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Abstract The Baidi Au-Sb deposit, which contains 8 t of
Au and 10,979 Mt of Sb, is a typical and rare paragenetic
deposit located in southwestern Guizhou Province, China.
Previous studies have focused on individual ores, but have
not combined them to identify their paragenetic mechanism
or metallogenic regularity. Therefore, we used field
investigations, microscopic observations, and in situ anal-
yses to identify the spatial distribution, mineral paragene-
sis, compositional evolution, and metallogenic material
sources of the ore bodies. We also determined the Au and
Sb paragenetic characteristics and the metallogenesis of the
deposit. The main Au-bearing minerals in the deposit were
early (Apy1-2) and late (Apy3) stage arsenopyrites, as well
as pre-mineralization (Pyl), mineralization (Py2-5), and
late mineralization (Py6-7) stage pyrites. The main Sb-
bearing minerals were stibnite (Snt), skinnerite, bournonite,
and valentinite. The minerals formed in the order of Pyl,
Py2-3 4 Apyl, Py4-5 + Apy2, Snt, and Py6—7 + Apy3.
The 3**S values of the arsenopyrites and pyrites ranged
from — 5 to 5%o, while those of stibnite were mostly less
than — 5%o in the later mineralization stages. Sulfur was
provided by deep magmatic hydrothermal fluids, but
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sedimentary sulfur was added in the later stages. Moreover,
the trace elemental contents fluctuated and eventually
became similar to those of the sedimentary strata. By
comprehensively considering the ores along with the geo-
logical characteristics of the deposit, we determined that
deep magma provided the Au during ore formation. Later
tectonic changes provided Sb from the sedimentary strata,
which precipitated along fault expansion areas and pro-
duced Au and Sb paragenesis.

Keywords Au-Sb mineralization - Arsenopyrite - Pyrite -
Stibnite - Metallogenetic process

1 Introduction

The Baidi Au-Sb deposit is located in Ceheng County,
southwest Guizhou Province, China, and was initially
studied as an important Sb ore resource in the 1970s.
Subsequently, following the discovery of micro-dissemi-
nated Au deposits (i.e., Carlin-type Au deposits), the Baidi
deposit was identified as a typical Au-Sb paragenetic
deposit. Southwestern Guizhou Province is an important
part of the Yunnan—-Guizhou—-Guangxi “Gold Triangle,”
which contains the second-largest concentration of Carlin-
type Au deposits in the world. It is also the core region of
the South China low-temperature metallogenic domain (Hu
et al. 2016), which is characterized by low-temperature
mineral (Sb, Hg, Tl, As, Carlin-type Au, and Pb-Zn)
deposits. The metallogenic characteristics of this area
indicate that one of these elements is the main enriched and
mineralized element, while the others are only associated
and not mineralized. Spatially, the minerals are inter-
spersed or underwent independent mineralization processes
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(Liu et al. 2006; Hu et al. 2016; Hou et al. 2016) (Fig. 1).
Therefore, the Baidi deposit is a typical Au-Sb paragenetic
deposit in southwestern Guizhou Province (8 t of Au and
10,979 Mt of Sb resources) and understanding its parage-
netic mechanism and metallogenic regularity are crucial for

comprehensive mineral utilization in southwestern Guiz-
hou Province.

The Baidi Au-Sb deposit is one of the earliest deposits in
the Au concentration area of southwestern Guizhou Pro-
vince. Previous studies have been conducted to investigate
the geological background of the deposit, as well as for
prospecting and exploration; however, these studies mostly
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Fig. 1 Distribution of mineral resources in southwestern Guizhou Province (Su et al. 2018; Tan et al. 2015)
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concentrated on a single mineral of interest (Zhu 2009;
Fang et al. 2013; Ji 2014; Ji et al. 2018; Wu et al. 2020). In
addition, owing to the complex structure of the mining
area, research and exploration have proceeded slowly.
Thus, the spatial and genetic characteristics of the Au—Sb
paragenetic deposits in the region have not yet been
identified.

Therefore, based on previous studies, we explored the
regional characteristics of the Baidi deposit and the spatial
distribution of ore bodies using field investigations. We
also identified the main mineral paragenetic characteristics
and elemental occurrences using polarized light micro-
scopy and scanning electron microscopy (SEM). In situ
inductively coupled plasma mass spectrometry (ICP-MS)
was used to measure the trace elemental and sulfur isotopic
contents of the major metal sulfides (i.e., pyrite,
arsenopyrite, and stibnite), determine the fluid composi-
tional evolution and the ore-forming material source, and
provide a basis for an improved understanding of the ore-
forming process.

2 Regional geology

The Yunnan—Guizhou—Guangxi region is located in the
Youjiang Basin on the southwestern margin of the Yangtze
Plate (Fig. 1). This region contains various types of
deposits, including Carlin-type Au deposits. The dominant
minerals contain Au, Sb, Hg, and T1 (Hu et al. 2016). This
region is also the main area of the South China low-tem-
perature metallogenic domain (Zhou and Hu 1995; Li
1999; Hu et al. 2002; Tu 2002; Qiu et al. 2016). The for-
mation and enrichment of “Gold Triangle” Carlin-type Au
deposits were closely related to the evolution of the You-
jlang Basin and have been investigated for more than
40 years (Xu 1987; Chen and Zeng 1990; Zhuang 1995;
Yin et al. 1999; Wang et al. 2000; Jian et al. 2009; Du et al.
2013; Metcalfe 2013; Lehrmann et al. 1978; Yang et al.
2020). These deposits are also related to the evolution of
the Paleo-Tethys Ocean in this region, which was charac-
terized by a littoral and neritic sedimentary environment
during the Early-Middle Devonian. At this time, the
extensional environment underwent intensified late crack-
ing, which resulted in the formation of alternating plat-
forms and basins, in which the platforms were isolated
carbonate deposits and the basins were deep water
argillaceous rocks, sandstones, siltstones, or siliceous
rocks. At the end of the Middle Permian, the platform
shrank owing to the subduction of the Indosinian Plate, and
the platform and basin pattern gradually disappeared,
forming a foreland basin. From the Late Permian to the
Early-Middle Triassic, magmatic activity produced the
Emeishan basalt. In the Early-Middle Triassic, the Paleo-

Tethys Ocean was further subducted and many terrigenous
clastic turbidites were deposited. In the Late Triassic, the
basin was uplifted above sea level owing to the conver-
gence of the Indosinian Plate and became a peripheral
foreland basin. During the Middle Jurassic-Late Early
Cretaceous, influenced by Paleo-Pacific Plate subduction
beneath the Eurasian Plate, northeast-trending compres-
sional tectonics were prominent and controlled magma-
tism, which was characterized by basic diabase intrusions
in the Jurassic. In the Late Early Cretaceous, alkaline
ultrabasic rock assemblages formed, reflecting the exten-
sional environment during this period.

The evolution of the Youjiang Basin essentially reflects
the formation and evolution of regional structures, sedi-
mentary environments, and fluids, in which the regional
structure determined fluid migration paths, heat distribution
and diffusion, and ore body occurrence. The sedimentary
environment determined the sedimentary associations: the
ore-bearing lithology in the basin is mainly clastic rock, the
platform is carbonate, and the platform margin is reef
limestone. Fluid flow in the basin occurred in multiple
phases. Although the source of the ore-forming fluids
remains uncertain, the basin fluids did affect ore formation
(Yang et al. 2020).

3 Deposit geology

The outcropping stratigraphy in the mining area is divided
into two distinct sequences in deep-water basin terrigenous
clastic rock of the Middle Triassic Xuman Formation and
Quaternary system in the upper sequence. According to its
lithology, thickness, and other characteristics, the Xuman
Formation can be divided into four sections (from bottom
to top): The Xuman Formation 1 (Toxm’), which is not
exposed in the mining area; The Xuman Formation 2-3
(Toxm>~?), which are distributed in the central mining area
and are the main Au-and Sb-bearing horizons characterized
by interbedded thin-medium-—thick fine-grained siltstones
and thin clays with small amounts of micrite (total thick-
ness of ~ 780 m); and The Xuman Formation 4 (Txm®),
which is distributed to the west and northeast of the mining
area and is characterized by interbedded grey medium-
thick fine-grained siltstones and grayish-green and dark
grey thin—-medium-thick claystone of unequal thicknesses
greater than 300 m (Fig. 2) (Zhu 2009; Fang et al. 2013; Ji
2014; Ji et al. 2018; Wu et al. 2020).

The Baidi Au—Sb deposit is located in the northwestern
part of the Youjiang Basin (Figs. 1, 2) and is controlled by
the Qinglong—Ceheng deep fault. The distribution of the
deposit is controlled by an arc-shaped complex fold and a
secondary axial fault structure, as the deposit is located at
the intersection of these two structures. The complex fold
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Fig. 2 Structural geology and exploration profile of the Baidi Au-Sb deposit

is generally oriented northwest to southeast and comprises
(from west to east) the Nongding anticline, Liangzi syn-
cline, and Baiwen anticline. The folds are all parallel to
each other and develop a series of secondary parallel folds
to the south. Most of the fault structures in this area are
high-angle compressional thrust faults that strike parallel to
the fold axis (i.e., to the northwest), while some strike E-W
and to the northeast (Zhu 2009; Fang et al. 2013; Ji 2014; Ji
et al. 2018; Wu et al. 2020). To date, 8 Au and 11 Sb ore
bodies have been identified in the Baidi Au-Sb deposit. The
ore bodies are controlled by the fault structure, and most
occur as lenticular bodies along fracture zones or joint
fissures. The Au and Sb ore bodies are located close to the
F5 and F, faults, and the Sb ore bodies are often located in
fault extension areas or locations with obvious changes in
dip (Fig. 2). The Au ore bodies are 20-360 m long, with an
average thickness of 1.63-5.61 m and an average grade of
1.56-5.28 x 107°. The Sb resources are close to medium
scale, with lengths of 20-240 m, an average thickness of
0.65-12.69 m and an average grade of 1.42-11.15 % (Wu
et al. 2020).

Alteration types observed in the Baidi deposit include
silicification, pyritization, arsenopyritization, stibnite min-
eralization, carbonatization, and clayization. The metallic
minerals include arsenopyrite, pyrite, and stibnite, while
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the non-metallic minerals include quartz, clay minerals,
dolomite, muscovite, calcite, and carbonaceous minerals.
The ore structures are mainly disseminated and brecciated,
with some laminated stockworks and vein structures.

4 Sampling and analytical methods

Seventeen samples were collected from the No. 3 ore body,
which is controlled by Fault 3 (Fig. 2). which is one of the
larger ore bodies in the Baidi Au—Sb deposit. Sampling site
selection was mainly based on elevation and differences in
the Au and Sb grades. Representative samples were
selected and ground into polished thin sections, and min-
eral types and relationships were identified using polarized-
light microscopy and SEM. Analytical points were selected
based on the high-resolution SEM images, and the trace
elemental and isotopic contents of arsenopyrite, pyrite, and
stibnite were analyzed using ICP-MS.

Mineralogical analyses were performed at the Resource
Exploration Engineering Laboratory of the Guizhou Insti-
tute of Technology (Guiyang, China) and Wuhan Shangpu
Analytical Technology Co., Ltd (Wuhan, China). The
polarizing microscope (Olympus BXS51-P, Olympus,
Tokyo, Japan) had a maximum magnification of 10 x 100
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(eyepiece x objective). The SEM used for backscatter
image analysis was a JSM-IT300 (JEOL, Tokyo, Japan).
According to the characteristics of the samples, a high
acceleration voltage of 20 kV was used and was increased
incrementally. To ensure that the effect was not sustain-
able, the contrast and grayscale were adjusted appropri-
ately. The image was focused until it did not move or only
moved minimally. An IRA3-EDAX Element 30 (EDAX,
Berwyn, PA, USA) was used for energy spectrum analysis.
Prior to analysis, the surface of each sample was wiped
with alcohol and a carbon coating was applied to eliminate
surface charge effects. The acceleration voltage was
25 keV and X-ray acquisition was performed in spot mode.
The analytical procedures and conditions are described in
detail in Qi jingyu. (Qi 2006).

In situ trace elemental analyses of the sulfur-bearing
minerals were performed at Beijing Zirconium Pilot
Technology Co., Ltd (Beijing, China) using a PQMS Elite
ICP-MS (Analytik, Jena, Germany) with a RESOlution
193 nm excimer laser ablation (LA) system (ASI, Fysh-
wick, Australia). The laser beam used for ablation had a
diameter of 30 pm, a frequency of 5 Hz, and an energy
density of approximately 3 J/cm? in. High-purity He was
used as the carrier gas. NIST 610 was used to tune the
instrument to optimal conditions prior to analysis. The LA-
ICP-MS sampling adopted a single-point ablation method.
During analysis, the laser beam was first blocked for 20 s
for blank background collection, after which the sample
was continuously ablated for 45 s. After ablation, the
sample injection system was purged for 20 s. The single-
point testing and analysis time was 85 s. A set of NIST
610, NIST 612, BHVO-2G, BCR-2G, BIR-1G, and MASS-
1 standards were analyzed after every 10 ablation points to
quantitatively calculate their elemental contents.

Multi-collector ICP-MS (MC-ICP-MS sulfur isotope
ratio analyses (Neptune Plus, Thermo Fisher Scientific,
Waltham, MA, USA) used a beam spot size and laser
ablation frequency of 16-100 pm and 6- 8 Hz, respec-
tively, which were adjusted according to the S signal
intensity of the samples. The laser energy density was
7.0-8.0 J/cm®. The Faraday cup simultaneously received
328 and 34S, and the integration time was 0.131 s. Two
hundred sets of data were collected, and the total time for
each sample analysis was ~ 27 s. Prior to analysis, the
instrumental parameters were adjusted using the standard
sulfide samples Balmat FeS, MXG, and Balmat ZnS to
achieve the best conditions. To reduce the influence of the
matrix effect on the results, a sulfide similar to the sample
matrix was used as a standard during analysis, and the
standard—sample—standard cross method was used for mass
discrimination corrections. Specific analytical and data
processing methods are described in Pearce et al. (1997)
and Liu et al. (2008).

5 Results

5.1 Petrographic characteristics of the main Au-and
Sb-bearing minerals

The main Au-bearing minerals were arsenopyrite and
pyrite. Based on the locations, shapes, structures, and
chemical compositions of the minerals, the arsenopyrites
were divided into two metallogenic stages and three gen-
erations, while the pyrites were divided into three metal-
logenic stages and seven generations.

During the metallogenic period, the crystal morpholo-
gies of arsenopyrite (Apy) were mostly rhombic, lance-
shaped, needle-shaped, banded, and radial aggregates.
Arsenopyrite, pyrite, and quartz formed paragenetic min-
eral assemblages during this period, which were divided
into two generations according to their distributions and
combined characteristics. Ore arsenopyrite 1 (Apyl) was
the most common type and was distributed in the sand-
stones and mudstones in idiomorphic particles, banded and
radial aggregates (Fig. 3A and B), or radial aggregates
composed of pyrite (Fig. 3C). Particle sizes ranged from
0.01 to 0.1 mm. Ore arsenopyrite 2 (Apy2) filled quartz
veins as an aggregate with particle sizes of 0.01-0.1 mm
(Fig. 3D), and arsenopyrite particles encased in stibnite
were occasionally observed (Fig. 3E). In the late mineral-
ization stage, post-ore arsenopyrite 3 (Apy3) and pyrite
formed aggregates in the carbonate veins (Fig. 3F).

Pre-metallogenic pyrite (Py) was characterized by
strawberry-like aggregates of pre-ore pyrite 1 comprising
fine euhedral grains, with an aggregate size of < 30 pm
(most were ~ 8 pum; Fig. 4A and B). During the miner-
alization period, pyrite exhibited hypidiomorphic—euhedral
granular forms, and most samples exhibited obvious
zonation. Pyrite formed a paragenetic mineral assemblage
with arsenopyrite and quartz. According to the backscatter
images, the assemblages were mainly composed of ore
pyrite 2 with patchy distributions, ore pyrite 3 with high As
contents, ore pyrite 4 with relatively high As contents, and
thin layers of ore pyrite 5 (Fig. 4C and D). Most of the
outer annuli comprised several secondary annuli with
thicknesses of 3-5 pm. The pyrite in the late mineraliza-
tion stage formed irregularly shaped xenomorphic gran-
ules, and had low Au and high As contents. The pyrite,
arsenopyrite, and carbonate veins from the stage formed a
paragenetic mineral association with two notable layers of
zonation. The inner zone of post-ore pyrite 6 was thicker,
(mostly 100-300 pm), whereas the outer zone of post-ore
pyrite 7 was narrower (15-30 pm) and was characterized
by secondary zones (3—5 pm) (Fig. 4E and F).

According to hand specimen and microscopic observa-
tions, stibnite was the main Sb-bearing mineral in the
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Fig. 3 Different arsenopyrite types in the Baidi Au-Sb deposit A Idiomorphic granular pyrite and rhombohedral/columnar ore arsenopyrite 1 in
sandstones and mudstones; B Banded ore arsenopyrite 1; C Radial ore arsenopyrite 1; D Ore arsenopyrite 2 in quartz veins; E Ore arsenopyrite 2
encased in stibnite and distributed in quartz veins; F Radial post-ore arsenopyrite 3 in calcite veins and aggregates formed with post-ore pyrite
6 + 7.Abbreviations:Py = pyrite, Apyl = ore arsenopyrite 1, Py2 = ore pyrite 2, Py3 = ore pyrite 3, Apy2 = ore arsenopyrite 2, Q = quartz,
Snt = stibnite, Py6 + 7 = post-ore pyrite 6 + 7

mining area, mainly occurring as euhedral crystals with  and B). Moreover, according to the SEM analyses, a series
tabular, flaky, short columnar, and needle-columnar forms. of Pb-Sb sulfosalts (e.g., skinnerite, bournonite) and Sb
Stibnite filled rock fissures, ore fissures, and quartz vein  blooms were also present (Fig. SC-E).

miarolitic cavities in the tectonic alteration zone (Fig. SA
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Fig. 4 Different pyrite types in the Baidi Au-Sb deposit: A Strawberry-like pre-ore pyrite 1 aggregate; B Strawberry-like pre-ore pyrite 1 and
radial ore arsenopyrite 1 forming an aggregate; C Pyrite distributed in the sandstones and mudstones during the hypidiomorphic—authigenic
mineralization period, in which the dark ore pyrite 2 in the core is patchy and continuously advances toward the edge, followed by bright ore
pyrite 3 with high As contents, relatively dark ore pyrite 4 with high As contents, and bright ore pyrite 5 with more outer secondary zones;
D Aggregate of ore pyrite 2, ore pyrite 3, and ore arsenopyrite 1 tangential to a quartz vein; E, F Blocky pyrite distributed in calcite veins,
comprising a dark inner post-ore pyrite 6 band and an outer polycyclic post-ore pyrite 7 band.Abbreviations:Apyl = ore arsenopyrite 1,
Pyl = pre-ore pyrite 1, Py2 = ore pyrite 2, Py3 = ore pyrite 3, Py4 = ore pyrite 4, Py5 = ore pyrite 5, Py6 = post-ore pyrite 6, Py7 = post-ore

pyrite 7

5.2 Trace elemental compositions of arsenopyrite,
pyrite, and stibnite

The results obtained from the trace elemental analyses of
the arsenopyrite from different generations are shown in
Online Appendix 1. The elemental characteristics of Apyl
distributed in the sandstones and mudstones differed from
those of the other arsenopyrite generations. The average Au
content of the rhombic, lance-shaped, and radial,
arsenopyrites was 95.26 ppm, with a maximum content of

391.24 ppm, indicating that arsenopyrite was the main Au-
bearing mineral (Figs. 3A, B, and 4A, D). Another type of
arsenopyrite (Figs. 3C, 4B) that formed radial aggregates
with pyrite had the same Au content (average of
91.74 ppm, maximum of 201.55 ppm) and exhibited an
increasing trend from the center to the radial edge. The Co
and Ni contents of the singular arsenopyrite crystals (34.48
and 215.62 ppm, respectively) were lower than those of
arsenopyrite  associated with pyrite (131.03 and
1143.52 ppm, respectively).
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Spectrum position

Spectrum position

Spectrum position|

Fig. 5 Sb-bearing minerals and their contents in the Baidi Au-Sb deposit: A Euhedral stibnite in quartz veins (reflected light F); B Euhedral
stibnite (orthorhombic +) in quartz veins; C Backscatter image and energy spectrum of skinnerite; D Backscatter image and energy spectrum of
bournonite; E Backscatter image and energy spectrum of valentinite (Snt Stibnite, Q Quartz, Skr Skinnerite, Ab Albite, Kfs K-feldspar, Bnn

Bournonite, Ank Ankerite, Val valentinite)

The Apy2 filling the quartz veins was mainly rhombic
and lance-shaped, with some crystals encased in stibnite
within the quartz veins (Fig. 4E). The average Au content
was 111.56 ppm and the maximum was 174.35 ppm. In
addition, some rhombic arsenopyrite was encased in stib-
nite, with an average Au content of 114.17 ppm. Owing to
the influence of stibnite, the Fe and As contents were low,
with a higher Sb content (443464.96 ppm).

The Apy3 filling the carbonate veins was either radial, in
aggregates with pyrite (Fig. 3F), or scattered in rhombic
aggregates (Fig. 4E and F). The Au contents of Apy3 were
generally low, with an average of 0.19 ppm and a maxi-
mum of 0.27 ppm. The major elemental contents of Apy3
were similar to those of Apyl.

The results obtained from the trace elemental analyses
of the pyrite from different generations are shown in
Online Appendix 1, and the mean and median elemental
contents are shown in Table 1.

@ Springer

The strawberry-like Pyl aggregates (Fig. 4A and B) that
formed in the early mineralization stage had Au contents of
1.43-1.63 ppm (average of 1.56 ppm) and were charac-
terized by high As, Sb, Tl, Co, and Ni contents, with (av-
erage values of 23,419, 133.56, 2.75, 535.99, and
508.97 ppm, respectively). Compared with Pyl, Py2,
which exhibited a patchy distribution, had a similar Au
content (0.06-1.62 ppm), higher As (13841-48029 ppm,
average of 26253 ppm), and Sb (104.41-650 ppm, average
of 287 ppm) contents, and a lower Tl content
(0.04-1.17 ppm, average of 0.20 ppm). Compared with
Py2, Py3 had higher Au (0.45-11.45 ppm, average of
22 ppm) and As (25353-91910 ppm, average of
38577.67 ppm) contents; however, the Sb and Tl contents
were similar to those of Py2 (averages of 239.13 and
0.55 ppm, respectively). Py4 was characterized by low Au
(0.23-0.41 ppm, average of 0.32 ppm) and As
(14656-16256 ppm, average of 15456 ppm) contents. Py4
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Table 1 Average trace elemental contents of arsenopyrite, pyrite, and stibnite from the Baidi Au-Sb deposit (ng/g)

Mineral Number Au As Sb Tl Co Ni Cu Pb Ti Zn Sr
Apyl n =20 9420  437,263.03 49492 79691 63.44 49399 280.84 3457 201656 2319  27.37
Apy2 n=3 110.69  453,970.89 413.94 0.20 40.25 193.09 173.92 28.71 9.73 8.60 3.24
Apy3 n=3 0. 19 404,052.79 2309.08 0.03 21.30 76.73  426.15 119.93 3.53 9.04 2997
Pyl n=3 1.56 23,418.62 133.56 295 53599 50897 269.31 66. 15 2.95 7.75 4.83
Py2 n=11 0.60 26,253.38 287.00 0.20 4523  637.48 509.06  447.05 802.44  69.10 3.66
Py3 n=9 2.01 37,405.08 237.31 0.50 12.71 5871 44427  109.87 239.59  61.45 7.68
Py4 n=2 0.32 15,456.25 22.65 0.09 3.42 12.61 158.99 21.85 17. 10 0.84 0.49
Py5 n=1 0.00 16,055.38 5.51 0.02 2. 19 9.74  129.94 7.92 130.90 0.64 3.74
Py6 n=15 0.06 11,454.88 105.3 0.02 11.73 131.24 300.86  306.26 262 80.17 1.27
Py7 n=13 0.06 19,329.52 76.5 0.02 10.21 7543 3173 81.86 1.58 4131 1.38
Snt n=2 0.80 10.78  679,944.74 0.00 0.01 0.00 3.53 32.95 1.21 0.72 0.47

also exhibited low Sb and TI contents (averages of 22.65
and 0.09 ppm, respectively). Py5 had low Au, As, Sb, and
Tl contents (averages of 0.0034, 16055, 5.51, and
0.02 ppm, respectively). Overall, the Au contents of pyrite
that formed during the mineralization period were above
the detection line but were far lower than those measured in
the arsenopyrite. Their As contents were generally high
(minimum of 13,841 ppm), their Sb contents varied widely
(5.51-650 ppm), and had low TI contents that also varied
widely (0.02-1.4 ppm).

In the late mineralization stage, Py6-7 (Fig. 4E and F)
were mainly distributed in carbonate veins or veins com-
posed of both quartz and carbonate. Py7 is brighter than
Py6 and located in the outer band. The major elemental
contents (i.e., Au, As, Sb, and T1) were lower than those of
the pyrite that formed in the mineralization stage. The Au
contents were particularly low (0-0.2 ppm, average of
0.06 ppm). The As contents varied widely
(1385-44605 ppm), with the outer band containing more
As (average of 19329.52 ppm). The other elemental con-
tents varied to some extent, but had similar average values
of Py6 and Py7 (Table 1).

The contents of the major elements S and Sb were
99.97-99.99%, and the contents of other trace elements
were relatively low. The Pb and Ti contents were relatively
uniform (averages of 33 and 1.2 ppm, respectively). As
was present in some locations (average of 21.55 ppm). In
addition, Au was present near the arsenopyrite area (av-
erage of 1.59 ppm) (Table 1).

5.3 Sulfur isotopic characteristics of arsenopyrite,
pyrite, and stibnite

The 3**S values of the arsenopyrite, pyrite, and stibnite
were quantitatively analyzed using LA-MC-ICP-MS. The
arsenopyrite and pyrite from all mineralization stages were

analyzed at 35 points to determine their zonal character-
istics (Online Appendix 2). The data for arsenopyrite (i.e.,
the main Au-bearing mineral) indicate that Apyl (n = 13)
had 8**S values ranging from — 0.68 to + 3.73 %o, (me-
dian of 1.27 %), Apy2 (n = 7) had &°*S values ranging
from — 3.9 to 4+ 3.23 %o (median of 2.3 ), and Apy3
(n = 1) had an 3**S value of 1.54 %.. For the pyrite, Pyl
(n = 2) had 8*S values ranging from — 15.74 to — 5.5
(average of — 10.62 %o), Py2 (n=7) had 8%S values
ranging from — 2.88 to 1.74 %o (median of — 0.59 ), Py3
(n = 7) had 8**S values ranging from — 4.57 to 1.54 %o
(median of — 2.74 ), Py4 (n = 4) had 5**S values ranging
from — 1.86 to 1.87 %o (average of — 0.2 %o), and PyS5
(n = 3) had 8**S values ranging from — 1.15 to 2.07 %o
(median of — 0.61 ). A total of 17 points were analyzed in
pyrite from the late mineralization stage, for which the 8°*S
values ranged from — 4.58 to — 1.1 %o (median of — 2.52
%o. Stibnite, (i.e., the main Sb-bearing mineral) was

Table 2 Sulfur isotopic contents of sulfides in the Baidi Au-Sb
deposit (%o)

Mineral Max Min Median Average
Apyl 3.73 — 0.68 1.27 1.10
Apy2 3.23 - 3.90 2.30 1.51
Apy3 1.54 1.54 1.54 1.54
Pyl —-55 — 15.74 — 10.62 — 10.62
Py2 1.74 —2.88 — 0.59 —0.85
Py3 1.54 — 4.57 — 274 — 1.59
Py4 1.87 — 1.86 —0.20 —0.20
Py5 2.07 - 115 — 0.61 0.10
Py6 - 13 —4.24 — 291 — 274
Py7 - 1.1 —4.85 —2.49 — 2.60
Snt — 548 —5.73 — 5.61 — 5.61
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analyzed at 2 points, yielding an average 5°*S of — 5.61 %o
(Table 2).

6 Discussion
6.1 Sulfur sources

By analyzing the mineral paragenesis and elemental con-
tents, we summarized and divided the main mineral
assemblages and relationships into three stages: pre-min-
eralization (Py1), mineralization (Py2-5 and Apyl-2), and
post-mineralization (Py6—7 and Apy3). Figure 6 shows the
details of these stages.

Arsenopyrite was divided into ore arsenopyrite 1-2
(Apy1-2) and post-ore arsenopyrite 3 (Apy3) stages; pyrite
was divided into pre-ore pyrite 1 (Pyl), ore pyrite 2-5
(Py2-5), and post-pyrite 67 (Py6 + 7) stages; Sb-bearing
minerals were the products of the late ore stage; quartz was
widely distributed from the ore to the post-ore stage; and
carbonate minerals formed in the post-ore stage.

The &°*S value of pyrite Pyl in the pre-ore stage varied
widely (Table 2, Fig. 7), which is consistent with previous
findings from fine-grained/strawberry-shaped pyrite in the
early ore stages of other deposits in southwestern Guizhou
Province (Guo 1988; Li et al. 1995; Hofstra and Cline
2000; Xia 2005; Zhang et al. 2008, 2010; Jin and Li 2017,
Xie et al. 2018; Yan et al. 2018; Chen et al. 2021). How-
ever, compared with other deposits (e.g., Jinfeng, Yata, and
Jinya) the pyrite 8°*S values in the Baidi deposit during
this period were relatively low, with negative values
(minimum of — 15.74 and maximum of — 5.5). The
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—§~UI=7) Apy2
a—'n 13) Apyl
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Fig. 7 Box diagram of sulfur isotopic distributions in the Baidi Au-
Sb deposit

Py2-5 pyrite 5°*S values in the ore stage varied from —
5 %o to 5 %o and more than 80% of the data were con-
centrated in a range of — 3-3 %o; however, differences
during the different stages corresponded with the observed
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Fig. 6 Mineral paragenetic association and formation sequence of the Baidi Au-Sb deposit
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multi-zoned microscopic characteristics of the minerals
and the varying characteristics of multiple bands. The 5°*S
values ore in the post-ore stage were concentrated at —
5-0 %o, which were highly coincident with some data
from the stage; however, the overall values were low and
mainly negative.

According to the formation characteristics of the min-
erals, Apyl and Apy2 formed with pyrite during ore age, as
Apyl was closely associated with Py2 and Py3, and their
3*S values were similar and concentrated near zero and
positive values. Apy2 formed in quartz veins, and its 5°*S
values were consistent with those of Apyl.Except for a few
values, the values were positive and overall larger than
those of Apyl, which is consistent with the 3**S values of
the associated pyrite. This similarity explains the consis-
tency of the sulfur source and the paragenetic characteris-
tics. The Apy3 associated with pyrite in carbonate veins
still had 8**S values in the range of — 5-5 %o, but were
higher than those of the associated pyrite. Therefore, the
arsenopyrite 5°*S values from any stage were higher than
those of pyrite in the same stage, and the arsenopyrite was
more enriched in **S (Table 2 and Fig. 7).

The §**S values of the late stibnite were similar to those
of the late pyrite (average of — 5.6 %o). Compared with the
above minerals, the stibnite 53*S values were the lowest,
which is consistent with the thermodynamic fractionation
characteristics of **S enrichment and depletion owing to
differences in mineral types associated with sulfur depo-
sition (Ohmoto 1972; Shan et al. 2009) (Table 2 and
Fig. 7). It is speculated that the source of sulfur for the
stibnite should be consistent with those of the arsenopyrite
and pyrite; however, the addition of sedimentary (reduced)
sulfur may occur simultaneously.

During the ore stage, the pyrite and arsenopyrite had
high contents of Au, As, and other elements; thus, the ore
stage (Py2-5 and 8*'S values of Apyl-Apy2) was most
representative of the ore-forming fluid, with 5%*S values
ranging from — 5 %o to 5 %o. Therefore, we inferred that
the sulfur source may have been deep magmatic
hydrothermal fluids or homogenized sedimentary strata
(Ohmoto 1972; Ohmoto and Rye 1979). The source char-
acteristics of the Ceheng area, which includes the Baidi
Au-Sb deposit, have been inferred from the rare earth
elemental contents of the clastic rocks. Both Co/Th-La/Sc
and La/Th-Hf values reflect a felsic source (Chen et al.
2020). The rock body located nearest (~ 100 km) to the
Baidi deposit is a felsic vein on the southeastern side
(Fig. 1), with an age of 91-95 Ma (Maohong et al. 2011;
Chen et al. 2015). Fission track ages of quartz in the Baidi
deposit’s ore period range from 855 + 6.8 to
90.8 £ 6.4 Ma (Zhang and Yang 1992); therefore, we
inferred that the deep part of the Baidi deposit was supplied
by a rock mass with likely felsic attributes.

6.2 Formation of major sulfides

According to the Au contents of the sulfides, the main Au-
bearing sulfides in the Baidi Au-Sb deposit are arsenopyrite
and pyrite. According to their compositions, both are
double sulfides, in which S, As, and Sb form anion pairs
with covalent bonds, which combine with Fe to precipitate
pyrite or arsenopyrite.

Previous studies have shown that a small range of
water-rock interaction surfaces at the bottom of the basin
were anoxic owing to the influence of sulfate-reducing
bacteria or other biological activity, thereby allowing Fe
sulfides to form (Ohmoto and Rye 1979; Schieber 2002;
Scholz and Neumann 2007). The sulfides formed in this
environment are relatively enriched in some trace ele-
ments, including Cu, Cd, V, Cr, Co, As, Ni, and Pb (Large
et al. 2009; Xie et al. 2018; Yang et al. 2022). The positive
correlation between Au and As (R* = 0.92) during the ore
stage was relatively high (Fig. 8). During this stage, fluid
viscosity was high, minerals crystallized relatively quickly,
and fine-grained strawberry-shaped Pyl formed easily
(Butler and Rickard 2000). The structural and composi-
tional characteristics of the pyrite formed during this stage
were consistent with those obtained this study. This min-
eralization occurred parallel to the bedding plane (Fig. 4A,
B) (Table 1).

During the mineralization stage (Py2-5 and Apyl-2),
the pyrite exhibited large granular euhedral-hypidiomor-
phic structures (Fig. 4D and E) and obvious multi-zoning,
indicating that the fluid was not injected continuously, but
was injected in pulses. Unlike other typical Carlin-type Au
deposits in southwest Guizhou Province (Jin and Li 2017,
Xie et al. 2018; Chen et al. 2021), the Co/Ni ratio of the
Baidi pyrite was < 1 (Online Appendix 1), which may
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have been the result of sedimentary genesis after meta-
morphism and transformation. Compared with Pyl, the
pyrite in the mineralization stage was mostly distributed in
sandstones, siltstones, and quartz veins as granular and
aggregate blocks with relatively constant Au contents.
Although the Py3 Au content during the mineralization
stage was 11 ppm, the other samples had values similar to
or lower than those of Pyl. The trace elemental contents of
V, Cr, Co, and Ni decreased significantly in the ore stage,
whereas those of Cu, Zn, As, Sb, Pb, and Bi increased
significantly (Fig. 9). The average As content in the min-
eralization stage was 29,235 ppm and reached a
91,910 ppm maximum. The Au content was the highest,
and its overall correlation with the As content in the min-
eralization period was 0.791 (Fig. 8). According to the
solubility of Au in As-bearing pyrite, the Au:As ratio is less
than 0.02 (Ca, = 0.02Css + 4 x 107°) and Au is likely to
exist as lattice Au (Reich et al. 2005).

In addition, a considerable amount of Au-bearing
arsenopyrite formed, most of which was distributed in
sandstones, mudstones, quartz veins, and carbonate veins

as needle-shaped, lance-shaped, and radial aggregates. A
few were also encased in stibnite and exhibited higher Au
contents (average > 80 ppm) than those of pyrite, indi-
cating that arsenopyrite is the main Au-bearing mineral in
the Baidi deposit. Based on its paragenetic association with
pyrite, arsenopyrite was mostly arranged radially at the
edges of the pyrite (Figs. 3C, 4B, and 4D), and formed later
than some pyrite, which is consistent with observed
sequences among Au-bearing minerals in Carlin-type Au
deposits (Ohmoto and Rye 1979; Chen et al. 2009).
Moreover, the Baidi pyrite had high As contents (average
of 21070 ppm, maximum of 91910 ppm), suggesting that
the As content of the ore-forming fluid was generally high,
which would provide favorable conditions for arsenopyrite
formation. Previous studies of Au in Baidi arsenopyrite
(Hu et al. 2001; Li et al. 2002; Chen et al. 2009) have
shown that its As and S contents are notably higher than
that of Fe from Apyl to Apy2 during the mineralization
stage. Therefore, we speculate that Au substitutes into the
Fe position, which may be Fe*" or excess As>™ (Johan
et al. 1989). In addition, the Au content of the same
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arsenopyrite particle could have different values, which
may result from the instability of the Fe valence state,
thereby leading to the substitution instability of Au’*.
However, it is possible that the multi-stage nature of the
fluid injection caused changes in the As content. In addi-
tion, although we obtained a positive correlation between
high As and Au contents in this study, this range was not
significant for pyrite. The Au content of the pyrite was not
high, and in most cases it was less than the Au content of
the arsenopyrite. Pyrite was also more enriched in 2S,
whereas arsenopyrite was more enriched in **S. Both of
these minerals are fractionated and paragenetic.

The Sb ore exists as euhedral schistose stibnite in quartz
veins, which developed later than the Au mineralization
stage. The abundance of Sb was low in all spheres. During
the Au mineralization stage, the Sb content was enriched to
a certain extent but was mostly concentrated at 1000 ppm
(Fig. 9), which is insufficient to form stibnite in later
stages. Therefore, the Sb source was not only deep mag-
matic hydrothermal fluids inferred from the 8°*S value. Sb
in clastic rocks (Zhang et al. 2020) may have been
extracted under the action of magmatic hydrothermal fluid
flow. The influence of regional deep and large faults then
caused precipitation along the extensional zones of faults
or in regions with obvious steep and gentle changes in dip
(Fig. 2). This may explain why the stibnite **S value was
less than — 5%, which is outside the range of mantle
sulfur and manifests as sedimentary (reduced) sulfur.

The fluid evolution can be determined from the trace
elemental contents of the Baidi Au-Sb deposit (Fig. 9).
Initially, sedimentary strawberry Pyl formed, which has
elemental contents representative of the sedimentary strata.
Owing to the pulsed fluid flow, the elemental contents of
the main Au-bearing minerals (Py2-5 and Apyl-2) dif-
fered or increased/decreased. However, during the Sb
mineralization stage and later stages without ore (Py6-—7
and Apy3), the elemental contents were similar to those of
the sedimentary strata, which is consistent with the sulfur
isotope results and explains the mixing of deep fluids with
sedimentary fluids in the later stage. These conditions are
necessary for Au and Sb paragenesis. First, the pulsed
injections of deep fluids provided ore-forming materials,
particularly Au. Second, the fluid extracted elements from
the formation (i.e., Sb). Thus, under strong tectonic action,
the Sb-bearing minerals precipitated in extensional areas in
the late stage. Therefore, determining the role of the
regional structure in the formation of the Baidi deposit
should be a focus of future study.

6.3 Metallogenesis of the Baidi Au-Sb deposit

After the above discussion, we can summarize the general
process of the formation of Baidi gold-antimony deposit

Siltstones and clays

l Orebodies
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Siltstones and clays
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T.xm’
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Carbonate rock Carbonate rock
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~ Magmatic fluid

Fig. 10 Metallogenesis model for the Baidi Au-Sb deposit

(Fig. 10). The main metallogenic period began in the late
Yanshanian, and the fluid carrying the main ore-forming
element Au moved upward along the extensional faults
(Chen et al. 2021; Zhang and Yang 1992), these fluids
formed the initial form of the Baidi gold-antimony deposit,
characterized by high Au, As, low to moderate salinity
(3.33% ~ 6.59% NaCl eqv.), temperature (177 ~ 250
°C), and acidity (3.6 ~ 3.9) (Ji et al. 2018). Subsequently,
in the process of migration, more abundant Sb is extracted
from the deep circulation of atmospheric precipitation and
formation fluid (Zhang et al. 2020), and finally Au and Sb
are unloaded by water-rock reaction in the zone with
obvious occurrence change at the intersection of anticlines
and faults, thus converging Au—Sb paragenetic deposits.

7 Conclusions

The main Au-bearing minerals in the Baidi Au-Sb deposit
are arsenopyrite and pyrite. Arsenopyrite can be divided
into mineralization (Apyl-2) and post-mineralization
(Apy3) stages, which can be further divided into pre-min-
eralization (Pyl), mineralization (Py2-5), and post-miner-
alization (Py6-7) stages. The main Sb-bearing mineral was
stibnite, with some skinnerite, bournonite, and valentinite.

The Au-and Sb-bearing minerals in the Baidi deposit
formed in order of Pyl, Py2-3 + Apyl, Py4-5 + Apy2,
Py6-7 + Apy3, and Snt. The Au and sulfur isotopic con-
tents of the arsenopyrite were higher than those of pyrite in
all stages. We speculate that Au is more easily enriched in
arsenopyrite containing heavy sulfur in the Baidi Au-Sb
deposit.
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The sulfur isotopic values of the paragenetic arsenopy-
rite and pyrite were relatively consistent, all of which
ranged from — 5 to 5%o and were concentrated in the range
of — 3-3%o, which corresponds to sulfur derived from
deep magmatic hydrothermal fluids or from homogenized
sedimentary strata. Combined with the stibnite sulfur iso-
topic characteristics (< — 5%o) in the later stage period,
these results indicate that the presence of sulfur in the Baidi
Au-Sb deposit is the result of contributions from sedi-
mentary sulfur. In addition, changes in the trace elemental
contents confirm that the Baidi Au-Sb deposit underwent
pulsed hydrothermal mineralization and eventually
returned to a sedimentary source. Therefore, we presume
that the sulfur source may have been deep magmatic
hydrothermal fluids, with added sedimentary sulfur in the
later stage.
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supplementary material available at https://doi.org/10.1007/s11631-
023-00653-3.
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