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Abstract: The Chaoyangzhai gold deposit is one of the newly discovered medium to
large scale turbidite-hosted gold deposits in Southeast Guizhou, South China. In this study,
laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) zircon U–Pb dating
on the tuffaceous- and sandy-slates of Qingshuijiang Formation, Xiajiang Group, and gold-bearing
quartz vein yielded similar age distributions, indicating that zircon grains in gold-bearing quartz
vein originated from the surrounding tuffaceous- and sandy-slates. In addition, the youngest
weighted mean ages of the zircon grains from the tuffaceous- and sandy-slates were 775 ± 13 Ma
and 777 ± 16 Ma, respectively, displaying that the tuffaceous- and sandy-slates of the Qingshuijiang
Formation were likely deposited in Neoproterozoic. Based on their major and trace element
compositions, the tuffaceous- and sandy-slates were sourced from a felsic igneous provenance.
The sandy slates have higher contents of Au (mostly ranging from 0.019 to 0.252 ppm), than those of
the tuffaceous slates (mostly lower than 0.005 ppm). The δ34 SV-CDT values of pyrite and arsenopyrite
of the gold-bearing samples range from +8.12% to +9.99% and from +9.78 to +10.78%, respectively,
indicating that the sulfur source was from the metamorphic rocks. Together with the evidence of
similar geochemical patterns between the tuffaceous- and sandy-slates and gold-bearing quartz, it is
proposed that the gold might be mainly sourced from sandy slates. The metamorphic devolatilization,
which was caused by the Caledonian orogeny (Xuefeng Orogenic Event), resulted in the formation of
the ore-forming fluid. Gold was likely deposited in the fractures due to changes of the physico-chemical
conditions, leading to the formation of the Chaoyangzhai gold deposit, and the large-scale gold
mineralization in Southeast Guizhou.
Keywords: zircon U–Pb age; in situ sulfur isotopes; gold source; ore genesis; Chaoyangzhai gold
deposit; Southeast Guizhou

1. Introduction
The turbidite-hosted gold deposit, belonging to the orogenic class of gold deposits, was first
explored in Australia and Canada [1–3]. Quartz vein type ore bodies of turbidite-hosted gold deposit
commonly occur in the metamorphic rocks and they are related to the faults and/or shear zones [4].
In addition, these gold deposits often appear in groups and/or belts, which are characterized by
abundant gold resources and reserves. Examples include Hill End in central New South Wales,
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Australia [3], the Bendigo-Ballarat in central Victoria, Australia [5], the Suurikuusikko in Central
Lapland Greenstone Belt, Finland [6], and Tianzhu-Jinping in southeast Guizhou, China [7–10].
The source of gold for these turbidite-hosted gold deposits has been debated and two contrasting
models exist: (1) the metamorphic rocks that host the gold deposits and (2) the gold-rich fluid from the
igneous intrusions [11]. However, the viewpoint that gold of these turbidite-hosted gold deposits is
sourced from metamorphic rocks has been widely accepted [11–14].
The western Jiangnan Orogenic Belt, which is situated in the Xuefeng region, is one of the
most important turbidite-hosted gold belts in South China, with 319 explored gold deposits/mines
and an estimated gold reserve of >200 t [15]. The Southeast Guizhou province, together with the
west Hunan province, are significant part of the western Jiangnan Orogenic Belt, where numerous of
turbidite-hosted gold deposits were explored, such as Bake, Jinjing, Pingqiu, and Kengtou gold deposits
(Figure 1) [8–10]. Although some studies have been carried out on these gold deposits, the source and
genesis of these deposits are still poorly constrained [8–10]. As a newly discovered turbidite-hosted
gold deposit in southeast Guizhou province, the Chaoyangzhai gold deposit has attracted little
attention from the geologists. Furthermore, the source and genesis of this deposit still remain unclear.
Therefore, a series of laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) zircon
U–Pb dating, bulk-rock major and trace element compositions, and in situ LA-multi-collector-ICP-MS
(LA-MC-ICP-MS) sulfur isotopic analyses were carried out for this deposit, with the aim of providing
some new insights regarding the source and genesis of this specific gold deposit and the regional style
of gold mineralization.

Figure
1. (a) Geological sketch map of China (modified from [8,16]); (b) Geological map of the western
Figure
1
part of Jiangnan Orogenic Belt, showing the location of Precambrian rocks, granitic intrusions and gold
deposits (modified from [8,17]).
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2. Geological Setting
2.1. Regional Geology
The Jiangnan Orogenic Belt, which extends from northern Guangxi in the southwest to western
Zhejiang in the east, 1500 km long, and ca. 500 km wide, was proposed to be the junction zone between
the Yangtze
and2019,
Cathysia
Blocks
at Neoproterozoic (Figure 1a) [10,18]. This belt can be subdivided
into
Minerals
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Multistage tectonic events since the Proterozoic has influenced the Southeast Guizhou [25].
During the Xuefeng movement, a series of NE-trending structures were formed, corresponding to
the Jinning Orogeny [27–30]. Subsequently, several EW-trending basement rifts were formed during
the Caledonian movement [27–29,31]. Subsequently, a series of NNE-trending faults were formed,
which were caused by the subduction of the Pacific plate during the Yanshanian and Himalayan
movements [27–29,31]. In addition, these NNE-trending faults overprint the EW- and NE-trending
structures, and the current tectonic framework was established in this region [4,25]. The magmatic
activity is not intense in this region, and only a few Neoproterozoic granitic plutons were intruded
(Figure 1b).
2.2. Ore Deposit Geology
The Chaoyangzhai gold deposit, which was located at Tianzhu County, Southeast Guizhou, is one
of the newly found medium to large scale gold deposits in this region, with an estimated gold reserve
of 18,442 kg. The ore-bearing strata are the Neoproterozoic epimetamorphic rocks of Qingshuijiang
Formation, Xiajiang Group, which are mainly composed of sandy- and tuffaceous-slates (Figures 3
and 4a,b). The sandy slate contains porphyroclastic quartz, plagioclase, and sericite (Figure 4c).
The tuffaceous-slate is mainly composed of quartz as the phenocryst and particulate phenocryst
as matrix (Figure 4d). The NE-trending faults are widespread in this deposit, and they are mostly
trans-tensional normal faults and transpressional reverse thrust faults (Figure 3). These fractures are
not only permeable structures but are also the ore-hosting structures.

Figure
Figure 33. Geological Section of the Chaoyangzhai gold deposit, showing drill-core holes and depths.
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A total of over fifty quartz veins are found in this deposit, including eight gold bearing veins.
These ore veins are mainly NE-trending, with a length of 200–250 m, a thickness of 0.34–1.40 m
(mean = 0.65 m), and an Au grade of 0.58–49.5 g/t (mean = 8.4 g/t). In addition, ore veins can occur in
Minerals 2019, 9, x FOR PEER REVIEW
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3. Sampling and Analytical Methods
3. Sampling and Analytical Methods
Samples of sandy slate (Sample Nos. TZB001–TZB006 and TZD002), tuffaceous slate (Sample Nos.
Samples of sandy slate (Sample Nos. TZB001–TZB006 and TZD002), tuffaceous slate (Sample
TZC001–TZC011 and TZD001), gold-free quartz vein (Sample No. TZF003), and gold-bearing quartz
Nos. TZC001–TZC011 and TZD001), gold-free quartz vein (Sample No. TZF003), and gold-bearing
veins (Sample Nos. GP1–GP10 and TZD003) were collected from the drill-cores. Figure 3 shows the
quartz veins (Sample Nos. GP1–GP10 and TZD003) were collected from the drill-cores. Figure 3
sampling locations.
shows the sampling locations.
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respectively, after every five analyses. ICPMSDataCal software was used to process the raw ICP-MS
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(NIST SRM610) was used for external standardization for trace element analysis, and 29Si was used
for internal standardization (32.8% SiO2 in zircon). The standard protocol correction method was
used in analyzing the 91500 and GJ-1 standard zircons twice and once, respectively, after every five
analyses. ICPMSDataCal software was used to process the raw ICP-MS data [34,35], and common Pb
was corrected following [36]. Isoplot processed the concordia ages (Version 3.0; [37]).
3.2. Whole Rock Major and Trace Elements Analyses
ALS Geochemistry Laboratory in Guangzhou, China carried out whole rock major and trace
elements analyses. Before the analyses, samples were crushed in a steel jaw crusher, and then powdered
in an agate mill to grain size of 74 µm. The detailed methodologies for major element compositions
are as follows: Loss of ignition (LOI) was determined after igniting sample powders at 1000 ◦ C for
1 h. A calcined or ignited sample (0.9 g) was added to 9.0 g of Lithium Borate Flux (Li2 B4 O7 –LiBO2 ),
mixed well, and then fused in an auto fluxer at 1050 and 1100 ◦ C. A flat molten glass disk was prepared
from the resulting melt. A Panalytical Axios Max X-ray fluorescence (XRF, Panalytical, Almelo,
The Netherlands) instrument analyzed this disk was then analyzed, with an analytical accuracy of ca.
1–5%. ICP-MS measured the trace element compositions (Perkin Elmer Elan 9000, Perkin, Waltham,
MA, USA), with an analytical accuracy better than 5%.
3.3. In Situ LA-MC-ICP-MS Sulfur Isotopic Analyses
In situ sulfur isotopic analyses of pyrite and arsenopyrite were performed using Laser ablation
system of a RESOlution M-50 laser ablation system (ASI, Australia), which was equipped with a 193 nm
ArF CompexPro102 excimer laser (Coherent, Santa Clara, CA, USA) and Nu Plasma 1700 multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS, NP-1700, Nu Instruments, Wrexham, UK)
in the State Key Laboratory of Continental Dynamics, Northwest University, Xi’an, China. The laser
spot sizes of 25–37 µm were used at an energy density of 3.6 J/cm2 and a repetition rate of 3 Hz.
Each analysis included 30 s baseline and 60 s of ablation, with He gas (gas flows = 0.86 L/min) as the
carrier gas during the analytical process. Sixteen Faraday cups and three ion counters were used to
determine the sulfur isotopic compositions, with a H5 cup for 34 S, an Ax cup for 33 S, and a L4 cup for
32 S. The in-house sulfur reference material (PY-4, δ34 S
V-CDT = 1.7 ± 0.3%, [38]) was used for external
standard bracketing. The detailed procedures for sulfide in-situ sulfur isotopic analyses were reported
in [39,40].
4. Results
4.1. LA-ICP-MS Zircon U–Pb Ages
Table S1 presents the results of LA-ICP-MS zircon U–Pb ages.
Twenty-nine zircon grains from the tuffaceous slate were selected for the LA-ICP-MS U–Pb dating,
and most of these selected zircon grains have internal oscillatory zoning, indicating a magmatic origin
(Figure 5a,b, [41]). In addition, these zircon grains have Th and U contents of 160–3728 ppm and
126–3754 ppm, respectively, with Th/U ratios of 0.43–1.77. Most of the analyses are concordant, yielding
the zircon U–Pb ages of 2731–246 Ma, with a major peak of 795 Ma (Figure 6a). Ten spots of zircon
grains have youngest ages of 751–806 Ma, yielding a weighted mean age of 775 ± 13 Ma (MSWD = 0.64,
Figure 6b).
Twenty-six zircon grains from the sandy slate sample, with internal oscillatory zoning,
were selected for the zircon U–Pb dating (Figure 5c,d). These zircon grains have variable Th and U
contents of 47.8–1219 ppm and 126–1176 ppm, respectively, with Th/U ratios of 0.43–3.12. Most of the
analyses are concordant, yielding the zircon U–Pb ages of 2604–755 Ma, with a major peak of 815 Ma
(Figure 6c). Six spots of zircon grains have the youngest ages of 796–756 Ma, yielding a weighted mean
age of 777 ± 16 Ma (MSWD = 0.57, Figure 6d).
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(Figure
7a). In addition,
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ranging from 0.019 to 0.252 ppm), which are higher than those of the tuffaceous samples (mostly lower
(mostly lower than 0.005 ppm). In terms of the rare earth elements (REEs) compositions of these
than 0.005 ppm). In terms of the rare earth elements (REEs) compositions of these samples, the slate
samples have higher REE contents, with ΣREEs of 194–366 ppm (mean = 266 ppm), than those of
the tuffaceous slate and quartz samples with ΣREEs of 113–318 ppm (mean = 194 ppm) and 39.3
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4.3. In Situ Sulfur Isotope Compositions
4.3. In
In Situ
Situ Sulfur
Sulfur Isotope
Isotope Compositions
Compositions
4.3.
Table S4 presents the in situ LA-MC-ICP-MS analyses of sulfur isotopes. The measured δ34 SV -CDT
values of sulfides, which co-exit with the gold, range from +8.12% to +9.99%, and from +9.78 to
+10.78% for pyrite and arsenopyrite, respectively.
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Figure 9. (a) F1 vs. F2 and (b) ΣREE vs. La/Yb plots for the rocks of Qingshuijiang Formation.
Figure 9a,b are modified from [49] and [50], respectively. F1 = −1.173TiO2 + 0.607Al2 O3 + 0.76TFe2 O3
− 1.5MgO + 0.616CaO + 0.509Na2 O − 1.224K2 O − 9.09; F2 = 0.445TiO2 + 0.07Al2 O3 − 0.25TFe2 O3 −
1.142MgO + 0.438CaO + 1.475Na2 O + 1.426K2 O − 6.861.
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5.2. Source of the Sulfur and Gold
Sulfides show distinct sulfur isotopic compositions in different geological systems; therefore, sulfur
isotopes can be used as a key tracer in reflecting the ore-forming material sources of metallic mineral
deposits [39,40,53–56]. In situ sulfur isotope analyses have been widely used in economic geology,
because they can provide added evidence regarding the source of deposits [38,39,54,55]. Based on
the occurrence of arsenopyrite and pyrite and the absence of magnetite and/or sulfates in the quartz
vein type ore bodies, we proposed that the ore-forming fluid were reduced and the sulfur isotopic
compositions of the sulfides reflects that of the ore-forming fluid system [57,58]. As shown in Table
S4, the δ34 SV -CDT values of pyrite and arsenopyrite range from +8.12% to +9.99% and from +9.78 to
+10.78%, respectively, which is consistent with the δ34 SV -CDT values of the epimetamorphic rocks of the
Neoproterozoic Qingshuijiang Formation (+9.27% to +12.44%), as reported by [8]. Together with the
sulfur isotopic compositions of the sulfides from the nearby gold deposits in this region, sulfur isotopes
of the Chaoyangzhai gold deposit fall outside of the range of granitic and basaltic rocks, but within
the interval of the metamorphic rocks of the Qingshuijiang (Figure 10). In addition, the quartz vein
has similar primitive mantle normalized trace element patterns and chondrite normalized rare earth
element patterns to the ore-hosting tuffaceous- and sandy-slate, which also indicates that the metal
source of this deposit is likely of the tuffaceous- and sandy-slate. Therefore, we proposed that the
sulfur source might be from the ore-hosting metamorphic rocks of the Qingshuijiang Formation.
Furthermore, the detrital zircon ages of the tuffaceous- and sandy-slate have peaks of 775 ± 13 Ma and
777 ± 16 Ma, respectively, which are consistent with the U–Pb age of zircon grains (773 ± 18 Ma) from
the gold-bearing quartz vein. It is indicated that the fluids might likely bring in these zircon grains of
the gold-bearing
quartz vein when they circulated in the gold-rich rocks.
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[61–66]. [61] reported that the Au content of arsenopyrite could be up to 65 ppm in the Moshan gold
deposit, Southeast Guizhou. The same features were also observed in sulfides of other gold deposits
in Southeast Guizhou [8,67]. The obvious positive correlation of the Au and As in this study
confirmed this conclusion (Figure 8f). Previous studies furthermore proposed that gold was likely
transported as the Au(HS)2- in the fluid of low temperatures, low salinities, and low oxygen fugacities
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probable source of the gold for the Chaoyangzhai gold deposit is the sandy slates of the Qingshuijiang
Formation. The gold deposits confirmed this conclusion, which were also hosted in the Qingshuijiang
Formation, for example, Bake, Jinning, and Kengtou gold deposits in this region [8–10]. Consequently,
we proposed that the metal source of Chaoyangzhai gold deposit was mostly derived from the sandy
slates of the Neoproterozoic Qingshuijiang Formation.
5.3. Genesis and Age of Turbidite-hosted Gold Deposits in Southeast Guizhou
A notable feature of these turbidite-hosted gold deposits, including the Chaoyangzhai gold
deposit, is the major paragenetic association of native gold, arsenopyrite, and pyrite, which indicates
that Au should be deposited in an Au-saturated fluid [60]. In addition, the arsenopyrite and
pyrite could be the Au-carriers in the ore-forming fluid, and it was confirmed by numerous cases
worldwide [61–66]. [61] reported that the Au content of arsenopyrite could be up to 65 ppm in the
Moshan gold deposit, Southeast Guizhou. The same features were also observed in sulfides of other
gold deposits in Southeast Guizhou [8,67]. The obvious positive correlation of the Au and As in this
study confirmed this conclusion (Figure 8f). Previous studies furthermore proposed that gold was
likely transported as the Au(HS)2 − in the fluid of low temperatures, low salinities, and low oxygen
fugacities [60,68,69]. The homogenization temperatures of the Chaoyangzhai gold deposit range from
145 to 319 ◦ C, with a cluster of ca. 200 ◦ C, whereas the calculated salinities range from 0.18 to 17.9 wt.
% NaCl equiv. (average = 7.5 wt. % NaCl equiv) (unpublished data). These temperatures and salinities
of the fluids are similar to those of the Pingqiu gold deposit, Southeast Guizhou [9]. Together with
the absence of the sulfate minerals and magnetite, it was proposed that these ore-forming fluids were
of low temperature, low salinity, and low oxygen fugacity. As far as the source of these ore-forming
fluids, numerous studies have been carried out on this issue; however, different viewpoints were
proposed [4,9,61,70–73]. These viewpoints can be classified into three groups: metamorphic fluid [9],
magmatic-hydrothermal fluid [4,70], and mixed fluid [61]. The viewpoint of magmatic-hydrothermal
model might be unlikely as an explanation for the fluid source of these gold deposits since no coeval
granitic intrusions were found in the Southeast Guizhou. In addition, the reported H–O isotopic data
of these gold deposit are mainly in the range of the metamorphic fluids, although groundwater might
be involved in the formation of these gold deposits [9,74]. Therefore, the metamorphic devolatilization
model appears to be the best explanation of the origin of ore-forming fluids, and these metamorphic
fluids could extract the gold and other metals from epimetamorphic rocks. Subsequently, accompanied
by the change of physico-chemical conditions, gold was deposited in the suitable fractures, leading to
the large-scale gold mineralization in Southeast Guizhou.
In terms of the ore-forming ages of these deposits, the reported metallogenic ages of these
deposits could be summarized in two groups: Ordovician-Silurian (450–410 Ma) and Triassic-Jurassic
(240–140 Ma), which is consistent with Caledonian and Indosinian-Yanshanian deformation,
respectively [10]. The debate regarding the timing of the ore-forming events of these deposits
might be caused by the lack of suitable minerals for dating, since pyrite and arsenopyrite are the
associated minerals in these gold deposits. Recently, several ages of these gold deposits were reported,
with 40 Ar-39 Ar age of 425.7 ± 1.7 Ma for the Pingqiu gold deposit [9], Re-Os age of 400 ± 11 Ma for
the Jinjing gold deposit [7], and Re-Os age of 412 ± 21 Ma for the Bake gold deposit [23]. In addition,
these ages are consistent with the ages of other gold deposits in the West Jiangnan Orogen Belt,
for example, the Woxi Au deposit (423.2 ± 1.2 Ma, [23]), Banxi Sb-Au deposit (422.2 ± 0.2 Ma, [75]),
and Jinshan Au deposit (406 ± 25 Ma, [76]). These reported high precision ages of these gold deposits
indicate that the Caledonian is a significant gold mineralization epoch in South China, recording the
Caledonian orogeny and the formation of these orogenic gold deposits in Southeast Guizhou.
6. Conclusions
Based on the geological, geochemical, geochronological studies on the Chaoyangzhai gold deposit,
we draw the following conclusions:
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(1) LA-ICP-MS zircon U–Pb dating of the gold-bearing quartz, tuffaceous- and sandy-slates display
similar characteristics of age distribution, indicating that the zircons in the gold-bearing quartz could
originate from the surrounding tuffaceous- and sandy-slates.
(2) Rocks of the Qingshuijiang Formation might be sourced from a felsic igneous provenance.
(3) Similar geochemical patterns between the surrounding tuffaceous- and sandy-slate and
gold-bearing quartz illustrate that the Chaoyangzhai gold deposit might be sourced from the
surrounding tuffaceous- and sandy-slate, supported by the sulfur isotopes of the arsenopyrite and pyrite.
(4) The sandy-slates have higher Au contents than the tuffaceous slate, indicating that the gold
might be sourced from the sandy-slate rather than tuffaceous slate.
Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/4/235/s1,
Table S1. LA-ICP-MS zircon U–Pb dating of the host rocks and gold-bearing quartz veins from the Chaoyangzhai
gold deposit. Table S2. Major and trace element compositions of the rocks from the Chaoyangzhai gold deposit.
Table S3. Ore-forming element contents of the ore (ppm). Table S4. Sulfur isotopic compositions of the sulfides
from the Chaoyangzhai gold deposit.
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