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Abstract The Paiting gold deposit, Guizhou Province,
China, has been regarded as a Carlin-type gold deposit by
several researchers. Alteration and ore-related minerals from
the Paiting deposit were examined, and results were compared
with the Cortez Hills Carlin-type gold deposit, Nevada, USA.
Similarities include the structural and stratigraphic controls on
the orebodies in both deposits and the occurrence of invisible
gold ionically bound in arsenian pyrite. Significant differences
include the following: (1) The gold-bearingmineral in Nevada
is arsenian pyrite. However, gold-bearing minerals in the
Paiting deposit include arsenopyrite, arsenian pyrite, and trace
pyrrhotite. Also, euhedral or subhedral gold-bearing arsenian

pyrite at Paiting contains significantly less As, Cu, and Hg
than gold-bearing pyrite from Nevada. (2) Alteration in the
Paiting deposit displays significantly less decarbonatization.
Instead, dolomite precipitation, which has not been described
in Nevada deposits, is associated with deposition of gold-
bearing sulfide minerals. (3) Stibnite and minor native anti-
mony typify Paiting late-ore-stage minerals, whereas in
Nevada, realgar, orpiment, and calcite are common late-ore-
stage minerals. Precipitation of native antimony in the Paiting
deposit reflects the evolution of a late-ore fluid with unusually
low sulfur and oxygen fugacities. Some characteristics of the
Paiting gold deposit, including formation of ore-stage dolo-
mite and precipitation from CO2-rich ore fluids at tempera-
tures in excess of 250 °C, are more typical of orogenic de-
posits than Nevada Carlin deposits. The presence of similari-
ties in the Paiting deposit to both Carlin type and orogenic
deposits is consistent with formation conditions intermediate
to those typical of Carlin type and orogenic systems.

Keywords Paiting gold deposit . Sediment-hosted gold
deposit . Carlin-type deposit . Deposit comparison . Native
antimony

Introduction

The sediment-hosted gold deposits in Guizhou Province,
China (Fig. 1), have been described as geologically similar
to the Carlin-type gold deposits in Nevada, USA (Gao et al.
2002; Hu et al. 2002; Li et al. 2002; Su et al. 2008, 2012; Xia
et al. 2009; Chen et al. 2011), the second largest known con-
centration of gold in the world (Muntean et al. 2011). The
Guizhou deposits are distributed along the southwestern mar-
gin of the Yangtze Craton (Hu et al. 2002; Fig. 1) and are
primarily hosted by Late Paleozoic–Early Mesozoic
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sedimentary rocks in southwestern Guizhou Province, with
some deposits hosted by Early Paleozoic sedimentary rocks
in southeastern Guizhou Province (Hu et al. 2002). Although
the Guizhou sediment-hosted gold deposits are much smaller
than the Nevada Carlin-type gold deposits, they exhibit many
of the characteristics of the Nevada deposits. One of the sig-
nificant similarities in these two districts is that the vast ma-
jority of Au is invisible as it substitutes for Fe in the pyrite
structure (Simon et al. 1999; Palenik et al. 2004; Su et al.
2012). Another similarity is that the deposits in both areas
are enriched in As, Sb, Hg, and Tl in addition to Au
(Arehart 1996; Hu et al. 2002; Cline et al. 2013). These ele-
ments typically occur in Au-bearing pyrite and as sulfide min-
erals (e.g., realgar, orpiment, and stibnite) and rarely occur as
native elements, except that trace native As has been found in
both Nevada (Rytuba 1985) and Guizhou deposits (Zhuang
et al. 1998; Tan 2001; Liu et al. 2007; Wang 2013).

Native antimony is a relatively rare mineral in nature, as it
is only stable at low oxygen and sulfur fugacities (Normand
et al. 1996; Williams-Jones and Normand 1997). To date,
native antimony has only been reported in antimony or gold-
antimony deposits (Normand et al. 1996; Bellot 2003; Thorne

et al. 2008; An and Zhu 2010) or lead-zinc deposits (Li
et al. 2005), and it has not been reported in Carlin-type
gold deposits in Nevada, USA, or in sediment-hosted
gold deposits in Guizhou Province, China, other than
in the Paiting deposit.

This study compares the Paiting gold deposit with
Carlin-type gold deposits in Nevada, with a focus on
ore and alteration minerals in the Cortez Hills deposit,
a Carlin-type gold deposit that exhibits characteristics
typical of Nevada deposits. Our results show that the
Paiting deposit not only exhibits some characteristics of
the Nevada Carlin-type deposits, including sediment-
hosted ore and invisible gold in arsenian pyrite, but also
displays significant differences, including the morpholo-
gy and chemistry of gold-bearing minerals and dolomite-
stable alteration. Another important discovery in this
study is that native antimony formed in the Paiting de-
posit during the late-ore stage. Based on the mineral
assemblages that formed at the Paiting deposit during
the ore and late-ore stages, the physicochemical condi-
tions of native antimony and ore formation in the Paiting
gold deposit have been constrained.

Fig. 1 Location map showing major cities, tectonic units, sediment-
hosted gold deposits, and other epithermal ore deposits in Southwest
China. Note that the majority of the sediment-hosted gold deposits are

located in the southwestern Guizhou Province (area inside red line)
(modified from Hu et al. 2002)
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Geological background

Characteristics of classic Carlin-type gold deposits
in Nevada, USA

Over 80–90 % of gold in Nevada Carlin-type gold deposits
occurs in four areas, including the Carlin, Cortez and Getchell
trends, and the Jerritt Canyon district (Cline et al. 2005). The
characteristics of the deposits in these four districts are re-
markably similar (Cline et al. 2005). Critical geologic charac-
teristics that define the Nevada deposits were identified and
include the following: (1) The deposits formed from ∼42 to
34 Ma, corresponding to a change from compression to ten-
sion and renewed magmatism, resulting in a spatial and tem-
poral relationship of the deposits with the proximal magmatic
activity (Hofstra et al. 1999; Cline et al. 2005; Ressel and
Henry 2006; Muntean et al. 2011). (2) Ore deposits occur in
clusters or are aligned along old, reactivated basement rift
structures. Orebodies exhibit both structural and stratigraphic
controls, and the deposits are preferentially hosted by
carbonate-bearing rocks within or adjacent to structures in
the lower plate of a regional thrust (Cline et al. 2005;
Muntean et al. 2011). (3) Ionically bound gold occurs within
trace element-rich arsenian pyrite or marcasite that formed by
sulfidation of host rock Fe (Hofstra et al. 1991; Arehart 1996;
Simon et al. 1999; Cline et al. 2005; Reich et al. 2005). (4)
Alteration processes associated with gold precipitation in-
clude decarbonatization that removed carbonate from the
rock, silicification in the form of jasperoid replacement of
carbonate minerals, and argillization of silty rock components
to form illite and kaolinite (Cail and Cline 2001; Cline et al.
2005). (5) Orpiment, realgar, and lesser stibnite precipitated
during the late-ore stage in open space as the system cooled
and collapsed (Hofstra et al. 1991; Cline et al. 2005; Muntean
et al. 2011). (6) Elements that characterize the Nevada Carlin-
type deposits include Au, As, Hg, Tl, Cu (Te), and Sb, with
low to absent Ag and base metals (Muntean et al. 2011). (7)
The deposits generally formed at depths of less than ∼3 km
and at temperatures of 180–240 °C, from moderately acidic
(pH ≤ 5), reduced fluids containing <5 wt% NaCl equiv,
<4 mol% CO2, <0.4 mol% CH4, and >0.01 mol% H2S
(Cline and Hofstra 2000; Hofstra and Cline 2000; Cline
et al. 2005; Muntean et al. 2011; Lubben et al. 2012).

Geology of Cortez Hills Carlin-type gold deposit, Nevada

The Cortez Hills deposit, located on the Battle Mountain-
Eureka trend, Nevada, is a high-grade Carlin-type gold depos-
it that exhibits typical characteristics of the Nevada Carlin-
type gold deposits (Clark 2012; Clark et al., in review). The
Cortez Hills deposit has proven gold reserves of 306 t with an
average Au grade of 1.99 g/t (Barrick Gold Corp. 2014). The
main host rocks are silty limestone and limestone of the

Silurian Roberts Mountains, Devonian Wenban, and
Devonian Horse Canyon formations (Arbonies et al. 2011;
Jackson et al. 2011). Gold is hosted in arsenian pyrite that is
encompassed by illlite and jasperoid (Clark 2012; Clark et al.
in review). The host rock has been variably decarbonatized
and silicified, and where decarbonatization was intense, a hy-
drothermal collapse breccia formed (Clark 2012; Clark et al.
in review).

Geology of the Paiting gold deposit, Guizhou Province

The Sandu-Danzhai Hg-Au-Sbmetallogenic belt in southeast-
ern Guizhou Province contains a series of gold (Hg, Sb) de-
posits and occurrences, including the Paiting, Hongfachang,
Xinfachang, Paihe, Yangyong, Miaolong, and Gaodong de-
posits (Fig. 2). These gold deposits, together with the gold
deposits in Youjiang Basin (e.g., Shuiyindong and Jinfeng
gold deposits, Fig. 1), have been described as geologically
similar to the Carlin-type gold deposits in Nevada, USA
(Gao et al. 2002; Hu et al. 2002; Li et al. 2002). The Paiting
gold deposit is the largest gold deposit in the Sandu-Danzhai
Hg-Au-Sb metallogenic belt (Dong 2007; Wu 2008), with
proven reserves of 5 t and average gold grades of 4 g/t
(Jiang Liu pers. commun. 2015).

The strata exposed in the Paiting deposit area consist of the
pre-Sinian Xiajiang Group and Upper Sinian and Cambrian
strata, which were deposited on the slope of the Qiannan plat-
form margin (Wu 2008; Fan 2010) and are described by Wu
(2008) (Figs. 3 and 4). Most rocks in the section are gray to
black owing to the presence of abundant carbon (Wu 2008;
Fan 2010). Gold mineralization preferentially occurs in lime-
stone and mudstone of the Cambrian Bianmachong (∈1b),
Wuxun (∈1w), and Duliujiang (∈2d) formations (Fig. 4).
The Lower Cambrian Bianmachong Formation (∈1b) consists
of black carbonaceous shale, with black silty mudstone at the
base. The Lower Cambrian Wuxun Formation (∈1w) lies
above the Bianmachong Formation and is subdivided into
lower and upper units. The lower unit consists of gray to dark
gray, sandy mudstone interbedded with carbonaceous mud-
stone, locally containing dolomitic nodules. The upper unit
is dominated by light gray to dark gray mudstone and silty
mudstone, interbedded with bedded limestone or muddy lime-
stone. The Middle Cambrian Duliujiang Formation (∈2d)
overlies the Wuxun Formation and is subdivided into lower,
middle, and upper units. The lower unit, which is also cut by
mineralized structures, consists of gray, sandy mudstone inter-
bedded with mudstone at the base and mudstone interbedded
with bedded muddy limestone at the top. The middle unit
consists of chert at the base and dark gray, clastic dolomite,
and bedded dolomite at the top. The upper unit is dominated
by muddy dolomite, bedded limestone, and thick-bedded
muddy limestone.
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Geologic mapping and drilling have yet to identify any
igneous rocks in the Paiting district. Metamorphic rocks of
Longli Formation (Ptxjl) (Figs. 3 and 4), including gray to
gray-white, fine-grained to medium-grained metamorphosed
sandstone interbedded with slate and siltstone, are exposed
east of the Paiting deposit. Chemical analyses to date have
not identified anomalous gold in these metamorphic rocks
(Bureau of Non-ferrous Geological Exploration of Guizhou
Province, unpublished report, 2010). The strata exposed in
the Paiting gold deposit are part of a monocline (Fig. 3) that
dips to the west from 15° to 50°. The Paiting district is char-
acterized by complex faulting. These faults can be divided
into ENE-, NE-, NNE-, and NW-striking faults. Most of the

orebodies are hosted in the ENE- and NE-striking faults
(Fig. 3).

In the Paiting gold deposit, submicron gold occurs in
arsenopyrite and arsenian pyrite (Li et al. 2002).
Commonly, these minerals are closely associated with
jasperoid and illite, but are also associated with dolomite and
calcite. Alteration associated with gold mineralization
includes decarbonatization, silicification, dolomitization,
sulfidation, and argillization (Gao et al. 2002; Li et al.
2002; Wu 2008; Fan 2010). Decarbonatization is char-
acterized by the dissolution of calcite and ferroan dolo-
mite. Silicification occurs as replacement of carbonate
and formation of jasperoid, which contains abundant

Fig. 2 Geological map of the
Sandu-Danzhai Hg-Au-Sb
metallogenic belt in Guizhou
Province (modified from Gao
et al. 2002)
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fine-grained calcite and ferroan dolomite inclusions.
Wall rocks have been argillized by the formation of
illite.

Methods

Seventy-one samples were collected from drill core and adits
located along the main orebodies that are hosted by faults F1
and F2 in the Paiting deposit (Fig. 3). Eleven drill core sam-
ples, selected for examination of the Cortez Hills Carlin-type

gold deposit, were chosen from a suite of samples previously
collected from this deposit (Clark 2012). All samples were
collected along short transects from low gold to high-grade
rock. Forty-two polished sections were prepared and exam-
ined using transmitted and reflected light petrography, scan-
ning electron microscopy (SEM), and electron probe micro-
analysis (EPMA).

A JEOL-5600 SEM at the University of Nevada Las Vegas
(UNLV) Electron Microanalysis and Imaging Laboratory
(EMiL) was used to provide semi-quantitative chemical com-
positions to confirm and identify minerals. High-resolution

Fig. 3 Geological map of the Paiting gold deposit (modified from Bureau of Non-ferrous Geological Exploration of Guizhou Province, unpublished
report 2010)
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images were captured using the SEM to record textural and
spatial relationships of minerals.

EPMA data for the Paiting deposit were collected using the
Shimadzu-1600 electron microprobe equipped with five
wavelength dispersive spectrometers (WDS) at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences. Operating con-
ditions included a 25 kV accelerating voltage, 10 nA beam
current with 10-s measurement time, and 10 μm spot size.
Standards included marcasite for Fe and S, skutterudite for
As, cuprous oxide for Cu, cinnabar for Hg, stibnite for Sb,
and native gold and silver for Au and Ag, respectively.
Minimum detection limits for all analyzed elements are
around 200 ppm.

EPMA data for the Cortez Hills Carlin-type gold deposit,
Nevada, were collected by using a JEOL-8900 electron mi-
croprobe at UNLV EMiL. Operating conditions included a
20 kVaccelerating voltage, 1–2 μm spot size, and 10 nA beam
current for major elements with 6-s measurement time and
100 nA beam current for trace elements with 35-s measure-
ment time. Standards include Micro-Analysis Consultants
(MAC)-As for As, MAC-FeS2 for Fe and S, MAC-
chalcopyrite for Cu, UNLV standard (CM)-Ag for Ag, CM-
HgS for Hg, CM-Sb for Sb, and Geller MicroAnalytical Lab
(Gel)-Au for Au, respectively. Minimum detection limits are
Fe (∼600 ppm), S (∼1500 ppm), As (∼300 ppm), Cu
(∼200 ppm), Hg (∼100 ppm), Sb (∼110 ppm), Au
(∼100 ppm), and Ag (∼100 ppm).

Fig. 4 Stratigraphic column for
Paiting deposit, showing
relationships between major
orebodies and stratigraphy
(Wu 2008; Bureau of Non-ferrous
Geological Exploration of
Guizhou Province, unpublished
report 2010)
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Mineral textures, chemistry, and paragenesis

Paiting gold deposit, Guizhou Province, China

Transects from low-grade to high-grademudstone in the lower
unit of Duliujiang Formation were examined and analyzed
using SEM and EPMA to identify the mineral paragenesis.
Events recognized at the Paiting deposit include pre-ore for-
mation of host rocks and the subsequent gold hydrothermal
event including ore and late-ore stages (Fig. 5).

Pre-ore-stage minerals in low-grade samples (<0.009 g/t
gold) include primary host-rock minerals such as abundant
calcite (Fig. 6a), detrital quartz, ferroan dolomite, minor dis-
seminated As-free or low-As pyrite, and trace illite (Fig. 5).
The sparse, small patches of illite have irregular boundaries
and are enclosed by quartz, calcite, or ferroan dolomite.
Locally, solid carbon-rich matter fills fractures in low- and
high-grade rocks. The As-free or low-As pyrite, commonly
10–50 μm and locally up to 200 μm in diameter, has a typical
yellowish-white or yellow color and is commonly subhedral
or anhedral and poorly polished (Fig. 6a). Gold, Hg, Cu, Ag,
and Sb in these As-free or low-As pyrites were not detected by
EPMA, and As was less than 1 wt% (ESM 1). The As-free or
low-As pyrite occurs in low- and high-grade samples and
commonly is rimmed by ore pyrite in ore.

Calcite, quartz, ferroan dolomite, and trace illite in the low-
grade samples are interpreted to have formed during sedimen-
tation and diagenesis and constitute the sedimentary rock.
Textures indicate that the carbon-rich matter likely formed
prior to gold mineralization. Because the As-free or low-As
pyrite lacks enrichments in trace elements typical of ore-stage
Carlin-type pyrite, it is likely a pre-ore-stage mineral.

The ore stage is defined as the main stage of gold deposi-
tion. Ore-stage minerals include arsenopyrite, arsenian pyrite,

pyrrhotite, quartz, dolomite, and illite (Fig. 5). Arsenopyrite
and arsenian pyrite, present in medium- and high-grade sam-
ples, are the main gold-bearing sulfides, and pyrrhotite is a
less common gold-bearing sulfide.

Arsenopyrite contains variable gold from below the detec-
tion limit (DL) of ∼200 to 2000 ppm, Sb from below DL to
2300 ppm, Cu from below DL to 1000 ppm, and Hg from
below DL to 300 ppm; Ag is below DL (ESM 1).
Arsenopyrite, commonly 5 to 40 μm in diameter, has a yel-
lowish to white color, bright reflectivity, and good polish
(Fig. 6b). Arsenopyrite is commonly euhedral to subhedral
(Fig. 6b, c) and occurs with arsenian pyrite (Fig. 6d).
Commonly, arsenopyrite is encompassed by low relief illite
(Fig. 6d), quartz, dolomite, and ferroan dolomite (Fig. 6c).
Locally, arsenopyrite is encompassed by stibnite (Fig. 6b).

Arsenian pyrite contains gold from below DL (∼200 ppm)
to 900 ppm, with trace Sb (<∼200 to 1800 ppm), Cu (<∼200 to
700 ppm), and Hg (<∼200 to 800 ppm) (ESM 1). Commonly,
arsenian pyrite forms rims, 5 to 30 μm in thickness, that en-
compass poorly polished As-free or low-As pyrite (Fig. 6d, e)
or occurs as euhedral and subhedral crystals (Fig. 6d). The
pre-ore cores and ore-stage rims cannot be distinguished by
using ore microscopy because the pyrite cores and rims have
the same color, relief, and reflectivity (Fig. 6f). However, the
core-rim textures are apparent by using backscattered electron
(BSE) imaging enhanced with low brightness and high con-
trast (Fig. 6e). Arsenian pyrite typically has a yellowish-white
color, bright reflectivity, and high relief and is well polished
(Fig. 6f). Arsenian pyrite is typically encompassed by illite
(Fig. 6d), quartz, and dolomite.

Pyrrhotite contains ∼1.0 wt% As, and Au ranges from be-
low DL (∼200 ppm) to 500 ppm in a few analyses (ESM 1).
Pyrrhotite is not common in ore samples. Where present, pyr-
rhotite occurs as euhedral to subhedral crystals and is associ-
ated with carbon-rich matter, and native antimony locally con-
forms to earlier pyrrhotite (Fig. 6g).

Illite is abundant in high-grade ore, varies from 5 to
20 wt%, and commonly encompasses ore minerals (Fig. 6d).
Quartz and dolomite are common gangue minerals that en-
compass gold-bearing sulfides (Fig. 6c). Zones of jasperoid
quartz that replaced calcite display irregular boundaries and
commonly contain solid inclusions of calcite. Dolomite, ab-
sent from low-grade samples, is intergrown with ferroan do-
lomite in ore (Fig. 6c).

Arsenopyrite, arsenian pyrite, and pyrrhotite, absent in
low-grade samples, occur in medium-grade and high-grade
samples and contain gold (ESM 1), indicating that these min-
erals precipitated during the ore stage. No visible gold has
been identified, and the majority of invisible gold is regularly
distributed in arsenopyrite and arsenian pyrite based on mi-
croprobe analyses, indicating that they are the main gold-
bearing minerals. The lack of detection of gold microcrystals
by EPMA and the presence of visible rims that have aFig. 5 Mineral paragenesis for the Paiting gold deposit
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consistent brightness under BSE imaging strongly suggest
that gold is ionically bound in these minerals. A spatial asso-
ciation and lack of crosscutting textures among gold-bearing
arsenopyrite, arsenian pyrite, and pyrrhotite is consistent with
formation of these minerals at approximately the same time
(Fig. 5). Gold is belowDL (<∼200 ppm) in some arsenopyrite,
arsenian pyrite, and pyrrhotite grains (ESM 1), which may
indicate that minor amounts of these minerals continued to
precipitate at the beginning of the late-ore stage (Fig. 5).
Illite is significantly more abundant in ore than in low-grade
samples, and it commonly encompasses ore minerals, consis-
tent with illite precipitation during the ore stage (Fig. 5).
Dolomite is absent from low-grade samples but encompasses
ore minerals in ore, indicating precipitation during the ore
stage. Textures and the presence of tiny calcite inclusions in-
dicate that the irregular jasperoid patches are a product of
silicification during the ore stage.

The late-ore stage was recorded by the precipitation of
abundant stibnite and minor native antimony (Fig. 5) that en-
compass or crosscut ore-stage minerals. Stibnite contains from
2.6 to 3.0 wt% As, Au from <∼200 to 700 ppm in a few
samples, trace Hg (<∼200 to 2300 ppm), Fe (<∼200 to
1600 ppm), and Cu (<∼200 to 500 ppm) (ESM 1). Stibnite
commonly occurs in stibnite-native antimony-quartz veins or
stibnite-quartz (calcite) veins crosscutting ore (Fig. 6h, i).
Stibnite encompasses euhedral quartz (Fig. 6j), rims pyrite
(Fig. 6k), rims arsenopyrite (Fig. 6b), encompasses dolomite
(Fig. 6l), and occurs as inclusions in dolomite (Fig. 6l).

Native antimony contains Sb from 94.4 to 96.4 wt%, As
from 4.5 to 5.0 wt%, Au from below DL (∼200 ppm) to
3100 ppm, trace Hg (<∼200 to 1000 ppm), and Fe (<∼200
to 2800 ppm) (ESM 1). Native antimony is recognizable using
both microscopy and SEM. Under the microscope, native an-
timony has a yellowish-white color and is brighter than stib-
nite (Fig. 6i, j). In backscattered mode with SEM, it is brighter
than any other sulfide mineral present (Fig. 6g, j, k, m, n).
Native antimony is commonly anhedral, 1 to 100 μm in di-
ameter, and locally greater than 200 μm. Native antimony
rims stibnite (Fig. 6k, n) and pyrite (Fig. 6k) or occurs with
pyrrhotite and carbon-rich matter (Fig. 6g). Native antimony
commonly forms veinlets or, with stibnite and quartz, forms
native antimony-stibnite-quartz veinlets crosscutting ore and
quartz-stibnite veins (Fig. 6h, i, m).

Textures strongly support the interpretation that stibnite
and native antimony formed during the late-ore stage and
native antimony precipitated after stibnite. Some stibnite and
native antimony contain trace gold, suggesting that the late-
ore fluid contained minor gold. Quartz and calcite, commonly
with stibnite, form veinlets crosscutting ore, which indicates
that this quartz and calcite precipitated during the late-ore
stage. Locally, dolomite containing stibnite inclusions is
encompassed by stibnite, which suggests that precipitation
of dolomite and stibnite overlapped.

The physicochemical parameters of ore formation in the
Paiting deposit are summarized in Table 1. The sulfur and ox-
ygen fugacities during the ore and late-ore stages at the Paiting
deposit can be estimated using sulfur fugacity-oxygen fugacity-
temperature phase diagrams calculated for ore-stage minerals in
the Twin Creeks Carlin-type gold deposit in Nevada (Simon
et al. 1999). The mineralization temperature in the Paiting de-
posit ranged from 290 to 200 °C during the ore stage and from
220 to 110 °C during the late-ore stage, based on bitumen
reflectance analyses and homogenization temperatures of fluid
inclusions in quartz from gold-rich zones (Chen et al., Guizhou
University of Industry, unpublished report 1998). Using the
ore-stage pyrite-arsenopyrite-pyrrhotite assemblage (Fig. 5)
and temperatures from 290 to 200 °C, the ore-stage log ƒS2(g)
can be inferred as about −10.5 to −16 (Fig. 7). The late-ore-
stage log ƒS2(g) can be inferred as −14 to −25.5 based on the
late-ore-stage mineral assemblage of stibnite-native antimony
(Fig. 5) and temperatures from 220 to 110 °C.

Based on the indicated sulfur fugacities and stable mineral
assemblages, the log ƒO2(g) of the ore and late-ore stages can
be inferred. The ore-stage log ƒO2(g) ranges from −36 to at
least −45 (Fig. 8a) for the pyrite-arsenopyrite-pyrrhotite as-
semblage (Fig. 5). The late-ore-stage native antimony-
stibnite assemblage is inferred to have formed under log
ƒO2(g) conditions of −48.5 to at least −55 (Fig. 8b).

The solubilities of antimony and aqueous antimony species
are mainly controlled by temperature, pH, ƒO2(g), and ƒS2(g)
(Williams-Jones and Normand 1997). Antimony is transported

Fig. 6 Minerals and their relationships in the Paiting gold deposit. The
label in the top right of each image indicates the sample number and gold
grade. a Low-grade samples contain abundant calcite and disseminated
poorly polished pyrite (R&TCPL image). b Euhedral arsenopyrite is
encompassed by stibnite (RPPL image). c Fe-dolomite, dolomite,
quartz, and illite occur with arsenopyrite (BSE image with high
contrast). Fe-dolomite, dolomite, and quartz have higher relief than
illite. Fe-dolomite is brighter than dolomite and quartz. Quartz is darker
than dolomite (BSE image). d Core-rim textured pyrite and arsenopyrite
are disseminated in ore. Illite with low relief is dark gray. Quartz has
higher relief than illite (BSE image). e BSE image with low brightness
and high contrast shows core-rim textured pyrite. f RPPL image shows
the core-rim textured pyrite. g Pyrrhotite and native antimony occur with
calcite and organic matter (BSE image). h Quartz-stibnite-native
antimony vein, quartz-stibnite vein and native antimony vein crosscut
ore, and quartz-stibnite vein is crosscut by quartz-stibnite-native
antimony vein (PSS image). i Native antimony vein crosscuts quartz-
stibnite-calcite vein (R&TCPL image). j Stibnite and native antimony
encompass euhedral quartz (R&TCPL image). k Stibnite rims pyrite,
and native antimony conforms to stibnite and pyrite (BSE image). l
Stibnite encompasses dolomite, which contains solid inclusions of
stibnite (BSE image). m Native antimony vein crosscuts ore (BSE
image). n Native antimony conforms to stibnite (BSE image). R&TCPL
reflected and transmitted crossed polarized light, RPPL reflected plane
polarized light, BSE backscattered electron, PSS polished section scan,
asp arsenopyrite, As-py arsenian pyrite, cc calcite, crm carbon-rich matter,
dol dolomite, Fe-dol Fe-dolomite, ill illite, po pyrrhotite, py pyrite, qtz
quartz, Sb0 native antimony, stb stibnite

b
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principally as Sb(OH)3
0 (Wood et al. 1987; Shikina and Zotov

1991), as Sb2S2(OH)2
0 at low pH and intermediate ƒO2 (Krupp

1988; Spycher and Reed 1989), as HSb2S4
− at intermediate pH

of 6–7.7 and intermediate ƒO2 (Krupp 1988; Williams-Jones
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and Normand 1997), or as Sb(OH)4
− at high pH conditions of

>10 (Williams-Jones and Normand 1997) (Fig. 9). Williams-
Jones and Normand (1997) determined mineral stability rela-
tionships and antimony solubility in the system Fe-Sb-S-O.
Applied to the Paiting deposit that exhibits carbonate-stable

alteration, the ore fluid pH was likely near neutral at ∼5.5 at
200 °C (Barnes 1979) to alkaline. The solubility of antimony at
neutral to alkaline pH approaches hundreds of ppm at log
ƒO2(g) >−36 (Fig. 9), where antimony is likely transported as
Sb(OH)3

0. As log ƒO2(g) decreased from −36 to −50, the

Fig. 6 (continued)

Table 1 Physicochemical parameters of Paiting gold deposit

Physicochemical parameter Ore stage Late-ore stage Source of data

Temperature/°C 290 to 200 220 to 110 Bitumen reflectance analyses and fluid inclusion studies, Chen et al.,
Guizhou University of Industry, unpublished report 1998

Log ƒS2(g) −10.5 to −16 −14 to −25.5 Ore- and late-ore-stage mineral assemblages from this study; ƒS2(g)-
temperature phase equilibria

Log ƒO2(g) −36 to −45 −48.5 to −55 Ore- and late-ore-stage mineral assemblages from this study; ƒO2(g)-
ƒS2(g) phase equilibria
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solubility of antimony decreased to 0.001 ppm, and antimony
transport likely switched to HSb2S4

− at this reduced oxygen
fugacity and neutral to alkaline pH (Fig. 9).

Cortez Hills Carlin-type gold deposit, Nevada, USA

Ore pyrite (Fig. 10a, b) in the Cortez Hills deposit contains
1000 to 3200 ppmAu and is enriched in As (4.2 to 12.9 wt%),
Cu (2000 to 12200 ppm), Hg (1800 to 11600 ppm), and Sb
(200 to 1000 ppm) (ESM 1). Silver was below DL in all
analyses. The concentrations of As, Cu, and Hg in Cortez
Hills pyrite are approximately 2.3, 15.7, and 16.7 times higher
than they are in Paiting ore pyrite (ESM 1). Ore pyrite has a
golden yellow color (Fig. 10a) and is soft and has a poor
polish (Fig. 10b). The ore pyrite, with irregular, feathery outer
edges, has earned the name Bfuzzy^ pyrite (Cline et al. 2005).
Ore pyrite commonly rims euhedral, well-polished pre-ore py-
rite, or forms small, commonly 1 to 10 μm in diameter, indi-
vidual spheroidal pyrite disseminated in ore (Fig. 10a, b). The
ore pyrite rims, commonly1 to 10 μm in thickness, can be
observed easily on the microscope (Fig. 10a) and with BSE
imaging (Fig. 10b). The gangue minerals that consistently

encompass the ore pyrite are illite and jasperoid (Fig. 10a, b).
In high-grade ore slabs, blue epoxy fills abundant space that
was formerly pore space in the rock (Fig. 10a).

The ore pyrite and alteration in the Cortez Hills deposit
exhibit characteristics that are typical of Carlin-type gold de-
posits in Nevada (Cline et al. 2005). The fuzzy arsenian pyrite
is enriched in As, Cu, and Hg in addition to Au and is the
typical gold-bearing sulfide. Decarbonatization removed for-
mer carbonate minerals and, where not replaced by other min-
erals, left much pore space. Silicification in the form of
jasperoid replaced carbonate minerals, and argillization is rep-
resented by abundant illite encompassing ore pyrite and
jasperoid.

Discussion

Precipitation of native antimony in the Paiting deposit

Krupp and Seward (1990) and Normand et al. (1996) conclud-
ed that CH4 is the predominant carbonic vapor phase in equi-
librium with native antimony, with native antimony precipi-
tating from reduced fluids dominated by CH4. Williams-Jones
and Normand (1997) described stibnite deposits throughout
the world and determined that most stibnite deposits that con-
tain native antimony occur in black shale. The Paiting host
rocks are enriched in carbon-rich matter (Fig. 6g); the
Cambrian Bianmachong Formation (∈1b) is dominated by
black carbonaceous shale (Fig. 4), and the Wuxun
Formation (∈1w) contains carbonaceous mudstone (Fig. 4),
consistent with fluid inclusions that contain up to 4.0 mol%
CH4 (Li et al. 2002). Black carbonaceous shale and/or carbon-
rich matter likely provided carbon for CH4 in the hydrother-
mal fluid and also produced reducing conditions consistent
with precipitation of native antimony.

Temperature and sulfur fugacity are two important factors
controlling the solubility of antimony and the stability of stib-
nite (Williams-Jones and Normand 1997; An and Zhu 2010).
During the ore stage at the Paiting deposit, conditions
(Table 1) are consistent with antimony transport as
Sb(OH)3

0 and gold transport as AuHS0 (Stefansson and
Seward 2004). As arsenopyrite, arsenian pyrite, and pyrrhotite
precipitated during the ore stage at temperatures between 290
and 200 °C, the vast majority of gold in the deposit was likely
captured as Au+ ions within arsenopyrite and arsenian pyrite.
The precipitation of arsenopyrite and other sulfide minerals
reduced the concentration of available reduced sulfur in the
ore fluid. Over time, the ore stage transitioned to a late-ore
stage with a log sulfur fugacity between −14 and −25.5, a log
oxygen fugacity between −48.5 and −55, and an ore fluid
temperature between 220 and 110 °C. This transition caused
the solubility of antimony to decrease significantly from

Fig. 7 Temperature versus log ƒS2(g) diagram showing stability fields of
minerals present in ore and late-ore stages at the Paiting deposit (modified
from Simon et al. 1999). Red represents the stability field of ore-stage
minerals pyrite, arsenopyrite, and pyrrhotite, and light blue represents the
stability field of late-ore-stage minerals stibnite and native antimony.
Boundary with question mark means that the exact location of the
sulfur fugacity boundary is unknown but is somewhere between the
two nearest boundaries. As arsenic, Asp arsenopyrite, Lo loellingite,
Orp orpiment, Po pyrrhotite, Py pyrite, Rl realgar, S sulfur, Sb0 native
antimony, Stb stibnite
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hundreds of ppm to <0.001 ppm, causing precipitation of stib-
nite and native antimony.

Precipitation of native antimony in the late-ore stage
indicates that the late-ore fluid in the Paiting deposit
differs from what has been reported in other sediment-
hosted gold deposits in southwestern Guizhou and
Nevada. Liu et al. (2007) suggested that in southwestern
Guizhou, China, the sulfur and oxygen fugacities in-
creased from the ore stage to late-ore stage based on
the mineral paragenesis of sediment-hosted gold de-
posits. Simon et al. (1999) concluded that in the Twin
Creeks Carlin-type gold deposit, Nevada, the log sulfur
fugacity in the ore fluid decreased from about −6 to
−16 from the ore stage to the late-ore stage. However,
in the Paiting gold deposit, the drops in log sulfur and
oxygen fugacities were dramatic, possibly from about
−10.5 to −25.5 and −36 to −55, respectively. These
values are unusually low, and under these conditions,
only stibnite and native antimony, rather than realgar
and orpiment, were stable (Figs. 7 and 8). Thus, al-
though the content of arsenic reached 5.0 wt% in native
antimony at Paiting (ESM 1), minerals such as realgar
and orpiment, which are common in the Nevada Carlin-
type gold deposits and in the southwestern Guizhou
province sediment-hosted gold deposits, did not
precipitate.

Fig. 8 a Log ƒS2(g) versus log ƒO2(g) diagram showing the stability fields
of mineral assemblages in the ore stage at 250 °C (modified from Simon
et al. 1999). Red represents the stability field of ore-stage minerals pyrite,
arsenopyrite, and pyrrhotite. The exact location of the sulfur fugacity
boundary shown with a question mark is not known, but the boundary
is located between the two nearest boundaries. b Log ƒS2(g) versus log
ƒO2(g) diagram showing stability fields of minerals in the late-ore stage at

150 °C (modified from Simon et al. 1999). Light blue represents the
stability field of late-ore-stage minerals stibnite and native antimony.
The exact location of the sulfur fugacity boundary shown with a
question mark is unknown, but the boundary is located between the two
nearest boundaries. As arsenic, Asp arsenopyrite, Hm hematite, Lo
loellingite, Mt magnetite, Orp orpiment, Po pyrrhotite, Py pyrite, Rl
realgar, S sulfur, Sb0 native antimony, Stb stibnite

Fig. 9 Log ƒO2(g) versus pH diagram at 200 °C andΣαs = 0.01, showing
contours of antimony solubility in ppm (black dashed lines). Also shown
are the distribution of the dominant Sb species (note that the species
HSb2S4

− is limited to pH conditions between 6.0 to 7.7 and Sb(OH)4
−

to pH >10) and stability fields of minerals (black solid lines) in the system
Fe-Sb-S-O (modified from Williams-Jones and Normand 1997). The
fields of ore-stage and late-ore-stage minerals in the Paiting gold
deposit are shown. Red represents the stability field of ore-stage
minerals pyrite, arsenopyrite, and pyrrhotite, and light blue represents
the stability field of late-ore-stage minerals stibnite and native antimony.
Poorly defined boundaries are indicated with a question mark. Brt
berthierite, Gud gudmundite, Hm hematite, Ker kermesite, Mt
magnetite, Orp orpiment, Po pyrrhotite, Py pyrite, Sb0 native antimony,
Sen senarmontite, Snj seinajokite, Stb stibnite
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Comparison of the Paiting gold deposit with Nevada
Carlin-type gold deposits

Our examination of ore and late-ore-stage minerals and alter-
ation in the Paiting and Cortez Hills deposits determined that
the Paiting gold deposit exhibits some characteristics of
Nevada Carlin-type gold deposits, as well as significant dif-
ferences. Similarities include the following: (1) Orebodies ex-
hibit both structural and stratigraphic controls, are preferen-
tially hosted by limestone and mudstone, and are related to
faults that were ore fluid conduits. (2) Invisible gold is
ionically bound in arsenian pyrite.

However, there are also important differences in ore, late-
ore and alteration minerals, and ore fluid in the two districts.
The gold-bearing sulfide mineral in the Nevada deposits is
dominantly arsenian pyrite, whereas in the Paiting deposit,
gold is in arsenopyrite, arsenian pyrite, and trace pyrrhotite,
and some of the late-ore-stage stibnite and native antimony
also contain trace gold. In addition, the morphology and
chemistry of gold-bearing arsenian pyrite are significantly dif-
ferent. The Paiting ore-stage arsenian pyrite is commonly
euhedral to subhedral, and typical Nevada fuzzy gold-
bearing pyrites are not observed. Although gold-bearing sul-
fides in both the Paiting and Nevada deposits are enriched in
trace As, Cu, and Hg, the concentrations of these elements in
Paiting gold-bearing sulfide minerals are much lower than in
Nevada pyrites.

Alteration in the Paiting gold deposit differs significantly
from the Nevada deposits. Decarbonatization, a major alter-
ation process in Nevada, is not important in the Paiting deposit
as shown by the common occurrence of gold-bearing arseno-
pyrite and pyrite with stable dolomite and ferroan dolomite in
addition to jasperoid and variable illite. Precipitation of dolo-
mite is an important ore-stage alteration process in the Paiting

deposit, whereas ore-stage dolomitization in Nevada deposits
is not reported and removal of carbonate dominates alteration
processes. The presence of stable carbonate minerals in
Paiting ore indicates that ore fluids in the Paiting deposit were
less acidic than Nevada ore fluids.

Late-ore-stage minerals in the Paiting deposit exhibit dif-
ferences from the Nevada deposits. Orpiment and realgar, the
typical late-ore-stage mineral in Nevada deposits, did not oc-
cur in the Paiting deposit; instead, abundant stibnite with mi-
nor native antimony typifies the Paiting late-ore-stage
minerals.

Igneous rocks are not observed in the Paiting deposit area,
but deposits in Nevada are spatially and temporally associated
with magmatism (Cline et al. 2005; Muntean et al. 2011). The
Nevada Carlin-type gold deposits formed from ∼42 to 36 Ma
(Hofstra et al. 1999) and young to south (Muntean et al. 2011),
which temporally and spatially coincides with the southward
sweep of magmatism that was initiated by Farallon plate roll-
back and delamination (Humphreys 1995; Ressel and Henry
2006; Muntean et al. 2011).

Fluid inclusion studies indicate that Paiting ore fluids dif-
fered from Nevada ore fluids in that the former was enriched
in CH4 (4.0 mol%) and CO2 (1.6 mol%), and temperatures
were hotter (200–290 °C) (Chen et al., Guizhou University of
Industry, unpublished report 1998; Li et al. 2002). Nevada ore
fluids are of moderate temperature (180–240 °C), low salinity
(<5 wt% NaCl equiv), somewhat low pH (≤5), and contained
<4 mol% CO2, <0.4 mol% CH4, and >0.01 mol% H2S
(Hofstra and Cline 2000; Cline et al. 2005; Lubben et al.
2012).

Although host rocks and ionic gold in arsenian pyrite at the
Paiting and Nevada deposits are quite similar, the ore- and
late-ore-stage minerals, alteration, and ore fluid chemistry
and temperature display significant differences, which

Fig. 10 Typical ore and alteration minerals in the Cortez Hills Carlin-
type gold deposit, Nevada. The label in the top right of each image
indicates the drill hole number, sampling depth (feet), and gold grade. a
Ore-stage fuzzy pyrites rim pre-ore pyrite grains, ore pyrites are
encompassed by illite and quartz, and blue epoxy fills former open

space (R&TPPL image). b Pre-ore pyrite core is rimmed by ore-stage
fuzzy pyrite, and ore pyrites are encompassed by illite and quartz (BSE
image). R&TPPL reflected and transmitted plane polarized light, BSE
backscattered electron, py pyrite, ill illite, qtz quartz
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indicate that the processes that produced the minerals and
deposits were different. In the Nevada deposits, fluid-rock
reaction between an acidic fluid and reactive rock caused de-
calcification and precipitation of gold-bearing arsenian pyrite,
jasperoid, and illite. During the late-ore stage, realgar, orpi-
ment, calcite, rare stibnite, and quartz precipitated in response
to cooling and collapse of the hydrothermal system (Hofstra
and Cline 2000; Cline et al. 2005). In the Paiting deposit, a
neutral or perhaps alkaline and CH4- and CO2-rich ore fluid at
higher temperature precipitated gold-bearing arsenopyrite,
arsenian pyrite, pyrrhotite, dolomite, jasperoid, and illite.
During the late-ore stage, sulfur and oxygen fugacities de-
creased significantly, and stibnite and native antimony con-
taining trace gold precipitated.

Studies of other sediment-hosted gold deposits in south-
western Guizhou Province also indicate that gold mineraliza-
tion was accompanied by precipitation of dolomite, and these
deposits formed from ore fluids enriched in CO2 at a higher
temperature and pressure than the Nevada deposits. Abundant
ore-stage dolomite encompassing ore pyrite was identified at
both the Jinfeng and Shuiyindong deposits (Zhuojun Xie un-
published data). Fluid inclusion studies at Jinfeng indicate that
ore fluids were CO2-rich (7–75 mol%), of moderately high
temperature (240–300 °C), and trapped under pressures of
1.5 to 2.3 kbar (Zhang et al. 2003). Fluid inclusion research
at Shuiyindong suggests that this deposit formed from mod-
erate temperature (190–230 °C), CO2-bearing (6.3–8.4 mol%)
aqueous fluids trapped at pressures of 0.45–1.15 kbar (Su
et al. 2009). Cline et al. (2013) applied a pressure correction
to the pre main ore-stage inclusions, yielding trapping temper-
atures of about 220–345 °C.

The dolomite-stable alteration and higher temperature and
pressure ore fluids enriched in CO2, identified in the Paiting
and other Guizhou sediment-hosted gold deposits, are differ-
ent from conditions typical of formation of Carlin-type de-
posits in Nevada. They are, however, similar to formation
conditions of orogenic gold deposits. Groves et al. (1998)
and Goldfarb et al. (2005) summarized the characteristics of
orogenic deposits and stressed that these deposits commonly
formed at temperatures between 250 and 400 °C and depths
between 2 and 20 km, conditions that are higher in tempera-
ture and greater in depth than conditions typical of Carlin-type
deposits (Cline et al. 2005). They also emphasized that oro-
genic deposits commonly formed from near-neutral and
slightly reduced ore fluids that were enriched in CO2 (between
4 and 30 mol%) and that ore-stage carbonate is typical of
hydrothermal alteration in orogenic deposits.

Collectively, our results indicate that the Paiting and other
sediment-hosted gold deposits in Guizhou Province formed at
pressure-temperature-chemistry conditions intermediate to the
shallower and lower pressure-temperature Carlin-type and the
more deeply formed and higher pressure-temperature orogen-
ic systems, which explains why the Guizhou deposits have

similarities to both Carlin-type and orogenic gold deposits.
The neutral or perhaps alkaline ore fluids with high concen-
tration of CO2 in the Guizhou ore fluid allowed stabilization of
dolomite during the ore stage. The higher temperatures and
pressures of the Guizhou ore fluids, as compared to Nevada
ore fluids, are consistent with precipitation of ore-stage arse-
nopyrite and pyrrhotite in the Guizhou deposits.

Conclusions

The Paiting gold deposit has similar and different characteris-
tics compared to the Carlin-type deposits of Nevada. Both are
hosted by sedimentary rocks and both contain ionically bound
gold in arsenian pyrite. Main differences include lower con-
centrations of As, Cu, and Hg in subhedral to euhedral gold-
bearing sulfide minerals and the presence of dolomite-stable
alteration in the Pating deposit. Abundant late-ore-stage stib-
nite and minor native antimony occur at Pating, but realgar
and orpiment are lacking. Also, Paiting ore fluids had higher
temperatures and transported higher concentrations of CH4

and possibly CO2 than typical Carlin ore fluids in Nevada.
The carbonate-stable alteration that resulted from CO2-bear-
ing ore fluids with temperatures in excess of 250 °C is char-
acteristic of orogenic deposits rather than Carlin-type deposits.
Thus, the Paiting deposit exhibits some similarities to both
typical Carlin-type deposits and orogenic gold deposits, sug-
gesting that this deposit formed at pressure-temperature-
chemistry conditions intermediate between these two major
ore styles.
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