (mostly 0.01~1) (Fig. 10d).

The Co/Ni of pyrite is sensitive to environmental change and
also a genetic indicator for some hydrothermal ore deposits
(Eckert et al. 1979; Cook et al. 2009). In the Shuiyindong gold
deposit, the Co/Ni ratios of Au-poor pyrites (Pyl, 2, 3, mostly
0.01~0.1) and Au-rich pyrite (Py4, mostly 0.1~1) are significant-
ly different (Fig. 10c). These two types of pyrite can be generally
distinguished from each other in the plot of Co/Ni versus AwWAg
(Fig. 10d). The Au-rich pyrite with high Co/Ni ratios has been
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attributed to an epizonogenic (epithermal) hydrothermal origin
related to sedimentary facies by some researchers (Chen et al.
2009b; Li and Zeng 2005; Zhang et al. 2014a).

It's worth pointing out that the concentrations of Na, K, Al,
Mg, and Si in pyrite, especially in the porous grains such as
Py2, are highly variable, possibly due to the occurrence of
carbonate, silicate, and clay inclusions in pyrite.

Sources of sulfur

Sulfur isotope composition of pyrite is a function of total
sulfur composition, temperature, oxygen fugacity (fO,), and
acidity (pH) of the ore-forming fluid (Ohmoto 1972). With
H,S being the predominant sulfur species in hydrothermal
fluids, sulfides crystallizing from hydrothermal solutions
would have 5°*S values similar to the §**Sy,g (Ohmoto and
Goldhaber 1997; Chen et al. 2015b; Tan et al. 2015b), under
the premise of no sulfates (e.g., gypsum and barite) coexisting
with sulfide minerals in the deposit area.
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The uncommon but rechecked high 5**S values for Pyl have
been rarely reported elsewhere, which were not detected by Hou
etal. (2016), whose data were mostly within the range of — 7.5~+
7.9% for pre-ore and ore pyrites. And the superheavy 5>*S values
of Pyla (63.0~67.5%0) and Pylb (48.1~67.3%0) are within the
wide range of sulfur isotopic fractionation (up to ~+ 75%0) be-
tween the contemporary marine sulfate (~ 13%o for Permian)
and sulfide, which is produced via the microbial sulfate reduction
(MSR) process predicted by previous environmental studies and
models (Canfield et al. 2010; Sim et al. 2011). For the 5**S values
of Py2 (2.4~7.6%0), Py3 (9.2~14.2%0) with the median at 4.8 and
11.2%o, they plot within the area of S isotope compositions from
biogenic and abiogenic sulfate reduction (ESM Table 4; Fig. 7;
Hou et al. 2016), and are close to the contemporary values of
seawater sulfate (10~13%c; Fig. 7) under a relatively closed or
not always open system (Ohmoto and Rye 1979).

Compared with Py1-Py3, Py4a (— 1.2~+ 6.6%0) and Py4b (—
3.0~+ 5.8%0) with the median at 3.7 and 2.7%0 have a narrow
range (ESM Table 4; Fig. 6). They are roughly consistent with
the 5>*S values of ore-related pyrite (— 1.2 to + 1.5%0, n.= 15) and
arsenopyrite (— 0.8 to + 0.9%¢, n = 8) analyzed by SHRIMP,
respectively (Hou et al. 2016). Using the isotope fractionation
equation of Ohmoto (1972) and an average temperature of 220
°C estimated from fluid inclusions in quartz associated with Au
mineralization from Su et al. (2012), the §°*S values of H,S in
the ore-forming fluids crystallizing the Au-rich pyrite (3.1%0 av-
erage) are estimated to fluctuate around 1.5%e. It is worth to note
that late ore-related sulfide minerals including stibnite, realgar,
and orpiment have very similar 5>*S values, which are tabulated
between — 5 and + 5%o0 (ESM Table 4; Zhang et al. 2010; Wang
et al. 2013; Tan et al. 2015b; Hou et al. 2016) and suggest a
homogenous source of sulfur.

The homogenous and narrow sulfur isotopic compositions
preclude the possibility that the sulfur is from sedimentary rocks,
whereas indicating either a magmatic or deep metamorphic ori-
gin (Ohmoto 1986; Groves et al. 2003; Chang et al. 2008; Xie
et al. 2018). Due to the paucity of contemporary igneous rocks
within the Youjiang basin, no sufficient evidence supports a
magmatic source. The rarely exposed igneous rocks are consti-
tuted of late Permian diabase (~ 259 Ma; Zhang and Xiao 2014),
felsic and ultramafic dikes at the basin margins (77.4-99.4 Ma;
Liu et al. 2010; Chen et al. 2012, 2014; Zhu et al. 2017), which
are not consistent with the mineralization age in SW Guizhou
Province (~ 140 Ma; Su et al. 2009a; Wang 2013; Chen et al.
2019). Hydrothermal pyrite, arsenopyrite, and stibnite collected
from the Zhesang, Badu, Yata, and also Shuiyindong gold de-
posits got very low *He/*He value (0.01~0.05 Ra, unpublished
data) by other research of our group recently, which indicate that
the contribution of magma is negligible. Therefore, the sulfur of
ore-forming fluid was not probably dominated by magmatic or-
igin and thus different from that of CLGDs in Nevada, which are
approximately contemporaneous with calc-alkalic magmatism
(Hu et al. 2002; Kesler et al. 2005; Muntean et al. 2011).

Therefore, a deep metamorphic origin might be the only can-
didate for the sulfur source. There are a few observations to
support such hypothesis as below. (1) During the Late
Indosinian and Yanshanian orogenies, regional metamorphism
has occurred in the Youjiang basin (Su et al. 2009b, 2018).
Most of the exposed Triassic strata have regionally experienced
low-grade burial metamorphism (anchizone to epizone), overly-
ing Proterozoic low-grade metamorphic basement rocks (Wang
etal. 1995; Suo et al. 1998; Su et al. 2009b). The evidences from
H-O isotope compositions and CO,-enriched feature of ore fluids
imply a metamorphic origin, probably associated with crustal
thickening and prograde metamorphism (Hofstra et al. 2005;
Su et al. 2009b). (2) As observed by Hou et al. (2016), pressure
shadows were developed in ore-stage pyrite-quartz veinlets, as-
cribed to deformation and metamorphism (Large et al. 2007). (3)
The variations of sulfur isotopes of pyrites from pre-ore to ore
stages can be used to reflect metamorphic process. Previous
study indicated that the ranges of 5**S values of pyrites from
early to late stage were successively narrower, which resulted
from gradual homogenization of S during metamorphism
(Large et al. 2007; Chang et al. 2008). Similar narrowing trend
can also be found in this study, with ranges of 534S values (ESM
Table 4) decreasing from Pyl (= 37.5~+ 67.5%0; Zhao et al.
2018), to Py2-Py3 (+2.4~+ 14.2%o), to Py4 (—3.0~+6.6%o),
and to late sulfides (stibnite and realgar; + 1.6~+ 3.0%o; this
study). (4) During deformation or metamorphism, lattice-bound
gold could be released to form Au nanoparticles and even native
gold in the later pyrite generations (Large et al. 2007), in good
agreement with the microscopic and TEM observations in this
study and Su et al. (2008, 2012). In summary, the combination of
sulfur isotopic studies and geological observations suggests that
S of Py4 implies a metamorphic source.

Potentially, the fluid oxidized by meteoric water or physi-
cochemical changes (e.g., brecciation and subsequent pressure
fluctuations, Fig. 4e) may exert significant effects on decreas-
ing (>25%c~40%0) or even negative 5°*S values of sulfides
during the mineralization processes (Goldhaber et al. 1978,
Hodkiewicz et al. 2009; LaFlamme et al. 2016; Wu et al.
2019). Accordingly, the fractionation of heavy **S into the
oxidized sulfur species (e.g., barite) would lead to **S-
enriched H,S in the residual ore fluid, and subsequent precip-
itation of decreased-6°*S sulfides (e.g., pyrite or marcasite)
(Ohmoto 1972; Wu et al. 2019). The decreasing 5**S values
of Au-rich pyrite (Py4) from strata-bound orebodies No. I to
No. V can be attributed to the fluid oxidation resulted from
meteoric fluid mixing, demonstrated by the H-O isotope anal-
ysis of fluid inclusions in quartz (Hu et al. 2002; Wang 2013;
Peng et al. 2014; Tan et al. 2015b). And the mixing ratio
between upward hydrothermal fluid and downward meteoric
water is negatively correlated with depth.

To sum up, S of Py4 may have originated from a dominant
metamorphic reservoir, but 534S values of sulfides can be
altered by the increasing mixing degree of meteoric water
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Fig. 13 A cartoon illustrating the different stages of Py2 to Py4 (substages included)

upward. The isotopic fractionation ascribed to the change of
geochemical conditions such as fluid oxidation cannot be pre-
cluded. Given that both sulfur and ore-forming fluids have a
metamorphic origin, gold might be released by metamorphic
fluids and transported as S-bearing complexes (Groves et al.
2003; Chang et al. 2008). Then as proposed by Su et al.
(2018), the ore-forming fluids uplift following reactivated
basement-penetrating rift faults and gold precipitations oc-
curred in favorable locality. If the scenario is correct, we can
boldly extrapolate the explaination to the southeastern
Guizhou especially Huijiangbao anticline district.

Nano-scale elemental and S-isotopic variation
in pyrite

Differences in the elemental zoning of gold and other trace
elements across individual pyrite grains are interpreted to rep-
resent the influx and evolution of ore fluids (Barker et al.
2009). Delineation of vertical and lateral 5°*S distribution
patterns of ore-related Py4a/Py4b in the Shuiyindong gold

@ Springer

deposit is essential for understanding the potential upward
and lateral migration processes of ore-forming fluids, and for
predicting undiscovered orebodies and establishing of explo-
ration model. The coupled geochemistry of Au and As in
pyrite is an ubiquitous phenomenon in wide range of hydro-
thermal and diagenetic environments (Deditius et al. 2014).
We tried to compare the differences of Py4a and Py4b by
NanoSIMS line and plane scans reflecting the variation in
trace element distribution (Figs. 11 and 12; ESM Fig. 3), es-
pecially for As-Au-Cu.

Py4a-2 and partial Py4b-2 show a decoupled behavior of
As and Au (ESM Fig. 3a—c), which can be interpreted by the
possibilities summarized by Li et al. (2019): (1) Au is also
incorporated via absorption-chemisorption of invisible nano-
particles of Au (Au’) on the pyrite surface during growth
(Palenik et al. 2004; Li et al. 2019). This is in accordance with
the occurrence of Au Nps detected by TEM. (2) The disequi-
librium incorporation of Au and As can be resulted from the
rapid growth of pyrite (Fougerouse et al. 2016), which results
in the different availabilities of Au and As from solution
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(Li et al. 2019). (3) As may not be essential for the incorpo-
ration of invisible Au, and even As-free pyrites can also con-
tain Au, which was reported by Cook et al. (2009) and
Ciobanu et al. (2012).

Au and Cu of Py4a-2 and Py4b-2 always indicate a nega-
tive correlation, which may be explained by the reasons as
follows: (1) Au’* may occurs dominantly when the pH in-
crease and the condition is more oxidized during the evolution
of ore fluids, which could allow the substitute of Au>* with
Cu** (Yan et al. 2018); (2) increasing fluid temperature from
inner zone to outer zone leads to decreasing solubility of Au,
Cu, and As in pyrite, which leads to the expulsion of As (Au),
Cu from pyrite and subsequent incorporation in sulfide phases
such as late-stage chalcopyrite, Pb-Sb-sulfosalt, and sphalerite
(Fig. 12; Zygouri et al. 2017). It probably implies that Au and
Cu are structurally bound in zone Py4-1, structurally bound or
submicron-sized Au-rich/Cu-sulfide particles in zone Py4-2,
whereas the As is in solid solution in both zones as discussed
above. Increasing fluid temperature from Py4-1 to Py4-2 zone
leads to decreasing solubility of Au, Cu, and As in pyrite,
resulting in partial expulsion of As from pyrite, which is indi-
cated by a decoupled partly correlation of As and Au of zone
Py4b-2.

In consideration of the decoupling of Cu and As in Py4b-2
(ESM Fig. 3b), it may be explained that Cu can occur as both
solid solution and micro- to nano-sized particles of chalcopy-
rite (Fig. 12; Reich et al. 2013) while As mainly occurs struc-
turally bound in pyrite. Tardani et al. (2017) reported that
pyrites from the shallow argillic zone have As (Cu) zonation
and a decoupled phenomenon of As and Cu, due to the sepa-
ration of single-phase fluid into a low-density vapor depleted
in As/Cu ratio, and a denser brine enriched in As/Cu ratio,
which is able to fractionate As and Cu. However, the afore-
mentioned element zoning is not symmetric but secular, em-
bodied in one element locally enriched but depleted in other
positions even along the same overgrowth rim (Fig. 11b—d).
That might be resulted from the selective partitioning of
metals into the pyrite owing to physicochemical changes in
ore-forming fluid (Deditius et al. 2009). The heterogeneous
5**S values of various stages registered from core to rim of
each individual pyrite grain are shown in Fig. 11a, b. Taking
an example of Py4 in ESM Fig. 1c (Pyl1 is not included), we
use a cartoon illustrating the overgrowing and overprinting
features for various stages and subzones of pyrite formation
(Fig. 13), expounding the As-Au-Cu elemental variation
systematically.

Notably, compared with zone Py4a-2 holding a single in-
tensity peak for Py4a (ESM Fig. 3a), Py4b-2 always carry four
peaks at most (ESM Fig. 3b), which probably coincides with
different periodic replenishment of ore-forming fluids. The
Py4a-2 is mainly resulted from a sharp drop in either pressure
or temperature near the fault passage, and the Py4b-2 is main-
ly because of a stable and sustainable fluid environment. Even

from the same thin section, two peaks or three peaks of dif-
ferent pyrites indeed occur unevenly and discontinuously
(ESM Fig. 3c, d), probably on account of the difference of
fluid unloading and metal precipitation in different individual
particles.

Integrated variations in 5°*S and As-Au-Cu correla-
tions reflect that pyrite growth is accompanied by grad-
ual changes and consequent variations in fluid geochem-
istry along the migration pathway on the macro level.
Although in this scenario, the exact precipitation mech-
anism still remains open. However, what is clear is that
the Shuiyindong gold deposit underwent physicochemi-
cal changes of aqueous and/or aqueous-carbonic fluids
along migration paths, probably causing the destabiliza-
tion of Au-bisulfide complexes during local fluid-rock
interactions (e.g., sulfidation) of carbonate wall rocks
(Deditius et al. 2014).

Conclusion

1. Four types of pyrite are present in the Shuiyindong gold
deposit. The As-rich pyrite (Py4) contains higher Au, Cu,
Sb, and T1 than the As-poor pyrites (Py1, Py2, and Py3).
This, together with TEM observation, indicates that some
of the Au in Py4 is present as nanoparticles.

2. The &S values of Py4 from five different orebodies vary
from 4.1 to 1.3%o averagely. Although these values over-
lap the range of typical magmatic values, the evidence of
few coeval magmatic rocks in the district and decreasing
variations of 6°*S values from Pyl to Py4 may discount
the magmatic origin but suggests that sulfur of Py4 im-
plies a metamorphic source.

3. Our data support the notion that the metamorphic fluid
mixed by meteoric water might play a critical role in ore
formation. Alternatively, the fluid oxidation can also re-
sult in the large fractionation of sulfur isotopes.

4. Integrated variations in 6°*S and As-Au-Cu correlations
infer the physicochemical changes of aqueous and/or
aqueous-carbonic fluids along migration paths.
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