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A B S T R A C T

Nibao is a unique thrust fault-controlled and strata-bound disseminated gold deposit in southwestern Guizhou
Province, China. In Nibao, pyrite is the major sulfide mineral and Au is structurally bound (Au+) within the
pyrite lattice. In this study, we conducted detailed analyses of the pyrite chemistry and S isotope composition in
Nibao using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and laser ablation multi-
collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS), respectively. Through petrographic
and pyrite chemical studies, four pyrite generations (Py1–Py4) were distinguished: framboidal pyrite (Py1, pre-
ore sedimentary stage), clean pyrite overgrowing framboidal pyrite (Py2, pre-ore diagenetic stage), “spongy”
pyrite (Py3, early ore stage), and overgrowth of narrow pyrite rims surrounding Py2/Py3 and disseminated
pyrite associated with arsenopyrite (Py4, main ore stage). Among these, Py2 and Py4 are the most abundant.

The trace element content in Py2 is characterized by a wide range of As, Cu, Sb, and Pb concentrations
(~2480–58100 ppm, ~55.4–1610 ppm, ~29.1–232 ppm, and ~24.1–376 ppm, respectively), while Py4 has the
highest Au, As, Cu, and Se contents (~70 ppm, ~4200, ~1630 ppm, and ~38.3 ppm, respectively). The δ34S
values of pre-ore pyrites measured by LA-MC-ICP-MS in this study and the available data in the literature range
broadly from −53.3 to 114.8‰, indicating that they were most likely generated by bacterial reduction from
marine sulfate during sedimentation/diagenesis. Meanwhile, the δ34S values of ore pyrites have relative narrow
δ34S values, mostly varying from −5 to 5‰, and indicating that the S was derived either from the average of
sedimentary rocks or from a magmatic source.

Since igneous rocks are scarce in the region and the exposed (~77–99 Ma) are clearly younger than the
mineralization age of the Nibao gold deposit (~141 Ma), a magmatic source is unlikely in Nibao. All pyrites in
this study show a positive correlation (R2 = 0.71) between Co and Ni, and the Co/Ni and Zn/Ni ratios of main
stage Py4 are close to or within the range defined for a sedimentary–diagenetic origin, suggesting a sedimentary
source is more likely in Nibao.

1. Introduction

Disseminated gold deposits (also known as Carlin-type gold de-
posits) are an important end member of low-temperature
(~150–250 °C) epigenetic deposits that contribute significantly to the
global supply of gold (~8%; Frimmel, 2008; Hu et al., 2017). These
types of gold deposits are mainly located in Nevada, USA and

southwestern China (Li and Peters, 1999; Gao et al., 2002; Hu et al.,
2002, 2017; Cline et al., 2005; Su et al., 2008, 2012; Xia et al., 2009;
Chen et al., 2011). The deposits in both regions formed in similar tec-
tonic settings, with deposition of passive-margin sequences along a
rifted cratonic margin with subsequent deformation (Cline and Hofstra,
2000; Hu et al., 2002; Muntean et al., 2011; Xie et al., 2018a). In both
regions, typical ore-related alteration includes decarbonatization,
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silicification, sulfidation, and argillization. Gold is invisible and ioni-
cally bound within arsenian pyrite lattices, and elements significantly
correlated with Au include As, Sb, Hg, Tl, and Cu (Hu et al., 2002; Cline
et al., 2005, 2013; Tan et al., 2015). One of the differences between the
deposits in these two regions is the pH value of the ore-forming fluids –
those in southwestern China are weakly acidic, while in Nevada they
are more strongly acidic (Xie et al., 2018a).

The southwestern Guizhou (SW Guizhou) Province is the most
abundant gold producing area of southwestern China. Following the
discovery of the first disseminated gold deposit—the Banqi deposit—in
1978, more than 20 gold deposits and numerous occurrences have been
discovered in SW Guizhou Province (Tu, 1992; Hu et al., 2002), in-
cluding Shuiyindong (Xia, 2005; Tan et al., 2019), Jinfeng (Lannigou)
(Zhang et al., 2003), Nibao (Wei et al., 2016), Zimudang (Liu et al.,
2015), Getang (Hu et al., 2018), etc. Although these gold deposits have
been mined for decades and their geological characteristics have been
well documented (Xia, 2005; Xia et al., 2009; Liu et al., 2006; Wang
et al., 2013; Hou et al., 2016), uncertainties remain regarding their
origins due to conflicting data (e.g., the interpretation of S–H–O–C
isotopic compositions), which hamper the development of a compre-
hensive genetic model. To date, at least three different models have
been proposed for the origin of Au and the mineralizing fluids: (1) the
sedimentary model suggests that Au was sourced from strata with pre-
enriched sediments by the circulation of meteoric water (Zhang et al.,
2003; Gu et al., 2012; Peng et al., 2014; Hu et al., 2017); (2) the me-
tamorphic model argues for a metamorphic origin for mineralizing

fluids related to crustal thickening and prograde metamorphism (Su
et al., 2009, 2018); and (3) the magmatic model which proposes that Au
and the related fluids were derived from concealed granitic intrusions
(Liu et al., 2006; Zhang et al., 2010; Hu et al., 2018; Xie et al., 2018b).

Pyrite (FeS2) is a common sulfide in disseminated gold deposits and
it is an excellent recorder of the conditions under which it formed
(Large et al., 2007, 2009, 2011; Franchini et al., 2015; Meffre et al.,
2015; Gregory et al., 2016). However, it can form via sedimentary,
metamorphic, and hydrothermal processes making interpretation of
pyrite chemistry critical to understanding its origin. In disseminated
gold deposits, Au-bearing pyrite is commonly fine-grained and textu-
rally complex (Su et al., 2008, 2012; Large et al., 2009; Chen et al.,
2015; Hu et al., 2018). It is difficult to convincingly determine the
chemistry of ore-stage pyrite using traditional analyses of bulk ore
samples or pyrite separates. The lack of definite trace element contents
and isotopic compositions of different pyrite stages (i.e., pre-ore stage,
ore stage, and post-ore stage) limits our understanding of the genesis of
disseminated gold deposits. Recently, new in situ analytical methods,
including laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS), for measuring trace element compositions, and laser ab-
lation multi-collector inductively coupled plasma mass spectrometry
(LA-MC-ICP-MS), for measuring S isotope compositions, have made it
feasible to discriminate the chemistry of different generations of pyrite
(Large et al., 2007; Gregory et al., 2016; Hou et al., 2016; Steadman and
Large, 2016; Xie et al., 2018b; Hu et al., 2018).

The Nibao gold deposit contains a measured plus indicated resource

Fig. 1. (A) Regional tectonic framework of the Youjiang Basin; (B) Geology of the Youjiang Basin showing the distribution of disseminated gold deposits, igneous
rocks and Sn-(W) deposits around the basin (modified from Cai and Zhang (2009) and Zhu et al. (2017)). Ages of the Sn-(W) deposits are summarized from Wang
et al. (2004), Li et al. (2008), Cheng and Mao (2010), Cheng et al. (2013), Mao et al. (2013), and Xu et al. (2015). The ages of the ultramafic and felsic dikes are
summarized from Liu et al. (2010) and Zhu et al. (2017), respectively. The age of the Nibao deposit is cited from Chen et al. (2019).
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of over 60 t at 2.74 g/t Au and it is the third largest gold deposit in the
region (Qi et al., 2014; Jin, 2017; Li et al., 2019). Recently, a large
number of hypogene orebodies (100–500 m beneath the ground sur-
face) were discovered in Nibao (Qi et al., 2014), and core samples from
the most recent drilling program have provided an excellent opportu-
nity to study this deposit.

Four generations of pyrite have been distinguished in Nibao based
on petrographic studies: sedimentary framboidal pyrite preserved in the
silicified rocks (Py1), relatively homogenous pyrite overgrown on Py1
hosted in the argillaceous rocks (Py2), spongy and porous pyrite
overgrown on Py2 within the calcareous and argillaceous rocks (Py3),
and overgrowth of pyrite rims surrounding Py2/Py3 and disseminated
pyrite associated with arsenopyrite (Py4). Here we present LA-ICP-MS
analyses for these four pyrite types and LA-MC-ICP-MS analyses for Py2
and Py4 from the Nibao gold deposit. The results help to differentiate
between the generations of pyrite, clarify their genetic relationships to
one another, and to assess the potential sources of Au and other ele-
ments in the Nibao deposit.

2. Regional geology

The SW Guizhou Province is within the Youjiang Basin along the
southwestern margin of the Yangtze Craton (Peters et al., 2007; Cai and
Zhang, 2009; Su et al., 2009; Yang et al., 2012; Tan et al., 2015; Su
et al., 2018; Fig. 1A). The Yangtze Craton is an important part of the
South China Block and hosts several successions of black shales,

including the Neoproterozoic Duoshantuo Formation and the Cambrian
Niutitang Formation. The thickness of black shale in the Duoshantuo
Formation is ~60–70 m (Sahoo et al., 2016; Gregory et al., 2017), while
that in the Niutitang Formation is thinner (~20 m, Zhang et al., 2016).
The black shales in both formations contain abundant sedimentary
pyrite. Sedimentary pyrite from Duoshantuo Formation contains up to
~1860 ppm of As, ~148 ppm of Sb, ~0.211 ppm of Au, and ~261 ppm
of Ag (analyzed by LA-ICP-MS, Gregory et al., 2017). The average
content of As, Sb, Au and Ag in sedimentary pyrites from Cambrian
Niutitang Formation is 410 ppm, 250 ppm, 250 ppm, and 40 ppm, re-
spectively (analyzed by EMPA, Zhang et al., 2016).

The Youjiang Basin is separated from the Yangtze Craton by the
Shizong–Mile and Ziyun–Yadu faults to the northwest and northeast,
respectively. It is separated from the Indochina Block to the southwest
by the Red River Fault, and from the Cathaysia Block to the southeast
by the Pingxiang–Nanning Fault. The southern edge of the Youjiang
Basin is dominated by the North Vietnam terrane with a Precambrian
basement (Fig. 1B).

Devonian-Triassic sedimentation is present throughout the Youjiang
Basin, including platform, open continental shelf, shelf margin, slope
and deep sea facies. The Early–Middle Devonian sequences, composed
of sandstone, siltstone, and shale, unconformably overlie the south-
western margin of the Yangtze Craton. In turn, they are conformably
overlain by a Late Paleozoic–Early Triassic succession with deep sea
calcareous, siliceous, and volcanic rocks and pelites, which have been
interpreted as a passive continental margin sequence (Zeng et al., 1995;

Fig. 2. (A) Simplified geologic plan map of the Nibao gold deposit. (B) A representative geological cross section (A–A′) of the Nibao gold deposit showing its major
structures and stratigraphic units (Qi et al., 2014; Zheng et al., 2016). The location of this section is shown in Fig. 2A. The locations of five representative samples are
also shown.
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Qin et al., 1996; Chen et al., 2019). Additionally, this period also
contains locally distributed shallow marine platform carbonates
(Fig. 1B). The Middle Triassic strata can be divided into two sedimen-
tary domains by the Poping thrust fault. Northwest of the thrust is a
Late Paleozoic and Triassic carbonate platform, and a Triassic terrige-
nous clastic succession is present to the southeast (Fig. 1B).

Known igneous rocks are scarce in the region except for intrusive
alkaline granites, and several felsic and ultramafic dikes (Fig. 1B). The
ages of the granites, ultramafic dikes, and felsic dikes have been con-
strained by various methods, and range from ~77 to 96 Ma (Wang
et al., 2004; Li et al., 2008; Cheng and Mao, 2010; Cheng et al., 2013;
Xu et al., 2015), ~88 to 85 Ma (Liu et al., 2010), and ~95 to 99 Ma
(Zhu et al., 2017), respectively.

The orebodies of disseminated Au deposits in SW Guizhou are pri-
marily hosted within Late Paleozoic to Triassic strata (Fig. 1B). Typi-
cally, they are also controlled by structures, including: short-axis anti-
clines (domes) (e.g., the Shuiyindong gold deposit; Su et al., 2012),
high-angle faults (e.g., the Lannigou gold deposit; Chen et al., 2011),
thrust faults (e.g., the Nibao gold deposit; Qi et al., 2014), and paleo-
karst planes or zones of unconformity (e.g., the Getang gold deposit; Hu
et al., 2018).

3. Deposit geology

The Nibao gold deposit is situated along the northwestern margin of
the Youjiang Basin (Fig. 1B). The stratigraphic sequence in Nibao pri-
marily includes the Middle Permian Maokou, the Upper Permian
Longtan, the Lower Triassic Feixianguang and Yongningzhen, and the
Middle Triassic Guanling Formations (Fig. 2). The Middle Permian
Maokou Formation is dominated by> 100 m thickly bedded massive
limestone. The Upper Permian Longtan Formation can be further di-
vided into three stratigraphic units in the Nibao deposit. The lowest
unit consists of carbonaceous and calcareous siltstone, argillite, and
gray–dark gray sedimentary tuff (Fig. 3A). The tuff is variable in
thickness (~0–30 m) and its chemical composition is consistent with
that of the Emeishan basalts (Qi et al., 2014; Hu et al., 2018). The
second unit is composed of argillite, siltstone, and carbonaceous shale.
The third unit is composed of silicified limestone, carbonaceous argil-
lite, siltstone, and sandstone (Qi et al., 2014; Jin, 2017; Li et al., 2019).
Both the lowest and second units of the Longtan Formation are the main
strata that host part of the primary ore. A zone of unconformity that
exists between the Longtan Formation and Maokou Formation in Nibao
is characterized by strongly hydrothermally silicified and brecciated

Fig. 3. Photographs showing typical geologic characteristics of the Nibao gold deposit. (A) Primary orebody in the Longtan Formation overlying the zone of
unconformity. (B) Structure striations preserved on the surface of the unconformity. (C) Strongly silicified limestone in the zone of unconformity. (D) Silicified
breccia cemented by fluorite, calcite, and quartz veinlets. (E) Location of the hinge zone of the Erlongqiangbao anticline. (F) Quartz vein with realgar and orpiment in
argillite and tuff.
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limestone–argillite (Fig. 3A–D), and it hosts lower grade orebodies
(Fig. 2). The Lower Triassic Feixianguan Formation is mainly composed
of siltstone and mudstone, while the Lower Triassic Yongningzhen
Formation is composed of bedded dolostone, limestone, and marl. The
Upper Triassic Guanling Formation consists of thickly bedded dolostone
and limestone.

The dominant structures in the Nibao deposit include
Erlongqiangbao anticline, F1 thrust fault, and several small fractures
(Fig. 2). The Erlongqiangbao anticline was formed by the thrusting
movement of F1 (Fig. 3E). The F1 thrust fault also caused a breccia zone
(Fig. 2B). The volcanic tuff, argillite, siltstone, and limestone in the F1
breccia zone were brecciated by later tectonic and hydrothermal ac-
tivity.

A newly published Th–Pb dating of hydrothermal apatite via sec-
ondary ion mass spectrometry (SIMS) has determined an age of
141 ± 3 Ma for the mineralization of the Nibao deposit (Chen et al.,
2019). The orebodies in the deposit can be divided into four types
(Fig. 2B): (1) oxidized orebodies (Orebody VII) hosted in Quaternary

sediments; (2) hypogene orebodies (Orebodies Ⅰ, Ⅱ, and VI) in the
Longtan Formation; (3) laminar orebodies (Orebody Ⅳ) hosted within
the zone of unconformity; (4) giant orebodies (Orebody III) in the F1
breccia zone. Gold mineralization is primarily confined to the F1
breccia zone, the unconformity, and the Longtan Formation, and is
hosted within silicified and brecciated limestone, argillite, and tuff.

The primary sulfide mineral in Nibao is pyrite, with minor arseno-
pyrite, and trace sphalerite, realgar, orpiment, tennantite, and chalco-
pyrite (Figs. 3F and 4). Other gangue minerals include fluorite, calcite,
dolomite, ankerite, quartz, and clay minerals (e.g., illite, kaolinite)
(Figs. 3D, F and 4). Sulfides in the pre-ore stage include the framboidal
pyrite (Py1) and the relatively homogeneous overgrowing pyrite (Py2)
in silicified limestone and argillite (Fig. 4A–C). The early ore stage is
dominated by spongy pyrite (Py3) hosted in calcareous and argillic
rocks (Fig. 4D). The main ore stage is characterized by a narrow pyrite
rim (5–40 μm) and disseminated pyrite (Py4) associated with arseno-
pyrite in silicified carbonate breccias (Fig. 4E–G). Sulfides in the late
ore stage are dominated by sphalerite, tennantite, chalcopyrite, realgar

Fig. 4. Morphological and textural features of different generations of pyrite in the Nibao gold deposit. (A) Framboidal Py1 surrounded by Qtz (BSE image). (B)
Framboidal Py1 overgrown by Py2, and Apy1 filling the fracture (BSE image). (C) Coarse Py2 grains with many micro-fractures (RPPL image). (D) Smooth subhedral
Py2 and spongy porous Py3 hosted in a carbonate matrix (BSE image). (E) Py2 overgrown by a rim (20–40 μm) of Py4 (BSE image). (F) Individual Py4 grain
associated with Apy, Cal, Qtz, and clay (BSE image). (G) Py4 aggregate and disseminated fine-grained Py4 (RPPL image). (H) Individual Py4 grains surrounded by
tennantite (RPPL image). The black spot represents the laser spot and its gold content (ppm) is shown in brackets. (I) Smooth Py2 partly replaced by Cpy (RPPL
image). Abbreviations: Apy, arsenopyrite; Cal, calcite; Cpy, chalcopyrite; Py, pyrite; Qtz, quartz; Spl, sphalerite; Tn, tennantite. BSE, backscattered electron; RPPL,
reflected plane polarized light.
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and orpiment (Figs. 3F and 4D, F, H, I). The mineral assemblage of each
stage is summarized in Fig. 5.

Hydrothermal alteration in Nibao is pervasive and involves a com-
bination of silicification, carbonatization, argillization, and sulfidation.
Silicification is typically recognized as quartz veinlets (Fig. 3F).

Carbonatization is the most common form of alteration and pre-
ferentially occurs as calcite veins in altered rocks (Fig. 3B). Argillic
alteration, characterized by clay minerals such as illite and kaolinite, is
mainly present in the argillite and sedimentary tuff (Figs. 3E, F and 4B,
D–F).

Fig. 5. Summary of the paragenetic sequence from the pre-ore stage to the late ore stage in the Nibao gold deposit.

Table 1
Locality information for samples used for laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and LA multicollector ICP-MS (LA-MC-ICP-MS)
analyses in Nibao.

Sample No. Location Sulfide Lithological description

926007-4 Distal to ore; the third unit of the Upper Permian Longtan Formation Py Grey-black strongly silicified limestone
926007-116 Distal to ore; the first unit of the Upper Permian Longtan Formation Py, Aspy, Off-white micrite with tuff
942004-127 Within orebody III; the F1 breccia zone Py, Aspy Off-white argillaceous dolomitic breccia, cemented by

ferrodolomite
942004-162 Within Orebody III; the F1 breccia zone Py Grey-black silicified limestone across cut by calcite veins
535-135 Near or within Orebody Ⅰ; the first unit of the Upper Permian Longtan

Formation
Py, Aspy, Mcs Grey-black argillaceous conglomerate

545-140 Near Orebody III; the F1 breccia zone Py, Aspy Grey-black argillaceous conglomerate

Abbreviations: Aspy, arsenopyrite; Mcs, marcasite; Py, pyrite.

Table 2
Summary of common textures, gold content, and interpreted timing for main pyrite types in Nibao.

Pyrite types Texture Gold content (ppm) Interpretation of timing Evidence for timing

Py1 Framboidal pyrite cluster Invisible gold
Range: 0.028–1.74
Median: 0.661

Sedimentary Overgrown by all later py types

Py2 Homogenous euhedral to
subhedral pyrite

Invisible gold
Range:0.05–1.33
Median: 0.29

diagenetic Intimately related to Py1, Commonly overprints and overgrows py1, and
overgrown by pyrite rims (interpreted as Py3 or Py4)

Py3 Spongy and porous pyrite Invisible gold
Range: bdl-1.18
Median: 0.599

Early ore stage Overgrowing py2 and overgrown by homogeneous pyrite rim (interpreted as
Py4)

Py4 1. Outmost narrow rim
2. Euhedal to subhedral grain
aggregate
3. disseminated grain

Invisible gold
And/or micronuggets
Range: 4.53–206
Median: 70

Intermediate ore stage The outmost pyrite rim, overgrowing on all earlier py types

Abbreviations: bdl, below detection limit.
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4. Samples and analytical methods

4.1. Sample preparation

More than 50 samples from outcrops and drill holes with different
Au grades were collected and 30 samples were made into polished laser
mounts. The laser mounts were prepared by impregnating samples in
epoxy resin and polishing to 1 μm using diamond polishing compounds.
Reflected light microscopy and scanning electron microscopy (SEM)
were conducted on all samples to determine the mineral assemblages,
textures, and cross-cutting relationships. After optical petrography and
SEM examinations, five representative samples were chosen for ana-
lyzing the trace element content of pyrite using LA-ICP-MS. One laser
mount was selected for the in situ S isotope analysis of pyrites using LA-
MC-ICP-MS. The information for the samples analyzed by LA-ICP-MS
and LA-MC-ICP-MS is summarized in Table 1.

4.2. LA-ICP-MS spot analysis

Concentrations of trace elements in pyrite were measured by the LA-
ICP-MS at the Centre for Ore Deposit and Earth Sciences (CODES),
University of Tasmania (UT). The instrument consisted of a Coherent
193 nm ArF gas-charged excimer laser (Coherent Inc., USA) coupled
with an Agilent 7700 quadrupole ICP-MS (Agilent Tech., USA). The
laser methodology employed at CODES for trace element analysis was
described in detail by Large et al. (2009) and Danyushevsky et al.
(2011) and is briefly summarized in here. The UT in-house STDGL2b2
standard glass which contains 43 elements, 40 of which are quantifiable
or semi-quantifiable, was utilized as a standard reference
(Danyushevsky et al., 2011; Steadman et al., 2015), as well as the
United States Geological Survey (USGS) basalt glass GSD-1G (Guillong
et al., 2005) and an in-house pyrite (Gilbert et al., 2014a,b). Beam sizes
utilized in the analyses were based on the size variations in sulfides and
ranged from 19 to 39 μm. First, the spot was pre-ablated with five
pulses to eliminate the effect of surface contamination. The background
was measured for 30 s prior to an 11–60 s period of laser ablation for
each analysis. The analyses were conducted in an atmosphere of pure
He, which was introduced at a rate of 0.71 L/min. To improve aerosol
transport, the He gas was mixed with Ar (1.231 L/min) after exiting the
cell and then passed through a pulse-homogenizing device before hit-
ting the torch inside the ICP-MS (Danyushevsky et al., 2011; Steadman
et al., 2015).

4.3. LA-ICP-MS image analysis

Laser images were obtained under similar conditions as spot ana-
lyses except that a smaller beam diameter (10 or 15 μm) and a 10 Hz
pulse rate were used. A series of parallel lines were ablated at a speed of
10 μm/s instead of individual spot analysis. The data obtained from
parallel ablation lines were then used to create a trace element image,
as described in detail by Steadman et al. (2013).

4.4. LA-MC-ICP-MS analysis

The 34S/32S isotope ratios of pyrites were measured by the LA-MC-
ICP-MS at the USGS in Denver, Colorado. Analyses were performed
using a Teledyne CETAC Photon Machines G2 Excimer laser ablation
(LA) system (Teledyne Technologies, Inc., USA) coupled to a Nu
Instruments HR® MC-ICP-MS (Nu Instruments, Ltd., UK). A 20 μm spot
size was used for analyzing pyrite and reference material samples.
Operating procedures were conducted under the conditions described
in detail by Pribil et al. (2015) and Xie et al. (2018b).

5. Results

5.1. Occurrence, texture, and LA-ICP-MS spot analyses of pyrite

Pyrite is the most abundant sulfide mineral in the Nibao gold de-
posit and displays great textural variety. Four main types of pyrite have
been recognized based on morphology, texture, and geochemistry
(Table 2). The 66 LA-ICP-MS spot analyses performed in this study
sampled all four of the pyrite types identified in the Nibao gold deposit.
Table 3 and Figs. 6 and 7 summarize the results of the pyrite analyses
that include measurements of Py1 (n = 11), Py2 (n = 12), Py3
(n = 13), and Py4 (n = 30). The complete LA-ICP-MS spot analysis
dataset, including errors, detection limits, and precision estimates for
each spot, is listed in Supplementary Table S1.

5.1.1. Py1
The pre-ore sedimentary pyrite, Py1, is best developed in the sili-

cified limestone, argillite, and black shale of the Longtan Formation. It
generally consists of very fine (1–3 μm) grains and framboidal pyrite
clusters (> 10 μm) or fine-grained pyrite aggregates surrounded by
quartz and/or clay (Fig. 4A, B). Since Py1 was too fine-grained for LA-
ICP-MS analysis, a laser diameter of 19 μm was applied to its

Table 3
Summary of LA-ICP-MS analyses of pyrite types from the Nibao gold deposit, SW Guizhou Province, China (all elements in ppm).

Element Py1 (n = 11) Py2 (n = 12) Py3 (n = 13) Py4 (n = 30)
Min Max Median Min Max Median Min Max Median Min Max Median

Mn 1.03 5680 981 0.716 1.26 1 81.7 1080 328 0.801 5.06 2.14
Co 12.3 155 49.6 2.17 2470 9.15 68.8 304 144 1.02 414 31.8
Ni 88.2 417 197 0.224 22,400 18.3 174 520 301 3.02 524 109
Cu 5.78 227 101 55.4 1610 854 52.4 188 112 815 4070 1630
Zn 0.429 155 26.7 7.57 496 16.2 2.59 6.3 3.81 0.443 3430 2.54
As 104 4630 3500 2480 58,100 37,700 6580 42,800 20,500 24,200 78,800 42,000
Se 4.39 37.8 19 16.3 42.9 24.7 1.48 8.82 2.81 21.1 59.5 38.3
Mo 1.08 44.5 7.52 bdl 5.84 0.056 bdl 5.44 0.061 bdl 13 0.158
Ag bdl 2.3 0.395 0.386 2.59 0.959 0.226 2.85 0.662 0.295 7.53 3.1
Cd bdl 6.98 0.68 0.08 1.12 0.123 0.072 3.28 0.643 bdl 23.1 1.1
Sn 0.2 4.46 1.43 0.666 15.8 1.55 0.328 1.31 0.502 0.117 10.5 0.271
Sb 0.67 222 40.4 29.1 232 101 120 402 228 21.1 458 128
Te bdl 1.9 0.358 bdl 37.8 0.15 bdl 0.447 0.138 bdl 1.81 0.65
W bdl 5.05 2.3 bdl 7.99 0.368 0.097 18.5 2.79 0.032 18.5 0.975
Au 0.028 1.74 0.661 0.05 1.33 0.29 bdl 1.18 0.599 4.53 206 70
Tl 0.113 24.2 5.25 0.352 13.9 6.24 2.49 19 5.6 2.66 39.9 10.5
Pb 0.312 22.4 6.46 24.1 376 54.7 6.23 13.2 9.95 6.44 73.5 25.8
Bi 0.008 0.556 0.085 0.106 6.48 0.475 0.043 0.979 0.15 0.076 1.57 0.375
Th bdl 1.26 0.395 0.014 6.5 1.5 0.387 16.4 1.52 bdl 12.6 0.41
U bdl 5.36 0.669 0.035 5.65 0.806 0.068 1.19 0.187 bdl 28.9 0.411

Abbreviations: bdl, =below detection limit.
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aggregates, which contain ~90 vol% of Py1. Gold in Py1 aggregates is
detectable and varies from 0.028 to 1.74 ppm (median = 0.661 ppm).
Aggregates of Py1 contain a wide range of trace elements, including Mn
(1.03–5680 ppm), As (104–4630 ppm), Co (12.3–155 ppm), Ni
(88.2–417 ppm), Cu (5.78–227 ppm), Mo (1.08–44.5 ppm), and Sb
(0.67–222 ppm) (Fig. 6; Table 3).

5.1.2. Py2
The pre-ore diagenetic pyrite (Py2) is commonly formed as sub-

hedral grains (~50 μm) that overgrow framboidal Py1 in argillite
(Fig. 4B). Separate coarse subhedral Py2 grains occur in argillite,
limestone, black shale, and pyroclastic rocks. The size of this pyrite type
can be very large (up to 500 μm), and Py2 is commonly characterized
by many microfractures (Fig. 4C). In a pyrite composite (Fig. 4D, E),
Py2 is usually overgrown by later spongy pyrite and/or later narrow,
clean pyrite rims in argillite and carbonaceous rocks near or within the
orebody. Commonly, the surface of most Py2 is clean and homogeneous
rather than porous, as in framboidal pyrite and the later pyrite gen-
erations. Gold content in Py2 ranges from 0.05 to 1.33 ppm, with a
median of 0.29 ppm. Additionally, Py2 displays a wide range of Cu
(55.4–1,610 ppm), As (2480–58100 ppm), Sb (29.1–232 ppm), and Pb

(24.1–376 ppm) contents, and low contents of Mn (0.716–1.26 ppm)
and Mo (from below the detection limit to 5.84 ppm) (Fig. 6; Table 3).

5.1.3. Py3
The early ore stage (Py3) is spongy and porous (~50 μm), occurring

in or near the orebody (mainly Orebody Ⅰ) (Fig. 4D). Because of its
spongy and porous texture, the chemistry of Py3 can include a mix of
~5–10% of the matrix composition. The median Au content of Py3 is
0.599 ppm, ranging from the below detection limit to 1.18 ppm. Ad-
ditionally, Py3 has higher contents of Mn (81.7–1080 ppm), Co
(66.8–304 ppm), and Ni (174–520 ppm) than that of Py2, but the
contents of Cu (52.4–188 ppm), As (6578–42,800 ppm), Zn
(2.59–6.3 ppm), Se (1.48–8.82 ppm) and Pb (6.23–13.2 ppm) are lower
(Fig. 6; Table 3).

5.1.4. Py4
The main ore stage pyrite (Py4) generally forms a narrow, clean

inclusion-poor rim (5–40 μm) upon earlier pyrite generations (Fig. 4E).
It also occurs as a median, euhedral, disseminated grain (~100 μm)
hosted in the silicified carbonate breccia within Orebody III (Fig. 4F).
Individual Py4 grains can be assembled to form a pyrite aggregate

Fig. 6. Box plot of trace element contents of the four pyrite types (Py1–Py4).
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(Fig. 4G). Additionally, Py4 has high contents of Au (4.53–206 ppm), As
(24,200–78,800 ppm), Cu (815–4070 ppm), and Se (21.1–59.5 ppm),
but low contents of Mn (0.801–5.06 ppm) (Fig. 6; Table 3).

5.2. LA-ICP-MS trace element maps of pyrite

In addition to spot analyses, trace elements in two pyrite samples
from the Nibao deposit were imaged in detail using LA-ICP-MS. Fig. 9
shows a laser ablation trace element map of sample 535–135 from the
relatively small footwall orebodies (Orebody Ⅰ; Fig. 2B). This pyrite
composite is composed of at least three pyrite-matrix or pyrite-only
zones. The core of the pyrite composite (Py2) is oblong and inclusion-
poor, with very few trace elements. The main zone (Py3) is more porous
and the matrix may make up 1–5% of the total. Compared with the
core, the main zone has relatively high trace element concentrations,

including Co (100–500 ppm), Ni (100–500 ppm), Cu (10–100 ppm), As
(1000–10,000 ppm), Sb (100–1000 ppm), Tl (1–10 ppm), and Pb
(1–10 ppm), consistent with the spot analysis results. The outmost rim
(Py4) is narrower (5–20 μm), cleaner, and less porous than the main
zone. Most trace elements are concentrated in the outmost rim: Co
(100–500 ppm), Ni (100–500 ppm), Cu (100–500 ppm), As
(10,000–50,000 ppm), Ag (1–10 ppm), Sb (100–500 ppm), Au
(10–50 ppm), Tl (1–50 ppm), and Pb (10–50 ppm). These trace ele-
ments have greater concentrations than the main zone except for Pb,
which is mostly concentrated in the main zone. The zonation of Au is
much narrower than those of Co, Ni, As, Sb, and Tl.

The second laser ablation trace element map of sample 926007-116
(Fig. 10) shows no apparent zonation in the pyrite composite under
reflected light. However, at least two zones were observed with abun-
dant trace elements. The core of the pyrite composite (Py2) is especially

Fig. 7. Trace element contents and correlations for different types of pyrite from the Nibao gold deposit. The blue dashed line groups Py1 and Py2, and the purple
dashed line groups Py3 and Py4. (A) Au vs. As; (B) Mn vs. Au; (C) Cu vs. Au; (D) Se vs. Au; (E) Co vs. Ni; (F) Zn vs. Ni. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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depleted in Co, Ni, and Au, but concentrated in Cu (100–1000 ppm), Sb
(500–1000 ppm), and Tl (1–10 ppm). The outer zone (Py4) is relatively
enriched in Co (500–1000 ppm), Ni (500–1000 ppm), and Au
(1–50 ppm). Arsenic is concentrated in this pyrite, but no clear zonation
was observed.

5.3. LA-MC-ICP-MS sulfur isotopes of pyrite

In situ δ34S values of Py2 and Py4 were quantified by LA-MC-ICP-
MS analyses. The δ34S data for Py1 and Py3 could not be obtained in
this study because they are too rare in the analyzed sample. The δ34S
values of Py2 this study and the available in situ S isotope data of the
pre-ore pyrite in the literature range broadly from −53.3 to 114.8‰,
while the δ34S values of Py4 in this study and that of ore-pyrite from the
literature have relative narrow δ34S values, mostly varying from −5 to
5‰ (Jin, 2017; Zheng, 2017; Li et al., 2019; Table 4; Fig. 11). A
compilation of in situ S isotope dataset of the Nibao deposit is listed in
Supplementary Table S2.

6. Discussion

6.1. Nature of pyrite (Py1–Py4)

Although framboidal pyrite (Py1) may be formed during meta-
morphism and hydrothermal alteration (Scott et al., 2009), it is com-
monly formed in a sedimentary environment (Love, 1971; Wilkin and
Barnes, 1997). Framboidal pyrite in the Nibao gold deposit is restricted
to the silicified limestone, argillite, and black shale of the Longtan
Formation, rather than occurring in hydrothermal veins. Therefore, Py1
likely formed during sedimentation prior to the onset of hydrothermal
processes. According to the results of LA-ICP-MS spot analyses, fram-
boidal pyrite is relatively enriched in Mn but deficient in As when
compared to hydrothermal pyrite (Py3 and Py4), and is similar to the
composition of sedimentary–diagenetic pyrites that developed in other
sediment-hosted gold deposits (Large et al., 2007, 2009; Wang and Zhu,
2015; Hou et al., 2016; Li et al., 2019).

The pre-ore diagenetic pyrite (Py2) precipitated on Py1 and most
individual Py2 has been observed distally to the orebody, suggesting
that Py2 likely formed during the diagenetic stage. The microfractures
on Py2 indicate that Py2 was affected by later tectonic activity, possibly
the F1 thrust fault. Although Py2 has a relatively high Cu content, it is
not positively correlated with the Au content, as in the hydrothermal
pyrite (Py3 and Py4) (Fig. 7C). Relatively higher contents of trace
elements in Py2 over Py1 may be a result of further diagenesis (Gregory
et al., 2016). The decrease in the Mn and Mo content from Py1 to Py2
suggests that the late diagenetic environment was characterized by

insufficient seawater recharge because Mn and Mo in pyrite are mostly
supplied by the water column and would have been exhausted early
during diagenesis (Gregory et al., 2014).

The early ore stage Py3 can only be observed within or near the
orebody. It usually contains low Au content, overgrows Py2, and is
overgrown by a narrow clean pyrite rim (Py4), suggesting that Py3 is
most likely to be produced early during ore formation. The porous
texture of Py3 is similar to the pyrite formed during early ore stage in
other disseminated Au deposits, such as the Shuiyindong Au deposit
(Hou et al., 2016). The high Mn content in Py3 suggests that Py3 may
have developed in a relatively oxygenated solution (Maslennikov et al.,
2009; Basori et al., 2018).

The overgrowing relationship with other pyrite types and the high
Au content of Py4 suggest that Py4 formed during the main ore stage,
while the decreased of Mn contents from Py3 to Py4 suggests that the
hydrothermal fluids became reduced during ore formation
(Maslennikov et al., 2009; Basori et al., 2018).

6.2. Gold distribution in pyrite

The results of the LA-ICP-MS analyses for Au from Py1 to Py4 are
illustrated in Fig. 8. The detectable Au concentrations of the four pyrite
generations varied from 0.028 to 206 ppm. The median Au progres-
sively increased from 0.29 ppm in Py2, to 0.599 ppm in Py3, to
0.661 ppm in Py1, and to 70 ppm in Py4 (Table 3). Compared with the
other pyrite generations, Py4 had a much higher Au content. Gold
concentrations in Py1 and Py2 from the Nibao gold deposit were higher
than that in common sedimentary–diagenetic pyrite (~0.16 ppm), as
determined by Gregory et al. (2015a). However, the resolution of LA-
ICP-MS is not sufficient to determine whether this is due to the strata
being anomalously enriched in Au or if Au was adsorbed onto the
surface of Py1 and Py2 during the subsequent hydrothermal activities
(Hu et al., 2018).

Although micron to submicron particles of visible Au have been
previously detected in the region (the Shuiyindong deposit, Su et al.,
2008), no visible Au was observed during the optical microscopy or
SEM imaging portions of this study, even for pyrites with maximum Au
concentrations (i.e., 206 ppm in Py4). This suggests that Au is either
structurally bound (e.g., Au+) or occurs as nanoparticles of native Au
(Au0) in the pyrite lattice (Simon et al., 1999; Liu, 2003; Deditius et al.,
2008; Hou et al., 2016; Hu et al., 2018; Li et al., 2019). However, ac-
cording to the binary diagram of Au versus As (Fig. 7A), all pyrite spots
were below the solubility line of invisible Au in pyrite, as determined by
Reich et al. (2005), indicating that the ore-forming solutions were un-
saturated with respect to native Au. Thus, it is more likely that Au is
structurally bound (Au+) in the pyrite lattice. This is also consistent
with the relatively homogeneous distribution of Au in laser ablation
images of representative Py4 (Figs. 9 and 10).

Similar to most Carlin-type gold deposits, many main ore stage
pyrites from the Nibao deposit are enriched both in Au and As, as well
as in other elements, including Cu and Sb. The Au contents were
strongly enriched during the precipitation of Py4 (Figs. 7A and 8), and
Py4 is also paragenetically related to other gangue minerals, including
quartz, dolomite, calcite, and fluorite, suggesting that the evolution/
reaction of the fluids was accompanied by the appearance of Au, As,
and other trace elements (Hou et al., 2016). In the Au versus As binary
diagram (Fig. 7A), the plots of Py3 and Py4 form an elongated and
nearly vertical pattern located at the Au–As-rich end of the spectrum,
implying that Au concentrations in the Nibao deposit are not correlated
with As (Hou et al., 2016). This is also consistent with the results of
laser ablation images (Figs. 9 and 10), in which the zonation of Au is
much narrower than that of As.

6.3. Implications for the origin of Au

In Carlin-type ore systems, because ore fluids are enriched in

Fig. 8. Au contents (ppm) in different types of pyrites in the Nibao gold deposit.

D.-T. Wei, et al. Ore Geology Reviews 122 (2020) 103446

10



reduced S and Au is principally transported by HS− ligands in the form
of Au(HS)0 and/or Au(HS)2− complexes (Seward, 1973; Williams-Jones
et al., 2009), the S isotopes can provide insights into the potential Au
source. In Nibao, the broad range of in situ δ34S values (−53.3 to
114.8‰) for pre-ore pyrites is likely the result of bacterial reduction
from marine sulfate during diagenesis in (semi-) open and sulfate-lim-
ited systems (Aharon and Fu, 2000; Machel, 2001; Shen et al., 2001;
Hou et al., 2016; Hu et al., 2018; Xie et al., 2018b; Li et al., 2019). The
relatively narrow variation in δ34S values for ore pyrite could have
resulted from either pre-ore pyrites in the sedimentary rocks or from a

magmatic source (Hou et al., 2016; Xie et al., 2018b; Li et al., 2019).
This uncertainty can be further resolved by the geochemical ratios of
pyrite (Large et al., 2007, 2009; Gregory et al., 2015a, 2016; Steadman
et al., 2015; Wang and Zhu, 2015). One of these ratios–the Co/Ni ratio
is widely used to identify the origin of pyrite (Bralia et al., 1979;
Campbell and Ethier, 1984; Bajwah et al., 1987; Gregory et al., 2015a).
Generally, the Co/Ni values in sedimentary pyrite are< 2, with a mean
value of 0.63. Hydrothermal (vein) pyrites have values> 1, and ran-
ging from 1.17 to 5.00 (Gregory et al., 2015a; Hou et al, 2016). Gregory
et al. (2017) further suggested that the Zn/Ni ratio in sedimentary

Fig. 9. Sample 535–135 LA-ICPMS trace element images. This pyrite composite is composed of at least three pyrite–matrix or pyrite-only zones. The core (Py2) is
depleted in most trace elements. The intermediate zone (Py3) contains more Co, Ni, Cu, As, Sb, Tl, and Pb than the core, but these trace elements (except Pb) are
mostly concentrated in the outmost rim (Py4). Lead is mostly concentrated in the intermediate zone. Gold, Ag, and Hg are only concentrated in the outmost rim. The
zonation of Au is narrower than those of Co, Ni, As, Sb and Tl.
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pyrite is mostly between 0.01 and 10. When examining the Co/Ni and
Zn/Ni ratios in this study (Fig. 7E and F, respectively), most pyrites
(regardless of type) had similar ratios, which mostly occur within or
close to the range defined for sedimentary pyrite, although the textural

evidence shows that Py3 and Py4 were formed during a hydrothermal
stage. Additionally, the Co and Ni contents in all pyrites are positively
correlated (R2 = 0.71) (Fig. 7E). Taken together, this suggests that the
ultimate source of trace elements in these pyrites (Py1–Py4) was

Fig. 10. Sample 942004-116 LA-ICP-MS trace element images. The core is depleted in Co, Ni, Au, and Bi. The intermediate zone (Py2) is relatively rich in Co, Ni, Cu,
Sb, Tl, Pb, and Bi. The outmost rim (Py4) is especially rich in Au. Arsenic, Ag, and Hg are concentrated in this pyrite composite, but no clear zonation can be observed.
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possibly the same. Therefore, a sedimentary S source for ore pyrite is
more likely in Nibao. Furthermore, igneous rocks are rare in the region
and the ages of the exposed (ultramafic and felsic dikes, ~77–99 Ma,
Zhu et al., 2017) are clearly younger than the mineralization age of the
Nibao deposit (~141 Ma, Chen et al., 2019), indicating that a magmatic
source is unlikely in Nibao.

It has been demonstrated that the conversion (from pyrite to pyr-
rhotite) or destruction of early sedimentary pyrite can release trace
elements, including Au and As (Large et al., 2011). Early enrichment of
Au and As in source rocks (particularly in pyritic black shale) can be
crucial to the formation of Carlin-type gold deposits (Gregory et al.,
2015b). However, no evidence for wide–scale pyrite conversion and
destruction has yet been found within either the Nibao deposit or the
Youjiang Basin. Therefore, Au could not have been sourced directly
from the sedimentary pyrite of the Permian sequences, the deepest
strata revealed by present drill holes. However, from the Neoproter-
ozoic to the Cambrian, the Yangtze Craton records several sequences of
black shales in the basement of the Youjiang Basin, including the
Neoproterozoic Duoshantuo Formation and the Lower Cambrian Niu-
titang Formation (Sahoo et al., 2016; Zhang et al., 2016; Gregory et al.,
2017), although they are not exposed in the basin. The black shales in
the Duoshantuo and Niutitang Formations are especially anomalous in

terms of their trace element compositions, including As, Sb, Au, and Ag,
and therefore have great potential as a source for the Au deposits.

7. Conclusions and problems remaining

In the Nibao deposit, pyrite is the major sulfide mineral, with minor
amounts of arsenopyrite, sphalerite, realgar, orpiment, tennantite, and
chalcopyrite. Four pyrite types (Py1–Py4) were identified based on
textural and LA-ICP-MS analyses. Among them, only Py4—the over-
growth of pyrite rims and disseminated pyrite associated with arseno-
pyrite—contains economic concentrations of Au, and Au in Py4 is
structurally bound (Au+) within the pyrite lattice.

The δ34S isotope ratios show that pre-ore pyrites have δ34S values
ranging broadly (−53.3 to 114.8‰), indicating that they were most
likely generated via bacterial reduction from marine sulfates during
diagenesis. The relatively narrow range of δ34S values of ore pyrites,
mostly varying from −5 to 5‰, indicates that S was derived either
from sedimentary rocks or from a magmatic S source. Both the trace
element ratio characteristics of the four pyrite types and the younger
age of the igneous rocks in the region suggest a sedimentary source is
more likely in Nibao.

The basement sequences of the Youjiang Basin, including the
Neoproterozoic and Lower Cambrian black shales, are the most likely
sedimentary sequences to have released Au from sedimentary pyrite.
However, the mechanism for the release of Au is still unclear. Previous
studies suggest that the release of Au from sedimentary sequences needs
to be subjected greenschist-facies or higher grade metamorphism (Large
et al., 2009, 2011; Wu et al., 2018). Currently there is no evidence
showing that the Neoproterozoic and Cambrian sequences in the
basement of the Youjiang Basin have been subjected to greenschist-fa-
cies or higher grade metamorphism. Ultimately, the results of our
current study cannot definitively determine whether the sedimentary or
magmatic source is correct. However, our analysis and the presence of
black shale in the basement of the basin lead us to favor the sedimen-
tary source.

Table 4
Compilation of δ34S isotope data (‰) of pyrites from the Nibao deposit.

Pyrite type Min Max Median Average

Py2 (this study; n = 9) −4.69 −2.3 −3.48 −3.44
Py4 (This study; n = 9) −5.26 −2.43 −3.36 −3.43
Pre-ore Py (Zheng, 2017; n = 14) −5.35 13.4 −3.27 −0.43
Ore Py (Zheng, 2017; n = 17) −5.24 8.48 −3.34 −2.33
Pre-ore Py (Li et al., 2019; n = 42) −53.3 114.8 13.2 14.86
Ore Py (Li et al., 2019; n = 38) −3.9 5.4 2.3 2.27
Pre-ore Py (Jin, 2017; n = 17) −46.9 16.1 0.1 −2.43
Ore Py (Jin, 2017; n = 15) −1.5 1.3 −0.1 −0.05

Fig. 11. Box plot of δ34S isotope values of pyrites from the Nibao gold deposit (Data compiled from Jin (2017), Zheng (2017), Li et al. (2019); and this study).
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