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Abstract The newly discovered Baogudi gold district is
located in the southwestern Guizhou Province, China,
where there are numerous Carlin-type gold deposits. To
better understand the geological and geochemical charac-
teristics of the Baogudi gold district, we carried out pet-
rographic observations, elemental analyses, and fluid
inclusion and isotopic composition studies. We also com-
pared the results with those of typical Carlin-type gold
deposits in southwestern Guizhou. Three mineralization
stages, namely, the sedimentation diagenesis, hydrothermal
(main-ore and late-ore substages), and supergene stages,
were identified based on field and petrographic observa-
tions. The main-ore and late-ore stages correspond to Au
and Sb mineralization, respectively, which are similar to
typical Carlin-type mineralization. The mass transfer
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associated with alteration and mineralization shows that a
significant amount of Au, As, Sb, Hg, T1, Mo, and S were
added to mineralized rocks during the main-ore stage.
Remarkably, arsenic, Sb, and S were added to the miner-
alized rocks during the late-ore stage. Element migration
indicates that the sulfidation process was responsible for
ore formation. Four types of fluid inclusions were identified
in ore-related quartz and fluorite. The main-ore stage fluids
are characterized by an H,O-NaCl-CO,—CH,4 £ N, sys-
tem, with medium to low temperatures (180-260 °C) and
low salinity (0-9.08% NaCl equivalent). The late-ore stage
fluids featured H,O-NaCl + CO, 4+ CH,, with low tem-
perature (120-200 °C) and low salinity (0-7.48% NaCl
equivalent). The temperature, salinity, and CO, and CHy
concentrations of ore-forming fluids decreased from the
main-ore stage to the late-ore stage. The calculated §8'°C,
3D, and §'®0 values of the ore-forming fluids range from
— 143 to — 7.0%0, —76 to —55.7%0, and 4.5-15.0%o,
respectively. Late-ore-stage stibnite had §°*S values rang-
ing from — 0.6 to 1.9%.. These stable isotopic composi-
tions indicate that the ore-forming fluids originated mainly
from deep magmatic hydrothermal fluids, with minor
contributions from strata. Collectively, the Baogudi met-
allogenic district has geological and geochemical charac-
teristics that are typical of Carlin-type gold deposits in
southwest Guizhou. It is likely that the Baogudi gold dis-
trict, together with other Carlin-type gold deposits in
southwestern Guizhou, was formed in response to a single
widespread metallogenic event.

Keywords Elemental geochemistry - Fluid inclusions -

Stable isotopes - Carlin-type gold deposits - Baogudi gold
district - Southwestern Guizhou
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1 Introduction

The Yunnan-Guizhou-Guangxi “golden triangle” in
southwestern China is the second-largest Carlin-type gold
mineralized region in the world, ranking after the largest in
Nevada, USA (Su et al. 2018). More than 200 Carlin-type
gold deposits and occurrences have been identified in the
“golden triangle”, with a total proven gold reserve of over
800 tonnes (Hu et al. 2017; Su et al. 2018), and the
majority of these deposits are situated in the southwestern
Guizhou Province (Xie et al. 2018). The most important
Carlin-type gold deposits in southwest Guizhou include the
Shuiyindong, Zimudang, Getang, Xiongwu, Nibao, and
Jiadi deposits hosted in the platform-face strata and the
Lannigou, Bangi, and Yata deposits hosted in the basin-
facial strata. The Baogudi district is located in the plat-
form-facial region and surrounded by the gold deposits
mentioned above. In this district, a small gold deposit (the
Dayakou gold deposit, 2.8 tonnes gold) was discovered
during the early 20th century. Recent geological-geo-
physical-geochemical comprehensive investigations have
indicated great potential for Carlin-type gold prospecting in
the Baogudi district (Tan et al. 2017a). The area exhibits
some geological characteristics of typical Guizhou Carlin-
type gold deposits, such as host rocks, ore-controlling
structures, ore body geometry, and alterations.

Although many investigations have been carried out on
the Guizhou Carlin-type gold deposits, issues related to the
fluid source, precipitation mechanisms, and genetic model
remain unresolved and greatly debated. For example, Su
et al. (2009) favored a metamorphic origin of the miner-
alizing fluids related to crustal thickening and prograde
metamorphism and summarized that sulfidation and
decarbonation were the principal mechanisms of gold
precipitation. Additionally, Peng et al. (2014) concluded
that metals were sourced from pre-enriched sediments by
the circulation of meteoric water and that fluid immisci-
bility caused the precipitation and enrichment of gold.
Most recently, Tan et al. (2015a, b) and Xie et al. (2018)
proposed that a significant proportion of magmatic fluid
was added to the ore fluid and contributed to the formation
of the gold ore.

The Baogudi gold district belongs to the central part of
the gold ore-centralization area in southwest Guizhou. As
the main spatial connection for peripheral Carlin-type gold
deposits, the Baogudi gold district plays a key role in
transferring hydrothermal fluids and migrating metallo-
genic elements. Thus, the fluid inclusions, isotopic com-
positions, and bulk chemical compositions of this district
can provide insight into the migration of ore-forming ele-
ments, as well as into the origin and evolution of the ore-
forming fluids. Recent exploration led to the discovery of
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several ore bodies, which provided an excellent opportu-
nity to investigate the geological-geochemical character-
istics of gold mineralization in this district.

In this paper, we present detailed studies on the petro-
graphic characteristics, element migration fluxes associated
with mineralization, ore-forming fluid features, and C, H,
0, and S isotopic compositions of the Baogudi gold deposit
and compare them with those of typical Carlin-type gold
deposits in southwest Guizhou, aiming to provide con-
straints for ore genesis in the Baogudi district and expand
the understanding of the Carlin-type gold metallogenic
system in southwest Guizhou.

2 Geological characteristics of Carlin-type gold
deposits in southwest Guizhou

The Carlin-type gold deposits in southwestern Guizhou
Province are tectonically located at the combinative region
of the Yangtze craton and the Youjiang basin (Fig. 1) (Hu
et al. 2002). These deposits mainly occur in the Upper
Permian to Lower Triassic sedimentary strata. Mineral-
ization is controlled by structure and lithology together.
The Guizhou Carlin-type gold deposits are divided into two
types based on their orebody occurrence, including strata-
bound and fault-controlled mineralizations (Xia 2005).
Strata-bound mineralization is controlled by anticlines or
domes, such as in the Shuiyindong, Jiadi, and Getang
deposits (Hu et al. 2018a, b; Tan et al. 2017a, b). Strata-
bound orebodies are commonly hosted in permeable bio-
clastic limestone, basaltic rocks, or unconformities. Fault-
controlled mineralization commonly occurs along high-
angle reverse faults, with orebodies hosted in calcareous
siltstones or basaltic pyroclastic rock, such as in the Jin-
feng, Yata, and Nibao deposits (Liu et al. 2015; Wei et al.
2016).

The Carlin-type gold deposits in southwestern Guizhou
share many similarities, including alteration, element
associations, ore minerals, ore-forming fluids, and
stable isotope compositions. (1) Alteration processes
associated with gold precipitation include decarbonization
to remove carbonate minerals (e.g., dolomite and calcite)
from the rock, silicification in the form of jasperoid and
vein quartz, and sulfidation with the formation of gold-
bearing arsenian pyrite and minor arsenopyrite (Cline et al.
2013; Su et al. 2012; Tan et al. 2015a). (2) Signature ore
elements include Au, As, Hg, Sb, and TI, with low con-
centrations of base metals and barium (Hu et al. 2002; Tan
et al. 2015a), and these elements are incorporated into
arsenic-rich sulfides (e.g., arsenian pyrite, arsenopyrite,
stibnite, realgar, and orpiment) (Su et al. 2008, 2012; Xie
et al. 2017; Yan et al. 2018). Elemental paragenesis and
differentiation are revealed by the ore chemical
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Fig. 1 Regional geological sketch map of southwestern Guizhou (modified after Su et al. 2009; Liu et al. 2017), showing the distribution of
major Carlin-type gold, antimony, and mercury deposits and the projection boundary of pluton inferred by gravity and magnetic investigations

compositions of various deposits, such as the Shuiyindong
gold deposit, Dachang antimony deposit, and Lan muchang
mercury deposit (Hu et al. 2002). (3) These deposits gen-
erally formed at depths between 1.5 and 4.3 km, pressures
of 0.5-2.3 kbar, and temperatures of ~ 190 to 300 °C
from low-salinity (1.6-3.3% NaCl equivalent) and CO,-
rich (6.3-8.4 mol%) reduced fluids (Gu et al. 2012; Su

et al. 2009; Zhang et al. 2003). (4) The hydrogen and
oxygen isotope values of quartz and clay minerals from
several Guizhou Carlin-type gold deposits are relatively
dispersed, and almost all data plot below the field of
metamorphic fluids, with many in the field of formation
fluids, as well as close to the meteoric water line (Hofstra
et al. 2005; Peng et al. 2014; Tan et al. 2015b). Calcites
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formed during the ore stage have negative 8'°C values,
ranging from — 3 to — 9%o, which differs from those of
diagenetic calcites with positive 8'°C values (Tan et al.
2015b; Wang et al. 2013). The 8**S value of ore pyrite,
arsenopyrite, realgar, orpiment, and stibnite typically ran-
ges from — 5 to 5%o (Hu et al. 2018b; Xie et al. 2018; Hou
et al. 2016; Tan et al. 2015b; Wang et al. 2013).

3 Geology of the Baogudi gold district

The Baogudi metallogenic area lies ~ 20 km south of the
County of Xingren in southwestern Guizhou, China. The
structural deformation is relatively intense in this study
area, resulting in the formation of a complex fault-fold
structural belt which comprises Baogudi anticlinorium and
several groups of oblique faults (Figs. 2a, 3). The Baogudi
anticlinorium, which is approximately 28 km long and
5 km wide, includes the Dayakou, Goupiqing and Magudi
anticlines and the Goutou syncline. These secondary folds
extend from east to west, with limbs dipping 10°-45°. The
limbs adjacent to the core of the anticline are cut by a series
of reverse faults oriented subparallel to the axis (Fig. 3).
This is similar to the structural model (reverse faults in
domes or anticlinal structures) of typical gold deposits in
southwest Guizhou (Kuang et al. 2012). The oblique fault
system is dominated by the nearly east—west-trending high-
angle reverse faults, which mainly include the Goupiqing
fault (Fs), Sifangqiu fault (F;), Dayakou fault (Fo), and
Maanshan fault (F;;). In some places, this set of reverse
faults is disturbed by younger north-east- and north-west-
trending faults. The main ore-controlling structures within
the field are the east—west-trending anticlines and axial
reverse faults.

The exposed stratum in the Baogudi metallogenic area
includes the Permian Maokou, Longtan, Changxing, and
Dalong Formations, the Triassic Feixianguan and Yongn-
ingzhen Formations, and minor Quaternary sediment
(Fig. 2a, b). The massive bioclastic limestone of the Per-
mian Maokou Formation (P,m) is generally exposed in the
core of the anticline around the Anzhe district. An
unconformity (referred to as SBT) is widely developed
between the Maokou and Longtan Formations. The SBT,
interpreted as being formed jointly by sedimentation,
regional tectonic action, and hydrothermal alteration (Liu
et al. 2009; Xia 2005), generally consists of silicalite,
strongly silicified brecciated limestone, and clasolite.
Controlled-source audio-frequency magnetotelluric
(CSAMT) indicate that the contact above the Maokou
Formation is usually buried at a depth of less than 1000 m
(Fig. 3). The Longtan Formation (P3/), which is mainly
exposed in the core of the Baogudi anticlinorium, is sub-
divided into two units according to the lithological
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characteristics. The first unit (P5//) is dominated by lime-
stone, while the second unit (P3/°) contains predominately
clasolite. Organic carbon is common in this formation. The
Changxing-Dalong Formation (Psc + d) is comprised of
argillite and siltstone intercalated with bioclastic limestone.
Triassic strata in the district are composed of fine clasolite
and carbonate rocks. Gold mineralization is localized
preferentially in the bioclastic limestone and calcareous
siltstone of the Longtan Formation, with some ore bodies
occurring in the strongly silicified brecciated limestone and
clasolite of the SBT.

Basalt is distributed approximately 10 km east of the
Baogudi metallogenic area. No felsic intrusive rocks have
been discovered in the Baogudi area. However, gravity and
magnetic data indicate that extensive intermediate-acid
intrusive bodies are concealed in the southwest Guizhou,
including in the study area, and are buried at depths of
2-5 km (Liu et al. 2017; Wang et al. 2009, 2015). Fur-
thermore, the anomaly distribution of Carlin-type elements
and the locations of gold deposits coincide with the geo-
physical anomalies of buried intermediate-acid intrusions,
demonstrating that gold mineralization is spatially associ-
ated with the magmatism (Wang et al. 2015).

In addition to the Dayakou gold deposit, there are five
recently discovered gold occurrences (i.e., Jiaozishan,
Shuijingwan, Goutou, Anzhe, and Houzipo) in the Baogudi
metallogenic area (Fig. 2a). Notably, these gold deposits or
occurrences occur as ore trends in keeping with the east—
west structure. To date, more than fifteen gold orebodies
containing significant potential with total estimated
resources of fifteen tons (average gold grade of 1.96 g/t)
have been discovered. According to the orebody geometry,
these newly discovered gold orebodies can be divided into
two types, fault-controlled and strata-bound orebodies. The
fault-controlled orebodies occur as vein or lenses within
thrust fault zones along the anticlinal axis. They commonly
occur at a dip parallel to the fault and strike east—west.
These orebodies extend discontinuously to 440-1160 m
long and have widths of 0.9—4.4 m. The strata-bound ore-
bodies occur as stratiform, stratoid, and lenticular shapes
and are hosted in interlayer fracture zones near the anti-
clinal culmination and unconformity (SBT) between the
Maokou and Longtan Formations. These orebodies are
typically 640-1200 m in length, 0.3-9.3 m in width and
thin out gradually away from the anticline axis. The atti-
tude of the orebodies is basically consistent with their
country rocks.

The wall-rock alteration types observed in the Baogudi
gold district include silicification (Figs. 4a—g, 5d-i, k-1),
sulfidation (Figs. 4e—g, 5a—k), calcification (Fig. 4d), flu-
oritization (Figs. 4e, g, 51), dolomitization (Fig. 5a, f-h),
and decarbonation (Fig. 5g). These alterations, to be
described in detail below, are similar to those of typical
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Fig. 2 Geological map (a) and stratigraphic column (b) of the Baogudi gold district

Carlin-type gold deposits in southwest Guizhou (Hu et al.
2002; Xia 2005). The results of geochemical exploration
indicate that the Au, As, Sb, and Hg anomalies are closely

related to all of these types of alteration. Particularly, Au

anomalies mainly associate with the pyritized and silicified
rock of P/, while Sb anomalies in the studied area are
generally confined to the silicified rock of the SBT.
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and the corresponding geological profile from A-A’
4 Mineralization stage and paragenesis

Based on field and petrographic relationships, the miner-
alization paragenesis of the Baogudi gold district can be
divided into three main stages: the sedimentation diagen-
esis stage, the hydrothermal stage (main-ore substage and
late-ore substage), and the supergene stage. The mineral
assemblage of each stage is summarized in Fig. 6

Sedimentationdiagenesisstage (quartz + pyrite).

This stage is represented by abundant pyrite, detrital
quartz, ferroan dolomite, calcite, and clay minerals. Three
types of pyrite were recognized according to texture,
including framboidal pyrite, bioclastic pyrite, and coarse-
grained euhedral pyrite. Framboidal pyrite is characterized
by round to oval aggregates of 10-30 um in diameter, and
each framboid is comprised of numerous small hexagonal
pyrite grains (less than 10 pm) (Fig. 5a). Bioclastic pyrite
is commonly present as curved aggregates of several
anhedral to subhedral grains (Fig. 5b). It retains the mor-
phological characteristics of biogenetic texture and is
generally less than 500 pm in length and 50 pm in width.
Coarse-grained euhedral pyrite is randomly disseminated
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in the host rocks (Fig. 5c, d). The sections of coarse-
grained pyrite commonly appear as a quadrangle, pen-
tagon, and hexagon shapes with sizes ranging from 10 to
50 pm (Fig. 5d).

Detrital quartz (Fig. Sc, d), ferroan dolomite (Fig. Sa, f,
g, h), calcite (Fig. 5d), and clay minerals (e.g., chlorite and
illite) (Fig. 5a, f) constitute the rock matrix, and these
minerals formed during sedimentation and diagenesis

Main — ore substage (quartz + arsenian pyrite
+ arsenopyrite).

This stage is the main Au mineralization stage and
contains abundant pyrite, arsenopyrite, quartz, and minor
dolomite. The pyrite can be divided into two types,
including fine-grained pyrite and zoned pyrite. Qualitative
energy dispersive analysis (EDS) indicates that the fine-
grained pyrite is enriched with As. Fine-grained pyrite
occurs in the quartz vein crosscutting ore (Fig. 5e) or is
distributed in the altered rock. Locally, small fractures of
mineralized rock are filled by veined aggregates of fine-
grained anhedral pyrite, coarse-grained pyrite, and minor
sphalerite and rutile (Fig. 5f). Zoned pyrite is characterized
by a core-rim texture and is commonly surrounded by
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Fig. 4 Representative wall-
rock alteration types in the
Baogudi gold district.

a Bedding-parallel banded
quartz vein in silicified siltstone;
b quartz stockwork in silicified
limestone; ¢ quartz vein
vertically cutting the orebody;
d quartz vein distributed in the
orebody; e fluorite, quartz, and
stibnite patches filling the open
spaces of pyritized host rock;

f orpiment occurring with
quartz, stibnite, and
disseminated pyrite; g vein
quartz containing stibnite. Oz
quartz, FI fluorite, Orp
orpiment, Py pyrite

quartz and dolomite. The zoned pyrite commonly contains
an irregular margin with variations in thickness and inner
core. The pyrite core commonly has a “porous” appear-
ance (Fig. 5g), probably due to the inversion of marcasite
into pyrite (Murowchick and Barnes 1986). Occasionally,
this pyrite consists of three parts, including a core of
anhedral or subhedral pyrite, an inner rim of As-rich pyrite,
and an outer rim of As-poor pyrite (Fig. 5g).
Arsenopyrite is typically present as idiomorphic acicu-
lar, rhombohedral, columnar, and spear-shaped grains
ranging in size from 1 to 100 pum. Commonly, arsenopyrite
occurs in aggregates (Fig. Sh—i) with several grains or in
isolation (Fig. 5i). Arsenopyrite rims pyrite and partially
corrodes it, indicating that pyrite formed earlier than
arsenopyrite. Liu (2003) and Su et al. (2008) documented

that gold is predominantly present in arsenian pyrite, with
lesser amounts in arsenopyrite.

Quartz occurs as veins and jasperoid. A large amount of
cross-cutting—rather than layer-parallel—quartz veins and
veinlets characterized by texture are indicative of open
space filling (Figs. 4a, c, d, 5e). In contrast, jasperoid
quartz formed by replacing carbonate minerals (e.g., fer-
roan dolomite) generally contains significant encapsulated
quantities of tiny dolomite and ferroan dolomite (Figs. 4b,
5g, h). This jasperoid quartz typically has variable grain
sizes and xenomorphic textures (Fig. Sf~h). Dolomite
(Fig. 5g), which is absent from low-grade samples, is
intergrown with ferroan dolomite in the ore

Late — ore substage(quartz + stibnite + fluorite

torpiment + realgar).
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—

Fig. 5 Minerals and their relationships in the Baogudi gold district. a framboidal pyrite; b bioclastic pyrite; ¢ coarse-grained euhedral-subhedral
pyrite distributed in detrital quartz; d coarse-grained pyrite disseminated in a matrix of detrital quartz and calcite, which is cut by a late quartz
vein; e quartz-pyrite vein crosscutting the host rock; f pyrite-rutile-sphalerite vein crosscutting the host rock; g jasperoidal quartz, Fe-dolomite,
and dolomite occurring with zoned pyrite and arsenopyrite; h arsenopyrite overgrowing pyrite; i coexistence of arsenopyrite and pyrite; j pyrite
containing inclusions of stibnite or encompassed by embayed-texture stibnite; k stibnite distributed in a quartz vein; 1 fragments of the host rock
and fluorite grains cemented by drusy quartz. a, f, g, h Backscattered electron (BSE) images, b, e, i, j, k are taken under transmitted light and ¢, d,
1 are taken under transmitted light. Py pyrite, As-Py arsenian pyrite, Apy arsenopyrite, Stb stibnite, Sp Sphalerite, Rt Rutile, Qz quartz, Dol

dolomite, Fe-dol Fe-dolomite, Chl Chlorite, Fl fluorite

This stage is dominated by assemblages of stibnite,
fluorite, quartz, and minor-trace orpiment and realgar. A
distinctive feature of this stage is the widespread occur-
rence of stibnite, which commonly coexists with fluorite
and orpiment (Figs. 4e, f, 5i). Locally, stibnite occurs as
solid inclusions or embayed-textured shapes encompassed
by pyrite (Fig. 5j), indicating that the stibnite was formed
slightly later than the pyrite. In some cases, stibnite is
enclosed within quartz (Figs. 4g, 5k).
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Veined quartz typically (Figs. 4e, f, g, 5k, i) precipitates
in the open spaces of altered rock. In some places, quartz
veins crosscut early subhedral pyrite. Jasperoid quartz
occurs but is not pervasive. Fragments of siltstones and
fluorite grains are cemented or corroded by euhedral drusy
quartz crystals (Fig. 51)

Supergene stage (limonite + valentinite).

Supergene Fe and Sb minerals, such as limonite and
valentinite (Fig. 5b, d), typify the post-ore mineralization.
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Fig. 6 Mineral paragenesis of
the Baogudi gold district Minerals

Hydrothermal stage
Main-ore stage|Late-ore stage

Diagenesis stage Supergene stage

Quartz (detrital)
Ferroan dolomite
Calcit
Framboidal pyrite
Bioclastic pyrite

Chlorite

Illite

Arsenian pyrite
Arsenopyrite
Jasperoidal quartz
Quartz (vein)
Dolomite
Stibnite
Fluorite
Orpiment
Realgar
Limonite
Valentinite

Coarse-grained pyrite

This stage also contains clay minerals. These supergene
minerals occur mainly near the surface, giving either soil or
“pock-marked” (low-density porous) structures.

5 Sampling and analytical methods
5.1 Sampling

The samples for determining bulk chemical compositions,
examining fluid inclusions, and performing C-H-O-S
isotopic analysis were collected from field outcrops
revealed by trenches and stopes. The sample locations are
shown in Fig. 2a. Sixty-one polished thin sections were
made for petrographic observation. Element geochemistry
data were obtained from seventeen samples, including ore,
altered rocks, and country rocks, and all these samples
were located in the same horizon and lithology of P5/’ and
the SBT. Twenty-six quartz and three fluorite samples were
collected for fluid inclusion study and C-H-O isotopic
analyses. Three stibnite samples from the SBT were ana-
lyzed for the S isotopic composition.

5.2 Analytical methods
5.2.1 Petrographic observation

Polished sections were prepared and examined using
microscopy and scanning electron microscopy (SEM).
Optical microscopy analysis using reflected and transmit-
ted light were carried out to characterize the mineral
composition and textural-structural features. An SM-7800F
SEM at the State Key Laboratory of Ore Deposit

Geochemistry, Institute of Geochemistry, Chinese Acad-
emy of Sciences (IGCAS) was used to provide semiquan-
titative chemical compositions to confirm minerals.
Additionally, high-resolution images were collected using
the SEM to identify paragenetic and textural relationships.

5.2.2 Elemental analysis

The analyses of major and trace elements were performed
at the Guizhou Central Laboratory of Geology and Mineral
Resources in Guiyang, China. Major elements were ana-
lyzed using a ZSX Primus IIX-ray fluorescence spec-
trometer (XRF) with an operating voltage of 50 kV, a
current of 70 mA, and fused glass discs were used. The
analytical precision was better than 5%.

The trace elements were analyzed using an X-Series II
Inductively coupled plasma mass spectrometer (ICP-MS).
Rhodium was used as an internal standard to monitor the
signal drift during counting. This method provided data for
Sb, T1, Ba, Cr, Li, Ni, V, Zn, Sc, Be, Co, Cu, Ga, Ge, Rb,
Sr, Mo, Cs, W, Pb, Th, U, Zr, Nb, Hf, Ta, Ag, Y, and
fourteen rare earth elements. Gold was analyzed by the fire
assay method. Mercury and As were analyzed by induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES). The analytical precisions for all elements were
better than 5%.

5.2.3 Fluid inclusion analysis
Based on fluid inclusion observations under a standard optical
petrographic microscope, representative inclusions were

selected for detailed microthermometric and laser Raman
spectroscopic studies at the fluid inclusion laboratory, IGCAS.
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Microthermometric measurements taken made on a Linkam
THMSG 600 programmable heating-freezing stage mounted
on a Leica microscope coupled to an image analysis system.
The equipment was calibrated with synthetic fluid inclusions.
The microthermometric data were measured at temperatures
from — 196 to + 600 °C and have an uncertainty of
about £ 0.2 below 50 °C and of + 2 °C for temperatures
above 100 °C. Temperatures were changed at 10 °C/min
during the heating and freezing processes and at rates between
0.1 and 1 °C/min near the phase transition point. Volatile
species in individual fluid inclusions that were representative
of particular populations were analyzed using a Renishaw
2000 laser Raman microspetrometer (LRM). The source was
an argon-ion laser with a wavelength of 514.5 nm and a laser
power of 20 nw. The spot size of the laser beam was
approximately 1 pm, with a spectral resolution of 2 cm™".
The scanning times were 10, 30, and 60 s with the scanning
range of 150-4500 cm ™",

5.2.4 Stable isotope analyses

Samples for stable isotope analyses were crushed to 40-60
mesh, sieved and picked out using a binocular microscope.
Hydrogen, C, O, and S isotopic compositions were ana-
lyzed at the Analytical Laboratory of the Research Institute
of Uranium Geology in Beijing, China. The H, O, and C
isotopic compositions of quartz were analyzed using the
Finnigan MAT253-type mass spectrometer, and the S iso-
topic compositions of stibnite were analyzed using the
Finnigan MAT251-type mass spectrometer. Oxygen was
liberated for isotopic analyses using BrFs (Clayton and
Mayeda 1963). Fluids released by crushing reacted with
zinc to produce hydrogen at high temperatures (Coleman
et al. 1982). Fluids were released from fluid inclusions by
heating through four different temperature stages prior to
carbon isotopic analysis and then reacted with Cu,O to
produce pure CO, (Liu et al. 2013). Stibnite was converted
into SO, for S isotopic analyses by a quantitative oxidation
reaction with Cu,0 at a temperature of 980 °C (Liu et al.
2013). The H, O, C, and S isotopic analysis results adopted
the Standard Mean Ocean Water (SMOW), Pee Dee
Belemnite (PDB), and Canyon Diablo Troilite (CDT)
standards, respectively, with a precision of £ 2%o for 6D
and of + 0.2%. for 5'%0, §'3C, and §*S, respectively.

6 Results

6.1 Mass transfer associated with alteration
and mineralization

In the zone of the P3/ from the Baogudi gold district, the
gold content of the mineralized siltstone ranges between
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1.79 and 3.54 ppm. The concentrations of other Carlin-
suite elements are consistently at a very high level. Similar
geochemical features are also observed in the silicified
limestone, in which the gold content varies from 0.87 to
1.86 ppm. In the zone of the P5/%, the contents of these
elements (Au, As, Sb, Hg, and Tl) are similar to those in
the zone of the P5/’. The unmineralized rock of the Longtan
Formation has a lower gold content, while the contents of
As, Hg, Sb, and T1 consistently decrease. In the zone of the
intensely silicified limestone of the SBT, the assays did not
reveal significant gold contents, with measured amounts
ranging from 0.03 to 0.13 ppm. These modified rocks,
however, are characterized by relatively high contents of
As, Sb, and T1. The antimony content was abnormally high
at up to 3.5-12.29%. Such elevated contents of these ele-
ments are consistent with petrographic evidence and geo-
chemical anomalies, according to which Sb anomalies are
specifically associated with the antimony mineralization in
silicified rock from the SBT.

Elemental fluxes during alteration and mineralization
can be recognized by comparison of unaltered samples to
their strongly mineralized or altered counterparts using
immobility isocon diagrams (Grant 1986; Gresens 1967).
Titanium and Al are generally considered to be immobile
elements during the alteration and mineralization of Carlin-
type gold deposits (Kesler et al. 2003; Yigit and Hofstra
2003). The highly significant R value of 0.932 for the plot
of TiO, versus Al,O3 (Fig. 7) further indicates the immo-
bile behavior of the two elements. Additionally, Zr and Th
have been demonstrated to be immobile elements (Finlow-
Bates and Stumpfl 1981). The regression line of the
immobile elements Al,Os, TiO,, Zr, and Th in the X-Y
concentration plots is the immobility isocon, and the slope
of this line defines the mass change during the alteration.
Elements that lie above the immobility isocon are added to
the rock during mineralization and alteration, and those

20

R2=0.932

TiO,(wt.%)

Fig. 7 Correlation plot showing the relation between Al,0O5 and TiO,
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that lie below the immobility isocon are removed from the
rock (Grant 1986; Gresens 1967).

Selected comparative samples were obtained from
unaltered siltstone and mineralized counterparts (according
to Au mineralization in the main-ore stage) of P;// and
from unmineralized silicified limestone and mineralized
counterparts (according to Sb mineralization in the late-ore
stage) of the SBT. The immobility isocon plots in Fig. 8a
show additions and losses of elements during alteration and
mineralization in the main-ore stage. The ore and country
rock samples were collected from the siltstone of the P5l’
(D05 and D21). The immobility isocon diagram shows that
As, Au, Mo, Li, Sb, S, and Ag were added to the ore. In
addition, Hg, T, Sc, Cu, Co, MgO, CaO, Ni, W, V, and
Na,O were added to the ore. P,Os and Be were removed
from the country rock. Fe,O;, SiO,, and K,0O were
immobile in the rock. The immobility isocon plot in
Fig. 8b shows additions and losses of elements during
alteration and mineralization in the late-ore stage. The
mineralized rock and counterparts were collected from the
limestone of the SBT (D11-2d and D18). The immobility
isocon diagram shows that As, Sb, S, Ag, and Pb were
significantly added to the altered rock. Tungsten, Li, Mo,
MnO, and Sr were removed from the country rock. Gold,
Hg, CaO, MgO, Fe,03, and SiO, remained nearly constant.

The mass transfer during alteration and mineralization
was calculated according to the following formula:
Amass = ((1/m) — 1) x 100 (Hofstra 1994), where m
represents the slope of the regression line of the immobile
elements. The calculation results show a mass gain of 4%
(Fig. 8a) for siltstone and a mass loss of 16% (Fig. 8b) for

limestone, The calculation results indicate that the
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modification and alteration in the SBT were much more
intensive than that in P311 .

6.2 Fluid inclusion petrography

Main-ore- and late-ore-stage quartz and late-ore-stage flu-
orite were selected for fluid inclusion analysis. Four types
of fluid inclusions have been identified based on the
characteristics of the fluid inclusions at room temperature
(~ 20 °C), the transition characteristics during cooling
and heating runs, and their Raman spectra.

Type-I includes mono- or two-phase, liquid-rich aque-
ous inclusions that are typically lighter in color. This type
of inclusion is abundant and commonly coexists with other
types of inclusions in main-ore-stage quartz (Fig. 9a, b, f,
h) and rare in late-ore-stage quartz and fluorite (Fig. 9c¢). It
typically occurs with an isolated and scattered distribution
in quartz and has square, elongated, and negative crystals
and irregular shapes, with sizes from 3 to 30 pm. These
inclusions can be classified into two subtypes based on
their phase state, including type-Ia and type-Ib. Type-la is
two-phase H,O-rich aqueous inclusions with 5-15 vol%
vapor bubbles at room temperature (Fig. 9a—c). Some type-
Ia fluid inclusions decrepitated at temperatures from 190 to
260 °C, and most of these fluid inclusions are homogenized
to the liquid phase. Type-Ib is mono-phase aqueous
inclusions (Fig. 9c¢).

Type-II includes two- or three-phase, liquid-rich CO,—
H,O inclusions with oval, triangle, and irregular shapes.
This type of inclusion is mainly in main-ore-stage quartz
and occasionally occurs in late-ore-stage quartz and fluo-
rite. Type-II is 1040 um in diameter and is commonly
larger than other types. According to the CO,-bearing
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Fig. 8 Logarithmic isocon plots showing the elemental fluxes and mass transfer associated with mineralization between the wall rock and
mineralized (altered) rock. The locations of all samples are shown in Fig. 2
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Fig. 9 Microphotographs of fluid inclusions from the Baogudi gold district: a two-phase aqueous inclusions (type-Ia) in quartz; b two-phase
aqueous inclusions (type-Ia) in fluorite; ¢ two-phase aqueous inclusions (type-Ia) coexisting with mono-phase aqueous inclusions (type-Ib) in
quartz; d two-phase CO,—H,O inclusions (type-1la); e three-phase CO,—H,O inclusions (type-1Ib); f two-phase CO,—H,O inclusions (type-Ila)
coexisting with two-phase aqueous inclusions (type-Ia); g mono-phase liquid CH, inclusions (type-IIT); h mono-phase liquid CH, inclusions
(type-III) coexisting with two-phase aqueous inclusions; i mono-phase liquid CH, inclusions coexisting with two-phase CH4,—H,O inclusions
(type-1V). a, ¢, e-i quartz of the main-ore stage; b fluorite of the late-ore stage; d, i quartz of the late-ore stage. Lyyo-liquid H,O, Vio-vapor

H20, Lcoz—liquid C02, Vcoz-Vapor C02, VCH4-Vap0r hydIOCaIbOn CH4

phase nature, these inclusions can be divided into two
subtypes, including type-Ila and type-IIb. Type-Ila inclu-
sions consist of vapor CO, and liquid H,O and occur
together with type-la inclusions with a relatively small
vapor bubble (Fig. 7d, f). Type-IIb inclusions are com-
posed of liquid plus a vapor CO, phase and a liquid H,O
phase at room temperature (Fig. 9e).

Type-IIl inclusions are mono-phase, pure-liquid CHy
inclusions (Fig. 9g—i). This inclusion type commonly
occurs in main-ore-stage quartz and appear locally in late-
ore-stage quartz and fluorite. It generally occurs as oval,
round, polygon, and negative crystals and as irregular
shapes, varying from 3 to 25 pum in size, with dark edges
and a shiny center due to their strong translucency.

Type-1V inclusions are two-phase CH4—H,O inclusions
(Fig. 9h). This type of inclusion is rare and is comprised of
a liquid aqueous phase and a vapor hydrocarbon phase. The

@ Springer

volume of the vapor phase ranges from 5 to 95%. They are
typically 2-20 pm in diameter with oval, elongated, and
negative crystal shapes. This type of inclusion usually
coexists with type-III inclusions in main-ore-stage quartz.

6.3 Laser Raman spectroscopic analysis

The gas compositions of various inclusions in quartz were
measured using laser Raman spectroscopy. The spectral
data reveal that the vapor phase of the two-phase aqueous
(type-Ia) inclusions is dominated by H,O (Fig. 10a) and
that most inclusions contain CH4, CO,, and N, along with
H,O (Fig. 10b). In addition to CO,, CH4, and N, are
identified in CO,—H,O inclusions (type-Ila) (Fig. 10c),
which is consistent with the fact that the final melting
temperature of solid CO, (Tm, CO,) is lower than the
standard triple point (56.6 °C) of pure CO,. The vapor
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Fig. 10 Laser Raman spectra of fluid inclusions in quartz from the main-ore stage (a—c, e) and late-ore stage (d, f). a Vapor phase of two-phase
aqueous inclusions (type-Ia) containing H,O; b vapor phase of two-phase aqueous inclusions (type-Ia) mainly consisting of CO,, CH4 and N,;
¢ vapor phase of CO,-H,O inclusions (type-Ila) composed of CO,, N, and CHy; d vapor phase of hydrocarbon-H,O inclusions (type-I1V)
comprised of CHy, CO, and N»; e mono-phase liquid hydrocarbon inclusions (type-1II) containing mostly CHy; f mono-phase liquid hydrocarbon

inclusions (type-III containing CO, and N, in addition to CHy)

phase of CH,—H,O inclusions (type-IV) is dominated by
CH, and contains minor CO, (Fig. 10d). The mono-phase
liquid hydrocarbon inclusions (type-III) contain pure CHy
(Fig. 10e), and some of them also contain small amounts of
CO, and N, (Fig. 10f).

In general, the fluid inclusion types in quartz from the
main-ore stage are very rich. In addition to aqueous
inclusions (type-I) and CO,-H,O inclusions (type-II),
abundant CH, inclusions (type-Ill) and CH4-H,0

inclusions (type-IV) are also commonly detected. In com-
parison, fluid inclusions in quartz and fluorite of the late-
ore stage are dominated by aqueous inclusions (type-I),
while both CO,—H,O inclusions (type-II) and hydrocarbon
inclusions (type-II1, type-1V) are relatively rare. Thus, from
the main-ore to late-ore stages, the contents of CO, and
CH, in the ore-forming fluid gradually decreased, and the
ore-forming fluid underwent an evolution process from
H20—NaC1—C02—CH4 + N2 to H20—N3C1 + C02 + CH4
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6.4 Microthermometric results

Mean
1.0
1.85

Although type-Ib, type-III, and type-IV inclusions occur in
quartz and fluorite, their small sizes make it difficult to
measure the phase transformation temperatures. Therefore,
only the microthermometric data of type-la and type-II
inclusions are reported here. The salinities of the aqueous
fluid inclusions (type-Ia) and CO,-H,O inclusions (type-
IT) were calculated from the final melting temperatures of
ice (T ice) and CO, clathrate (Ty,c1.) using the formulas
proposed by (Potter et al. 1978) and (Collins 1979),
respectively. The microthermometric data are summarized
in Table 1 and Fig. 11.

For two-phase aqueous inclusions (type-la) from the
main- to late-ore stages, the homogenization temperatures
(Ty,) range from 138 to 270 °C (mostly 180-260 °C) and
from 85 to 227 °C (mostly 120-200 °C), with average
values of 222 °C and 140 °C, respectively. The freezing
point temperatures (T, ;c.) range from — 5.9 to — 1.6 °C
(mean: — 3.1 °C) and from — 5.2 to — 0.2 °C (mean:
— 2.4 °C), respectively, corresponding to the salinities of
2.74-9.08 wt% NaCl equiv (mean: 5.07 wt% NaCl equiv)
and 0.18-8.14 wt% NaCl equiv (mean: 2.91 wt NaCl
equiv), respectively.

For the CO,—H,O inclusions (type-II) from the main- to
late-ore stages, the final melting temperatures of solid CO,
(Tm.co2) range from — 63.1 to — 57.0 °C (mean: 58.2 °C)
and from — 57.7 to — 56.9 °C (mean: 57.3 °C), tempera-
tures which are lower than the standard triple point
(— 56.6 °C) of pure CO,, suggesting that the CO, phase
may contain CHy, N,, and/or other volatiles in addition to
CO,. The Ty, 1, varies from 6.0 to 10.6 °C (mean: 9.6 °C)
and from 7.4 to 10.2 °C (mean: 9.5 °C), corresponding to
salinities of 0—7.48 wt% NaCl equivalent (mean: 0.95 wt%
NaCl equivalent) and 0-5.05 wt% NaCl equivalent (mean:
1.08 wt% NaCl equivalent), respectively. A few Tp,
values are slightly higher than 10 °C, further suggesting
the presence of other volatiles in the CO, phase (Zheng
2017). Homogenization of the CO, was always toward the
liquid phase between 17.2 and 21.9 °C (mean: 19.9 °C)
and between 19.8 and 23.2 °C (mean: 21.4 °C). The T}, of
the CO,—H,O inclusions ranges from 150 to 300 °C (mean:
240 °C) and from 191 to 253 °C (mean: 217 °C), with
peaks at 200-260 °C and 180-240 °C, respectively.

Collectively, the ore-forming fluids are characterized by
intermediate to low temperatures and low salinity, and the
homogenization temperatures and salinities slightly
decrease accompanying hydrothermal activity.

Salinity (wt%)
2.74-9.08 (60) 5.07
0.00-7.48 (55) 0.95
0.35-8.14 (32) 3.88
0.00-5.05 (28)
0.18-4.49 (27)

Range (no.)

Mean
19.9
214

Th, CO, (°C)
Range (no.)
17.2-21.9 (16)
19.8-23.2 (5)

Mean
—58.2
-57.3

~63.1 to —57.0 (21)
~57.7 to —56.9 (10)

Tm, CO, (°C)
Range (no.)

Mean

-3
9.6

-2.4
9.5

—1.1

6.0-10.6 (55)
52 t0 =02 (32)
7.4-102 (28)

Tm, ice (Tm, cla) (°C)
—5.9 to —1.6 (60)
—2.7 to —0.1 (27)

Range (no.)

Mean
141.1
217.4
139

85-177 (23)

191-253 (7)
97-227 (54)

138-270 (52) 221.7
150-300 (50) 239.5

Th (°C)
Range (no.)

Inclusion types

Type-la
Type-IL
Type-la
Type-II
Type-la

Th = the homogenization temperature; Tm, ice = the final ice melting temperature; Tm, cla = the temperature of CO, clathrate melting; Tm, CO, = the melting temperature of drikold; Th,

CO, = the temperature of CO,-phase homogenization; salinity = calculated salinity (wt% NaCl equivalent)

Table 1 Microthemometric data of fluid inclusions from the Baogudi gold district

Host minerals/mineralization stage

Quartz/ore stage
Quartz/late-ore stage
Fluorite/late-ore stage
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Fig. 11 Frequency histograms showing the homogenization temperatures (a, ¢) and calculated salinities (b, d) of fluid inclusions from the main-

ore stage (a, b) and late-ore stage (c, d)

Table 2 Hydrogen, oxygen, carbon, and sulfur isotopic compositions of the Baogudi gold district

Sample no.  Mineral  3Dgyow (%0)  8'%0q (%0)  8"Osmow (%) 8" Ceps (%) T (°C)  Mineral  &*Scpr (%0)
DO1-2 Quartz - 59.2 11.2 223 -98 209

D04-2b Quartz - 689 8.0 19.1 209

D06-4a Quartz —55.7 13.5 23.0 -94 239

D10-3 Quartz - 616 5.9 19.0 -9 179 Stibnite ~ — 0.6
Dl11-2a Quartz - 708 4.5 20.8 — 133 142 Stibnite 1.9
D13-3 Quartz - 76 9.1 18.6 239

D15-3b Quartz — 68.4 15.0 24.5 - 143 239

D19-1 Quartz - 60.9 8.5 223 -7 171 Stibnite ~ — 0.4
D24b Quartz — 648 12.7 222 - 102 239

D27-2b Quartz — 64 14.0 234 — 143 239

D32-1 Quartz - 63.1 7.0 16.5 - 123 239

6.5 Stable isotope compositions

The analytical or calculated hydrogen, oxygen, and carbon
isotopic compositions of quartz from the main- and late-ore
stages and the sulfur isotopic compositions of late-ore
stibnite are presented in Table 2. The analyzed hydrogen

isotopic compositions of the inclusion waters (8DH,O)
from ore-related quartz vary from — 76 to — 55.7%o, with
an average of — 64.9%o. The §'%0 values of the quartz
(3'%0Qz2) range from 16.5 to 24.5%, with a mean of ~
21.1%o. Based on the measured 8'%0 value of quartz from
the mineralization stage, the 5'%0 values of the ore-
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forming fluid were calculated using the quartz-water frac-
tionation equation (1000InaQz — W=3.38 x 106/
T? — 3.40) (Clayton et al. 1972), where the average
homogenization temperature of the two-phase aqueous
inclusions is taken as the quartz formation temperature.
The calculated 8'®0 values of the mineralizing fluids
(8"®0H,0) vary from 4.5 to 15.0%0, with an average of
10.0%o. The fluid inclusion water in quartz has strongly
negative 8'°C values, ranging from — 14.3 to — 7.0%o,
with a mean of about — 11.1%o. The 8**S values of stibnite
vary from — 0.6 to 1.9%o, with average values of 0.3%o.

7 Discussion
7.1 Element migration and mineralization

Though Carlin-type gold metallogenic systems in south-
west Guizhou are characterized by close Au—Hg—Sb—As-T1
association on the regional scale (Hu et al. 2002; Large
et al. 2011), various gold deposits exhibit differences, such
as Lannigou with Au-As—Cu-TI-Sb and Xiongwu with
Au—-As-Hg-U (Zhang et al. 2003). In the Baogudi gold
district, mass transfer associated with alteration and min-
eralization shows that elemental assemblages, including
Au, As, Sb, Hg, and TI, were added to altered rocks during
the main-ore stage, which is similar to the case for many
Carlin-type gold deposits in southwest Guizhou such as
Shuiyindong and Jiadi (Xia et al. 2010; Hu et al. 2018a, b).
Permian sediments in southwest Guizhou had low con-
centrations of Au and associated elements (Zhou et al.
2009; Hu et al. 2018a). Moreover, taking into account that
the ore fluids of Carlin-type gold deposits in southwest
Guizhou contain high concentrations of Carlin-suite ele-
ments (120 ppm As, 20 ppm Sb, and 3-5 ppm Au) (Su
et al. 2009). Thus, these paragenetic elements in the main-
ore stage might have been provided by the hydrothermal
fluid that also offered metallogenic material for other gold
deposits in southwest Guizhou. Remarkably, As, Sb, and T1
were added to the mineralized rocks during the late-ore
stage, whereas Au and Hg remained nearly constant,
indicating that ore-forming elemental separation occurred
in this stage. This phenomenon can be explained by the
mineralization process having undergone a single succes-
sive stage, resulted in depleted Au and Hg concentrations
in the late-ore stage. These Carlin-suite elements, which
were enriched in the late-ore stage (such as As and Sb),
typically form sulfides such as stibnite, realgar, and orpi-
ment (Figs. 4e—g, S5j—k). This implies that Carlin-suite
elements, including As, Sb, Hg, and T, in addition to Au,
can serve as “geochemical signatures” of mineralization.

In addition to the specific suite of trace elements of Au—
Hg-Sb—-As-T1l, Mo was also added to the mineralized
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siltstone of the P;//. This is similar to the case in some
other typical gold deposits, such as high Mo in gold-rich
ores of Getang (~ 110 ppm) and Nibao (~ 400 ppm)
(Zhang et al. 2003). In comparison, the silicified limestone
of the SBT in the Baogudi district shows a slight decrease
in Mo (Fig. 8). Collectively, the enrichment characteristics
of Mo are similar to those of Au and Hg, suggesting that
Au, Hg, and Mo were relatively active in the early stage
and then reduced. However, there might be a different
possibility in that the higher Mo contents could indicate a
mafic provenance, as Zhang et al. (2003) suggested.
Although obvious pyritization and arsenopyritization
were observed in mineralized (altered) rocks, mass transfer
associated with alteration and mineralization indicates that
Fe was not added during Au mineralization. Su et al.
(2009) reported that the original ore-forming fluids were
Fe-poor (< ~ 400 ppm); however, the host rocks were Fe
rich, exhibited by characteristics such as ferroan carbonate
minerals containing up to 7.0 wt% Fe. Thus, they con-
cluded that the iron in pyrite and arsenopyrite was probably
from the dissolution of ferroan carbonate in the country
rock. This is consistent with the petrographic observation
that arsenian pyrite and arsenopyrite occur with dolomite
(Fig. 5g—h). Moreover, the S enriched into the original ore-
forming fluids (Su et al. 2009) was also added to the
mineralized (altered) sample. Thus, arsenian pyrite and
arsenopyrite might have precipitated as S- and As-bearing
ore fluids, which reacted with Fe-rich sedimentary rocks.
Whether sulfur and iron were introduced into the min-
eralized rock together or independently can be effectively
determined using the correlation diagrams of the iron and
sulfur contents (Stenger et al. 1998). Figure 12 shows that
three SBT samples plotted above the pyrite line, probably
because these three samples contained more other sulfides
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Fig. 12 Correlation diagrams showing the relations between iron and
the total sulfur normalized to immobile Al (Hofstra 1994). The arrows
show the directions of compositional changes associated with
pyritization (addition of sulfur and iron) and sulfidation (addition of
sulfur). The line of pyrite is based on the relative contents of sulfur
and iron in pyrite: S = 1.15 x Fe (wt%) (Stenger et al. 1998)
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in addition to pyrite, such as stibnite, realgar, and orpiment.
In contrast, other samples plotted below the pyrite line,
suggesting that the sedimentary rocks contained more iron
than is needed to form pyrite. This further indicates that
iron was probably derived from the sedimentary rock. The
black arrows in Fig. 12 show the paths of pyritization and
sulfidation. The Baogudi sample plot generally extends
upward toward the arrow of sulfidation, similar to other
typical Carlin-type gold deposits in southwest Guizhou
(Tan et al. 2015a). This suggests that the sulfidation of
immobile host-rock Fe by the introduced S and associated
metallogenic elements (Au, As, Hg, Tl, and Sb) to form
sulfides might be the principal precipitation mechanism of
the ore.

Almost all altered samples, including mineralized silt-
stone and limestone, show obvious silicification. Although
silicification is judged to be associated with the formation
of mineralization in southwest Guizhou (Cline et al. 2013;
Tan et al. 2015a), in the Baogudi gold district, there is no
significant correlation between the concentrations of Car-
lin-suite elements and the degree to which the host rocks
have undergone silicification. In particular, SiO, remains
nearly constant in the mineralization limestone of the SBT.
This suggests that the silicification range is much larger
than the mineralization area.

7.2 Source of the ore-forming fluids

The sulfur isotopic compositions of sulfide minerals
depend on the total sulfur composition of the hydrothermal
fluid as well as the physical and chemical conditions
(oxygen fugacity, pH, ionic strength, and temperature) of
the ore-forming fluid evolution (Ohmoto 1972). Pyrite,
stibnite, and other sulfides are the dominant hydrothermal
minerals formed during Au mineralization. The mineral
assemblage, combined with the presence of abundant
hydrocarbon components in fluid inclusions, suggests a
reducing ore fluids system (Chen et al. 2017). Additionally,
the microthermometric measurements show ore fluid tem-
peratures of ~ 200 °C. The S isotope fractionation
between sulfide minerals and hydrothermal fluids is small
at that temperature (Ohmoto 1972). Thus, sulfides precip-
itating from the hydrothermal fluid should have 3**S values
similar to the 8**S3.S (Ohmoto and Goldhaber 1997).
Collectively, the 5*S values of stibnite (between— 0.6 and
1.9%o) can represent the bulk sulfur isotopic composition of
the initial ore-forming fluid in the Baogudi gold district.
As shown in Fig. 13, the S isotopic compositions of the
ore pyrite rim and arsenopyrite obtained by in situ mea-
surements and other ore-related sulfide minerals from all
deposits, except Lannigou, have very similar 8°*S values,
and most of these data plot between ~ — 5 and +5%o.
Lannigou exhibits a broad range of values for S in sulfide
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Fig. 13 'S isotopic ratio data of pre-ore-stage pyrites, ore-stage
pyrites, arsenopyrite, stibnite, realgar, and orpiment from various
Carlin-type gold deposits of the platform area in southwest Guizhou
(data are from Li et al. 1989; Liu et al. 1994; Zhang et al. 2003, 2010;
Xia 2005; Wang et al. 2013; Fan 2015; Tan et al. 2015b; Hou et al.
2016; Wei 2017; Zheng 2017; Xie et al. 2018; Yan et al. 2018; this
study)

minerals, and the associated samples are more enriched in
higher 5°*S values than those from other Guizhou Carlin-
type gold deposits. However, the Lannigou 5°*S values of
the pyrite As-rich rim (1.1-7.9%o0, most data < 5%o)
determined by in situ NanoSIMS may represent the S
isotopic signature of the initial ore fluids (Yan et al. 2018;
Xie et al. 2018), and these values are also consistent with
those of other Guizhou Carlin-type gold deposits. The &°*S
values of stibnite (— 0.6 to 1.9%0) from Baogudi are within
the range of ore-related sulfide minerals from seven classic
Guizhou Carlin-type gold deposits (— 5 to 5%o). These
relatively consistent 8**S values are very close to the val-
ues of mantle sulfur (0-3%o0) (Chaussidon and Lorand
1990). Furthermore, recent gravity and magnetic investi-
gations have recognized a number of probable buried
intermediate-acid intrusions in southwestern Guizhou
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(Fig. 1) (Liu et al. 2017; Wang et al. 2015). Thus, we
propose that a magmatic hydrothermal fluid with a &°*S
value close to the mantle value (i.e., close to zero) is the
candidate for the source of sulfur. On the other hand, the
Baogudi gold is hosted in the Maokou and Longtan For-
mations of the Permian age. The 3**S values of marine
sulfate at that time are 10-15%o (Holser and Kaplan 1966;
Claypool et al. 1980). The homogenization temperature of
the hydrothermal fluids in Baogudi is ~ 200 °C, under
which the sulfate-sulfide fractionation associated with
thermochemical sulfate reduction is 0-10%o (Kiyosu 1980;
Krouse et al. 1988). Consequently, the resulting 5**S val-
ues determined by thermochemical sulfate reduction range
from 0 to 15%o for these sulfides. Therefore, it is possible
that reduced marine sulfate was an alternative source of
sulfur.

The 8Dpa0 and 8800 of the fluid inclusions in ore-
stage quartz from the Baogudi gold district have a broad
range. The 8'®0y0 value is significantly greater than the
values of tunnel water, river water, and spring water from
southwestern Guizhou (Tan et al. 2017b), whereas it is
close to the 8'®0p,o values of magmatic water, which
range from 5 to 7%o (Zheng and Chen 2000), or of mantle-
derived fluids, which vary from 6 to 10%o (Liu et al. 2001).
Likewise, most of the 6Dy values overlap with the value
of magmatic water, ranging from— 80 to— 50%o (Zheng
and Chen 2000), but they are significantly greater than the
average ODppo value of local meteoric water (— 85%o)
(Han et al. 1999).

Hydrogen and O isotopes of quartz from the Baogudi
gold district and seven typical Carlin-type gold deposits in
southwest Guizhou are plotted in Fig. 14. The H and O
isotopic values of quartz from these typical Carlin-type
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Fig. 14 Hydrogen and oxygen isotopic compositions of ore-forming
fluids based on analyses of quartz from various Carlin-type gold
deposits of the platform area in southwest Guizhou (data are from Li
et al. 1989; Zhu et al. 1998; Hu et al. 2002; Pang et al. 2005; Xia
2005; Wang et al. 2013; Peng et al. 2014; Xie et al. 2016; Tan et al.
2015a, b; this study)
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gold deposits were relatively dispersed, with almost all
plots located below the field of metamorphic water and
many lying in the field of formation fluids, as well as close
to the meteoric water line. This indicates that the ore-
forming fluids might have been mainly basinal in origin.
Additionally, a small fraction of plots falls within the field
of magmatic water or close to its boundary, possibly
indicating that magmatic origin only played a minor role.
However, our study in Baogudi showed that a substantial
fraction of samples plotted within or close to the field of
magmatic water, while other points fell within or below the
field of metamorphic water. Since the possibility of pre-
dominant metamorphic origin can be excluded because of
the absence of regional metamorphism (Hu et al. 2018a),
we propose that the ore-forming fluids might have mainly
been derived from a magmatic fluid.

There are mainly three distinct reservoirs of C, including
marine carbonates, mantle or magma carbon, and bio-
genetic organic matter (Cai et al. 2018). Marine carbonates
are isotopically heavy, with a mean 8'*Cppg value of ~
0%o (Veizer et al. 1980). Mantle or magma carbon has an
isotopic composition ranging from— 8 to— 5%o (Cartigny
et al. 2001), and the 8"*Cppp of biogenetic organic matter
hosted in sedimentary rocks and of graphite hosted in
metamorphic rocks or magmatic rocks is generally lower
than— 20% (Hoefs 2009). The 8" Cppp values of fluid
inclusions in the Baogudi district range from — 14.3
to— 7%o and are close to those of the mantle, indicating a
deep mantle source. However, the possibility that the car-
bon in the ore fluids could have been derived from a
mixture of different carbon reservoirs cannot be eliminated.

7.3 Comparison of the Baogudi gold district
with typical Carlin-type gold deposits
in southwest Guizhou

Table 3 summarizes the comparison between Baogudi and
typical Carlin-type gold deposits in southwest Guizhou.
Even though the proven gold reserves within the Baogudi
gold district are small compared with economic Carlin-type
gold deposits in Southwest Guizhou, the newly discovered
Baogudi gold district shows many critical characteristics
that define the Guizhou Carlin-type gold deposits
(Table 3). Similarities include the following. (1) Mineral-
ization is controlled by the lithology and structure. Faults
and folds, which are characterized by structure combina-
tions appearing as “a strike fault over an anticline”, control
the strata-bound and fault-controlled ore bodies, respec-
tively. On the other hand, the carbonate- and megaclast-
rich sedimentary rocks of P;/ and the SBT are ideal host
rocks for mineralization. (2) Alteration related to miner-
alization includes sulfidation and silicification, and sulfi-
dation might be the principal precipitation mechanism of
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Table 3 Comparison between Baogudi and classic Carlin-type gold deposits in southwest Guizhou

Item

Classic Carlin-type gold deposits in southwest Guizhou

Baogudi gold district

Ore-bearing
stratum

Host rock

Ore-controlling
structure

Ore body type

Hydrothermal
alteration

Mineral
assemblage

Ore-forming
element
association

Ore-forming
fluid

Stable isotope
characteristics

Ore deposit
scale

Upper Permian to Triassic formation in the platform-face
area (Shuiyindong, Zimudang, Getang, Xiongwu, Nibao,
Jiadi, etc.), middle Triassic formation in the basin-face area
(Lannigou, Banqi, and Yata, etc.)

Bioclastic limestone, calcareous siltstones, and basaltic rocks
or basaltic pyroclastic rocks

Anticlines or domes, high-angle reverse faults
Stratabound orebodies and fault-controlled orebodies

Sulfidation, silicification, decarbonation, dolomitization,
calcilization, fluoritization, and argillization

Quartz, pyrite, arsenopyrite, stibnite, realgar, orpiment,
fluorite, and clay minerals

Au, As, T1, Hg, and Sb (Shuiyindong and Zimudang); Au, As,
TIl, Hg, Sb, and Mo (Getang and Nibao); Au, As, Tl, Sb,
and Cu (Lannigou); Au, As, Hg, and U (Xiongwu)

Intermediate to low temperatures (190-300 °C), low salinity
(1.6-3.3% NaCl equivalent), CO,-rich vapor component
(6.3-8.4 mol% CO, as well as minor CH4 and trace N»),
ultrahigh trapping pressures (0.5-2.3 kbar); formation
depth of 1.5-4.3 km (Shuiyindong, Lannigou, Yata)

Hydrogen and oxygen isotopes values of quartz and clay
minerals, with almost all plotted below the field of
metamorphic water and many lying in the field of
formation fluids, as well as close to the meteoric water line
(Shuiyindong, Zimudang, Nibao, Lannigou, Banqi, and
Yata). The 8'>C values from calcites associated with
mineralization plot between —3 and —9%o (Shuiyindong,
Zimudang, Nibao). The 5**S values of ore-related sulfide
minerals range from —5 to 5%o (Shuiyindong, Zimudang,
Getang, Nibao, Lannigou, Banqi, and Yata)

Middle to super-large gold deposits

Longtan formation and the SBT

Carbonate- and megaclast-rich sedimentary rocks
Baogudi anticlinorium and axial reverse faults

Stratabound orebodies with stratiform, stratoid or lenticular
shapes; fault-controlled type with vein or lens shapes

Sulfidation, silicification, calcification, fluoritization,
dolomitization, and decarbonation

Main-ore stage: quartz + arsenian pyrite + arsenopyrite,
late-ore stage:
quartz + stibnite + fluorite £+ orpiment + realgar

Main-ore stage: Au, As, Tl, Hg, and Sb; late-ore stage: As,
Sb, and TI

Main-ore stage: final homogenization temperatures mostly
from 180 to 260 °C and salinity from O to 9.08% NaCl
equivalent; Late-ore stage: final homogenization
temperatures mostly from 140 to 220 °C and salinity from
0 to 7.74% NaCl equivalent. Ore-forming fluid contain
abundant H,O, CO,, CH,4, and minor N,

The 8DH,O and calculated §'®0OH,O values of fluid
inclusions in quartz range from —76 to —55.7%o and 4.5 to
15.0%o, respectively. Almost all samples plot within or
close to the field of magmatic water, with some points
falling within or below the field of metamorphic water. The
3'3C values of inclusion water from quartz plot between
—14.3 and —7.0%o. The 5**S values of stibnite range from
—0.6 to 1.9%o

Small gold deposits and ore occurrences

Li et al. (1989), Liu et al. (1994), Zhu et al. (1998), Hu et al. (2002), Zhang et al. (2003, 2010), Pang et al. (2005, 2014), Xia (2005), Wang et al.
(2013), Xie et al. (2017, 2018), Fan (2015), Tan et al. (2015b), Hou et al. (2016), Wei (2017), Zheng (2017), Hu et al. (2018a) and Yan et al.

(2018)

ore. (3) The main-ore stage minerals are represented by
arsenian pyrite and arsenopyrite, while late-ore stage
minerals include stibnite, realgar, orpiment, etc. (4) The
Baogudi gold district is accompanied by Au, Hg, Sb, As,
and Tl enrichment, which is the hallmark of many typical
Carlin-type gold deposits. (5) The ore-forming fluids are
characterized by intermediate to low temperatures and low
salinity.

Based on the ore geological and geochemical charac-
teristics of the Baogudi gold district, we suggest that the
Baogudi gold district is a new potential Carlin-type gold
mineralization trend in Southwest Guizhou, China.

7.4 Implications for ore genesis

Although the potential importance of magmatic fluids has
long been discounted because of the paucity of igneous
intrusions in southwestern Guizhou, our results from S, C,
H, and O isotopic analyses in the Baogudi Carlin-type gold
district indicate that the ore fluids could have predomi-
nantly been derived from magmatic fluid with minor con-
tributions from the strata. Additionally, recent gravity and
magnetic studies suggest numerous plutons ~ 5 km below
the surface (Fig. 1), which are spatially associated with the
pre-existing Carlin-type gold deposits in southwestern
Guizhou (include study area) (Liu et al. 2017; Wang et al.
2015). The lack of intrusion outcrops in southwest Guizhou
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may be due to a thick section of sedimentary rocks in the
region, including a Devonian-Triassic passive margin
sequence (6—12 km) (Xie et al. 2018), as well as the rela-
tively shallow denudation depth (Luo and Zeng 2018).
Collectively, we favor that the Baogudi gold district and
many other Carlin-type gold deposits in southwestern
Guizhou are distal products of deep magmatic hydrother-
mal systems. Likewise, the magmatic-hydrothermal origins
of other Carlin-type gold deposits in southwest Guizhou,
such as Shuiyingdong, Nibao, Jiadi, and Lannigou, have
also been proposed by many researchers in recent years
(Hu et al. 2018a, b; Xie et al. 2018; Hu et al.2017; Liu et al.
2017; Yan et al. 2018; Zheng 2017; Tan et al. 2015a, b).

The newly discovered Baogudi gold district and other
Guizhou Carlin-type gold deposits share consistently sim-
ilar geological and geochemical characteristics, including
host rocks, ore-controlling structures, ore body geometry,
alteration minerals and textures, ore fluid nature and
sources, and element associations (Su et al. 2018; Xie et al.
2018). Thus, these deposits most likely formed in response
to a single widespread metallogenic event.

S-, As-, Sb-, and Au-rich and Fe-poor and CO, + CHy-
bearing fluids were potentially released by deep intrusions
and ascended along deep faults or fault zones. The rising
fluids could further leach the characteristic ore elements of
Au, As, Sb, Hg, and Tl from the surrounding strata (Hu
et al. 2017). Where ore fluids encountered Fe-bearing
carbonate-rich host rocks under appropriate pressure—tem-
perature conditions, ore fluids reacted with Fe-bearing
carbonate minerals and sulfidized the Fe, leading to the
precipitation of Au-bearing arsenian pyrite and arsenopy-
rite. Ultimately, this process produces two types of ore
bodies. On one hand, the ore-forming fluid migrated ver-
tically along the reverse fault near the anticline axis and
formed fault-controlled orebodies. On the other hand, the
ore-forming fluid migrated horizontally along the interlayer
fracture zones and then converged at the high position of an
anticline to form strata-bound orebodies.

8 Conclusions

Detailed studies of the petrography, mineralogy, bulk
chemical compositions, microthermometry and composi-
tions of fluid inclusions and of isotopic compositions allow
us to draw the following conclusions.

1. The paragenesis of the Baogudi gold district can be
divided into three stages, including the sedimentation
diagenesis, hydrothermal, and supergene stages. The
sedimentation diagenesis stage mainly consists of
quartz and pyrite. The hydrothermal stage is divided
into the main-ore and late-ore substages. Quartz,
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arsenian pyrite, and arsenopyrite formed during the
main-ore substage, and quartz, stibnite, fluorite, orpi-
ment, and realgar precipitated during the late-ore
substage. The supergene stage predominately contains
limonite and valentinite.

2. Bulk chemical composition analysis indicates that the
Baogudi gold district contains Au and Sb mineraliza-
tions, which is similar to the case for classic Carlin-
type deposits. Correlation analysis between Fe and S
indicates that sulfidation is responsible for ore
formation.

3. Four types of fluid inclusions in quartz and fluorite
from the Baogudi gold district were identified, namely,
aqueous (type-I), CO,—H,O (type-II), CH, (type-III),
and CH4—H,O inclusions (type-IV). The main-ore
stage fluids contain H,O, CO,, CHy4, and minor N,
with medium to low temperatures (180-260 °C) and
low salinity (0-9.08% NaCl equivalent). The late-ore
stage fluids consist of H,O, CO,, and minor CH,, with
low temperatures (120-200 °C) and low salinity
(0-7.48% NaCl equivalent). From the main-ore to
late-ore stages, the ore fluid temperature, salinity, and
concentrations of CO, and CH, decreased.

4. The hydrogen, oxygen, carbon, and sulfur isotopic

compositions in the Baogudi district consistently
indicate that the ore fluid was released from deep
intrusions, with minor contributions from strata.
Moreover, the Guizhou Carlin-type deposits were
likely sourced from the same ore-forming fluids.

5. The Baogudi metallogenic district has numerous

characteristics that are typical of Carlin-type gold
deposits in southwest Guizhou. The Baogudi gold
district and other Carlin-type gold deposits in south-
west Guizhou most likely formed in response to a
single widespread metallogenic event.
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