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The Dian-Qian-Gui “Golden Triangle” area of Southwest China hosts a large number of Au deposits. However, the
sources of the ore-forming fluids are still controversial, hampering the formulation of a sound genetic model and
effective ore prospecting. Here we investigate the sources of ore-forming fluids by an integrated study of in-situ
sulfur isotope analyses and available trace element (e.g., Co and Ni) data for the pyrite in the “Golden Triangle”
area. We find that the ore stage pyrites are featured by low Co/Ni ratios (mostly < 2), which is distinct from
pyrite formed in magmatic-hydrothermal systems but resemble typical sedimentary pyrite. In addition, the
significant variation (from —7.5 to +20.0%o) in sulfur isotopes (5348) of the ore stage pyrite in these deposits also
support a sedimentary origin of the ore-forming fluids. Considering the difference in sulfur isotopic compositions
of ore-stage pyrite and the sedimentary host rocks, we suggest the metasedimentary basement rocks (>500 Ma)
in the area may have supplied most of the sulfur and gold for the ore-forming fluids during the Triassic orogenesis

in the Dian-Qian-Gui “Golden Triangle” area of Southwest China.

1. Introduction

The Dian-Qian-Gui “Golden Triangle” area of southwest China hosts
numerous gold deposits that shows similarity with Carlin-type deposits
(Su et al., 2018; Xie et al., 2018a) and possibly formed at conditions
somewhat intermediate to that for Carlin-type deposits and orogenic
systems (Cline et al., 2013). Key characteristics of the deposits include:
(1) In most cases, Au is present as invisible gold that is ionically bounded
in trace element-rich arsenian pyrite (Su et al., 2018; Xie et al., 2018b);
(2) Orebodies are mostly hosted by carbonate-bearing rocks and are
controlled by faults and/or anticlines (Tan et al., 2015a; Xie et al.,
2018b); (3) Ore elements generally include Au, As, Cu, Sb, Hg and TI,
with low to no Ag and base metals; (4) The alteration features associated
with Au-bearing pyrite include dissolution of calcite and sulfidation of
Fe in Fe dolomite to form Au-bearing pyrite and dolomite (Su et al.,
2009); (5) Stibnite, realgar, calcite, quartz, orpiment and cinnabar
precipitated within veins during late ore stage (Tan et al., 2015a; Xie
et al., 2018a); and (6) The deposits generally formed at depths between
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2 and 8 km and at temperatures of 190 to 300 °C, and the ore-forming
fluids are low-salinity (<5 wt% NaCl equiv) and CO»-rich (6 to 75 mol
%) (Su et al., 2018; Su et al., 2009).

Even though with many previous studies, source(s) of the ore-
forming fluids remains controversial. Two main sources have been
proposed: (1) magmatic fluids (Xie et al., 2018b); and (2) metamorphic
fluids (Hofstra et al., 2005; Su et al., 2018). Magmatic sulfur generally
has 5°S range of —5 to +5%o (e.g., Seal, 2006), while metamorphic
sulfur could be highly variable in its 5°*S values (Goldfarb and Groves,
2015), indicating that sulfur isotope could possibly distinguish these two
sources. Besides, sulfur has been suggested to be the principal ligand
responsible for Au transport in Carlin-type systems (e.g., Au(HS)° and/
or Au(HS)53) (Cline et al., 2005 and references therein), and sulfur iso-
topes of ore stage pyrite, the main host of Au in “Golden Triangle” (Xie
et al., 2018a and references therein), can also put critical constraints on
the potential source(s) for Au.

The gold in the deposits of the “Golden triangle” area mostly occur as
invisible gold that is hosted in the arsenian pyrite (Xie et al., 2018b), and
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sulfur isotopic investigations have been made on these pyrites to trace
potential fluid source(s). However, gold-bearing pyrites in this area
generally have multiple generations in one grain (e.g., He et al., 2021;
Xie et al., 2018a) and bulk analysis very likely represents a mixture of
pyrites of different stages (e.g., Tan et al., 2015b), which makes previ-
ously published bulk sulfur isotope data fail to provide creditable in-
formation on the sources of Au-bearing fluids.

Indeed, the advantages of in-situ analyzing techniques (e.g., laser
ablation-multicollector-inductively coupled plasma-mass spectrometry
(LA-MC-ICP-MS) and secondary ion mass spectrometry (SIMS)) have
enabled researchers to obtain high quality sulfur isotope results with
high spatial resolution (e.g., with analysis spot of 10-50 pm). Based on
an early compilation of in-situ sulfur isotopic results in the study area,
Xie et al. (2018b) found a limited 5°*S range of —5 to +5%o for the ore
stage pyrites and suggested a magmatic origin for the ore-forming fluids.
However, the subsequent in-situ sulfur isotope data suggest a more
significant variation of 5>%S values for the ore stage pyrite in this area (e.
g., Xie et al., 2018b; Yan et al., 2018), which challenges the previous
magmatic model.

To re-assess the sources of Au deposits in the “Golden Triangle” area
of SW China, this contribution obtained a new set of in-situ sulfur
isotope data of pyrite from the two largest deposits in this area (i.e.,
Shuiyindong and Lannigou), and carried out an updated compilation of
the published (in-situ) sulfur isotope together with trace element (i.e.,
Co and Ni) data of pyrite with clear texture information. With the results
mentioned above, we discussed the potential source for the ore-forming
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fluids and materials.

2. Geology of sediment-hosted Au deposits in the “Golden
Triangle” area

2.1. Regional geology

The Carlin-like gold deposits in the “Golden Triangle” area are
restricted to the Youjiang Basin, which is bounded to the northwest by
the Mile-Shizong fault, the northeast by the Ziyun-Du’an fault, and the
southeast by the Pingxiang fault (Fig. 1) (Chen et al., 2011). Addition-
ally, the basin is separated from the Simao Block by the Honghe Fault.

The ages of (meta)sedimentary rocks in the “Golden Triangle” area
range from Neoproterozoic to Neogene (Chen, 2010; Cui et al., 2018;
Shu et al., 2021), with a total thickness >13,500 m (Chen, 2010). The
low greenschist facies-metamorphosed Banxi Group (~800 Ma) repre-
sents the observed oldest basement in the area (Chen, 2010), and it is
mainly composed of shallow marine rocks and minor volcaniclastic
rocks. It is overlain by the low- to non-metamorphosed Ediacaran to
Middle Triassic marine face rocks and Late Triassic to Neogene terres-
trial rocks (Chen, 2010; Jin, 2017). The unconformably overlaying
Ediacaran to Silurian strata consist of carbonate rocks with minor
sandstone and mudstone rocks (Chen, 2010; Jin, 2017), which is in turn
overlain by Devonian-Triassic sandstone, siltstone and shale (Hou et al.,
2016). The Middle Triassic strata is composed of shelf carbonates and
abyssal siliciclastic turbidite. Gold deposits in this area generally occur
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Fig. 1. Regional geologic map showing the distribution of sediment-hosted Au deposits in the “Golden Triangle” region. (Modified from Chen et al., 2011, Jin et al.,

2021, Xie et al., 2018b).
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in the Upper Permian-Middle Triassic strata that consist of bioclastic
limestone and siltstone (Su et al., 2009; Wang et al., 1995), with a less
number of them hosted by the Late-Permian diabase intrusions (e.g.,
Zhesang, Badu and Anna) (Dong et al., 2017; Pi et al., 2017; Su et al.,
2018).

2.2. Deposit geology

Shuiyindong is the largest carbonate-hosted gold deposit in this area,
with a gold reserve of 263 t (8.5 Moz) and an average gold grade of 5.0
g/t (0.2 oz/t) (Tan et al., 2015a). Lannigou is the second largest
sediment-hosted gold deposit in this area, with a probable Au reserve of
110t (3.6 Moz) and an average gold grade of 3.8 g/t (0.1 oz/t). Detailed
deposit geology of the Shuiyindong and Lannigou has been described
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before (Su et al., 2018; Tan et al., 2015a; Xie et al., 2018b), and are
summarized briefly as follows.

The Shuiyindong deposit is controlled by the ~5 km wide and ~20
km long Huijiabao anticline (Fig. 2). The strata presented at the
Shuiyindong deposit includes bioclastic limestone of the Middle
Permian Maokou Formation, interbedded sandstone, siltstone, lime-
stone, and mudstone of the Upper Permian Longtan Formation, the
Changxing-Dalong Formation exposed in the core of the Huijiabao
anticline, argillite intercalated with marlstone of the Yelang Formation,
and thick bioclastic limestone and dolomite of the Lower Triassic
Yongningzhen Formation (Hou et al., 2016). The strata-bound orebodies
are mainly on the crest of the anticline and mainly hosted by the Upper
Permian Longtan Formation bioclastic limestone. The strata below and
above the host rocks are typically thick-bedded argillite, which is
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Fig. 2. Deposit geology of the Shuiyindong deposit (adapted from Tan et al., 2015a).
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impermeable and may have helped promoting ore fluid reaction with
bioclastic limestone. A moderate portion of low-grade strata-bound
orebodies, with a proven gold reserve of 69 t (Chen et al., 2019), are
hosted by the unconformity between the Longtan Formation and the
underlying Maokou Formation, which is previously suggested to be the
structural conduit that fed ore fluids into the anticline core (Tan et al.,
2015a). Wall rock alteration at Shuiyindong caused decarbonation,
silicification, sulfidation and dolomitization. Decarbonation of lime-
stone is confirmed by the occurrence of small relic inclusions of calcite
and dolomite in jasperoidal quartz (Su et al., 2009). Sulfides in the
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deposit consist mainly of arsenian pyrite, arsenopyrite, marcasite and
small amounts of orpiment, realgar and stibnite. Gangue minerals
include quartz, dolomite, calcite and clay minerals (e.g., illite and
kaolinite).

The Lannigou deposit underwent multiple periods of shortening and
extension, which are characterized by reactivated faults (F1-F8) (Chen
et al., 2011). Gold mineralization is hosted within the faults that trun-
cate Triassic turbidites of the Triassic Xuanman, Niluo, and Bianyang
Formations. Several gold orebodies have been discovered at Lannigou,
which includes orebodies no. 200, no. 300, no. 503, and no. 506 (Hu
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Fig. 3. Deposit geology of the Lannigou deposit (adapted from Xie et al., 2018b).
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et al., 2022). The F3 fault zone hosts 80% of Au reserves at Lannigou
(Fig. 3). The stratigraphy at Lannigou comprises two main sequences, i.
e., the Middle Triassic Xuanman Formation and Bianyang Formation,
both of which are main hosts of Au orebodies. The Xuanman Formation
is mainly consisted of dolomitic siltstone, thick-bedded to massive
calcareous mudstone and sandstone, with a few interlayered sandstone
and argillite lenses. The Bianyang Formation lies above the Xuanman
Formation and consists largely of Turbiditic sandstone, siltstone and
silty argillite, with a total thickness > 300 m. Also present in the deposit
is the Middle Triassic Niluo Formation, which is mainly consisted by
calcareous claystone. Ore minerals at Lannigou are dominated by pyrite,
arsenian pyrite, arsenopyrite, marcasite, realgar, and stibnite, with a
small amount of chalcopyrite, sphalerite, and galena. Gangue minerals
include quartz, calcite, dolomite, and illite.

In the Shuiyindong and Lannigou deposits, gold mostly occurs as
invisible gold (Xie et al., 2018a) in the zoned arsenian pyrite (Fig. 4),
which is the main sulfide in the ore stage. No igneous rock has been
identified by geologic mapping or drilling in both deposits. The nearest
igneous rocks (i.e., the Baiceng alkaline ultramafic dikes, 85-88 Ma, Liu
et al., 2010) are ~20 km from Shuiyindong and ~40 km from Lannigou
deposit (Fig. 1).

3. Sampling and analytical technique
3.1. Sampling

All the samples were collected from drill cores. A total of 12 samples
were collected form the Shuiyindong deposit, and 6 of them are from
orebodies and the rest are from wall rocks (Fig. 2). A total of 14 samples
were collected from the Lannigou deposit, and 5 of them are from ore-
bodies and the rest are from wall rocks (Fig. 3). The samples were cut
into thick sections first, and then the thick sections with ore stage zoned
pyrite were etched by NaOCl for 100 s. Typical pre-ore stage pyrite and
ore stage pyrite grains with growth bands were selected for sulfur
isotope analysis using LA-MC-ICP-MS or SIMS. Elemental mapping and
backscattered electron imaging (BSE) analysis were conducted using
electron probe microbeam analyzer (EPMA).

Fran&oidal pyrite.
N, g‘:

@:
Euhedral pyri (A
9

Laser|spot

(b) o d) O s0um
Fig. 4. Photomicrographs of sedimentary pyrite (pre-ore stage, Pyl) and ore
stage arsenian pyrite (Py2 and Py3) in the Shuiyindong and Lannigou deposits.
(a) Plane-polarized light image showing pre-ore stage framboidal pyrite and
euhedral pyrite in the host rocks of the Shuiyindong deposit. (b) BSE image
showing zoned ore stage pyrite in the Shuiyindong deposit, which is consistent
of Py 2a, Py2b and Py3. (c) Plane-polarized light image showing pre-ore stage
framboidal pyrite and anhedral pyrite in the host rocks of the Lannigou deposit.
(d) BSE image showing zoned ore stage pyrite in the Lannigou deposit, which is
consistent of Py 2a, Py2b and Py3. The red numbers in panels b and d are
54s values.

Ore Geology Reviews 159 (2023) 105560

3.2. LA-MC-ICP-MS

The LA-MC-ICP-MS analyses were conducted using an ESI
NWR193HE ArF excimer (193 nm) laser ablation coupled with the
Neptune plus MC-ICP-MS at the State Key Laboratory for Mineral De-
posits Research, Nanjing University (Nanjing, China). Argon and ultra-
high He were used as auxiliary and carrier gases, and their flow rates
were set at 850 and 700 ml/min, respectively. All measurements were in
spot mode with a spot size of ~ 15 pm, a repetition rate of 6 Hz and a
laser energy of 4 J/cm?. Each analysis lasted for 60 s, including a 5 s pre-
ablation background measurement, 50 s data acquisition and 5 s
washout. Cup configuration for sulfur were H3 and C for 3*S and 325,
respectively. Mass resolution was set at 4000 to avoid isobaric inter-
ference. Instrumental drift and mass bias were corrected using the
calibrator-sample bracketing technique, with repeated measurements of
reference materials before and after every unknown analysis. Blank was
measured every 11 analyses. PPP-1 pyrite (5°*S = +5.3 + 0.2%o, 2 SD)
(Gilbert et al., 2014) was used for data correction and Py-1 pyrite for
quality control (5**S = —0.6 % 0.6%o, 2 SD) (Molnar et al., 2016). The
analytical uncertainty, assessed by two times of standard deviation of
repeated analysis of the bracketing standards, is mostly better than 1.0%o
(2 SD). The corrected 5>*S value for Py-1 is —0.6 =+ 0.7%o (n = 13, 2 SD),
consistent with its recommended value (—0.6 + 0.6%o, 2 SD; Molnar
et al., 2016). The 5°*S values are normalized to the Vienna Canyon
Diablo Troilite (V-CDT).

3.3. SIMS

The analysis was conducted using a newly installed Cameca IMS
1300-HR? instrument at the State Key Laboratory for Mineral Deposits
Research, Nanjing University, China. A primary 133¢s+t jon beam (~2nA
current and 20 keV total impact energy) was focused on the sample
surface. A 10 x 10 pm? raster was used in this study and a normal-
incidence electron gun was used for charge compensation. An NMR
field sensor was applied to stabilize the magnetic field. 32 and 34S were
collected simultaneously using two Faraday cups at positions L’2 and
H’2, respectively. The L’2 and H’2 positions are configured with 10'° &
and 10! Q resistor circuits, respectively. The mass resolving power
(MRP, M/AM), measured at 50% peak height, was set at ~2200 to
minimize possible isobaric interferences. The total analytical time was
about 4.5 min per pit: 100 s pre-sputtering (to remove the Au coating);
~60 s automatic centering of the secondary ions in the field aperture,
and a total of 80 s integration of secondary ions (20 cycles x 4 s). The
instrument mass fractionation (IMF) was corrected by repeated analysis
of pyrite standard (PPP-1, Gilbert et al., 2014). The data reduction
process is as follows.

Instrumental bias correction factors for §°*S were determined by
5%S,aw Of the standards as follows:

o (SIMS) — (34S/SZS)standard raw/(34S/3ZS)standard recommend (1)

*S28)qample = C*S/72S)measured /A(s1ms) )

Corrected 3*S/%2S ratios was normalized to the V-CDT according to
Equation (3) and taken as true §-value (53%9).

8**Ssampte = [C*S/2S)sampte / *S*S)y.cor — 11 x 1000 3

The analytical uncertainty, assessed by two times of standard devi-
ation of repeated analysis of the standards, is better than 0.3%o. (2 SD).

3.4. EPMA analysis

BSE imaging and elemental mapping were applied to reveal internal
texture and chemistry variation of the pyrite grains. All analyses were
performed using a JEOL JXA-iSP100 EPMA at the Nanjing Hongchuang
Geological Exploration Technology Service Company. The accelerating
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voltage for both BSE imaging and elemental mapping is 15 kV. Other
parameters include a probe current of 50nA for BSE imaging and 500nA
for elemental mapping. The step size for elemental mapping was 0.5 pm,
and the dwell time was set to be 200 ms for each step/pixel.

3.5. NaOCl etching

The pyrite grains in this study were etched using commercially
available bleach (sodium hypochlorite solution, NaOCl) to reveal in-
ternal textures. The thick section with pyrite were immersed into NaOCl
solution for 90 to 120 s, until a noticeable color change of the pyrite
occurred. The samples were then rinsed with cold water and allowed to
dry. The tarnishing mostly occurs during drying. The NaOCI act as an
oxidant for the pyrite, and the discoloration patches and zones reflect
compositional differences within the pyrite grains (Sykora et al., 2018).

4. Results
4.1. Pyrite texture and EPMA analysis results

The pyrite in Shuiyindong deposit can be divided into three stages (i.
e., Pyl, Py2 and Py3) according to petrographic observation, BSE im-
aging and NaOCl etching (Figs. 4, 5). Framboidal and euhedral pyrites
were assigned to Pyl (Fig. 4a). Py2 are zoned pyrite grains, which
generally consist of porous core (Py2a) and compact mantle (Py2b)
(Fig. 4b). Py2b is rimed by Py3 (Fig. 4b). In BSE images, the luminance
decreases from Py2a to Py3, and the contact boundary of Py2a and Py2b
are generally ragged (Fig. 4b). The different bands in BSE images are the
same as that shown in pyrite grains (Py2 and Py3) after NaOCl etching
(Fig. 5). The As concentration increases from Py2a to Py3 (Fig. 5). Au
concentration is low in Py2a and Py2b and high in Py3 (Fig. 5).

Similar to Shuiyindong deposit, the pyrite at Lannigou can also be
divided into Py1, Py2a, Py2b and Py3. Framboidal and anhedral pyrites
were assigned to Pyl (Fig. 4c). Py2a and Py2b have the lowest and
highest luminance in BSE image, respectively, while Py3 has luminance
intermediate to Py2a and Py2b (Fig. 4d). The color of Py2a only changed
a little after NaOCl etching compared with its original color (Fig. 6).
Py2b is indigo and Py3 is orange-yellow (Fig. ©6). The contact boundaries
between Py2a, Py2b and Py3 are straight in most cases (Fig. 4d). We
observed ubiquitous cracks at the boundary of Py2a and Py2b (Fig. 6).
Py2a is As- and Au-poor, Py2b is As-rich and Au-poor, while Py3 is As-

£6.55%o
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poor and Au-rich (Fig. 6).

4.2. LA-MC-ICP-MS and SIMS analysis

The 52*S values of Py1 in Shuiyindong deposit range from —41.40 to
+34.17%0 (average at —18.37 + 33.99%., 2SD, n = 113) (Fig. 7a, see
Supplementary material 1 for detail). The §°*S ranges from +5.17 to
+14.77%o (average at +10.15%o + 4.89%o, 2SD, n = 38) for Py2a, from
+2.84 to +10.58%o (average at +6.08%o + 5.14%o, 2SD, n = 22) for Py2b
and from +3.57 to +13.01%o (average at +6.44%o0 + 3.97%o, 2SD, n =
58) for Py3. For the Lannigou deposit, 5>*S values range from —53.30 to
+19.80%o (average at —21.90 + 29.66%o, 2SD, n = 110) for Py1 (Fig. 7b,
see Supplementary material 1 for detail), from +5.17 to +13.84%o
(average at +12.36 + 2.81%o, 2SD, n = 43) for Py2a, from +11.08 to
+13.97%0 (average at +13.05%0 + 1.42%0, 2SD, n = 42) for Py2b and
from +11.04 to +14.33%o (average at +12.91%o £ 1.37%o, 2SD, n = 44)
for Py3. No obvious difference is observed between LA-MC-ICP-MS and
SIMS results. More details about the results are given in the supple-
mentary material 1.

The Py1 in the wall rocks (Fig. 4), whose sulfur isotopic composition
is highly variable (Fig. 7a, b), is assigned to pre-ore stage. The Py2 and
Py3, which generally have elevated As and Au concentration (Figs. 5, 6)
and narrow sulfur isotope range (Fig. 7), are assigned to ore stage.

5. Discussion
5.1. A non-magmatic origin for the ore-forming fluids

The sulfur isotope data of pre-ore pyrite in the wall rocks at
Shuiyindong and Lannigou is presented in Fig. 7a and b, and the sulfur
isotope data of ore stage pyrite from Shuiyindong and Lannigou deposits
is shown in Fig. 7c and 7d, respectively. The sulfur isotope of ore stage
pyrite is plotted together with the data from published literatures for
comparison (Fig. 7e; see Supplementary material 1 for detail). Since
sedimentary and Au-bearing pyrite could occur in one grain in the
orebodies hosted in sedimentary rocks, only in-situ sulfur isotope results
are used here. Some orebodies are hosted in diabase in the Zhesang,
Anna and Badu deposits, in which the pyrite grains are free from
contamination of sedimentary pyrite, and their bulk sulfur isotope an-
alyses are also incorporated into Fig. 7e.

The 534S values of ore stage pyrite at the Shuiyindong deposit cluster

4.23%o

Fig. 5. Photomicrograph, BSE imaging and element mapping of Py2 and Py3 in the Shuiyindong deposit. The numbers are the sulfur isotope composition of

analyzed pyrite.



R. Liet al

13.07%s

&

{ 13.16%o
13.49%,

Y

NaOClI etched

-éser spot
PyZa ,\‘\

Ore Geology Reviews 159 (2023) 105560

Fig. 6. Photomicrograph, BSE imaging and element mapping of Py2 and Py3 in the Lannigou deposit. The numbers are the sulfur isotope composition of

analyzed pyrite.

in the range of +3 to +10%o. and average at +6.11%o, while they cluster
in the range of +11 to +14%o and average at +13.16%o at the Lannigou
deposit (Fig. 7c-d). When all the deposits in the “Golden Triangle” area
are considered together, the variation of the 5>*S values of Au-bearing
pyrite can reach up to 27.5%o (i.e., from — 7.5 to +20%o) (Fig. 7c-e).
Given that ore-stage minerals are mainly sulfides (e.g., pyrite, arseno-
pyrite) (Lin et al., 2021; Su et al., 2018; Xie et al., 2018a) and CHy is
present in the fluid inclusions (Su et al., 2009), the fugacity of the ore-
forming fluids should be low. Based on fluid inclusion studies, the
temperature of the ore-forming fluids is in the range of 200-300 °C (Su
et al., 2018). In this context, the variation of 634Spyme caused by fluc-
tuation in temperature and oxygen fugacity should be in the range of 0 to
3.1%0 (Fig. 8). Assuming a magmatic sulfur for the ore-forming fluids
(—5 to +5%o; Seal, 2006), the pyrite precipitated from them should have
5%4S values in the range of —8 to +5%. This range is much narrower than
the observed Au-bearing pyrite in this study (—7.5 to +20%o), which
precludes a dominant magmatic source for the ore-forming fluids.

Co/Ni ratio has long been used to trace the formation environment of
pyrite (e.g., Bralia et al., 1979), and it serves as a powerful tool in
discriminating sedimentary and magma-related hydrthermal pyrite (e.
g., Large et al., 2014; Li et al., 2020b; Ulrich et al., 2011). Here we
compiled published Co and Ni data of pyrite from both sedimentary and
magmatic-hydrothermal environments (see supplementary material 2
for detail). The available dataset shows that the pyrites in sedimentary
rocks generally have Co/Ni < 2 (Large et al., 2014), while those in
magmatic-hydrothermal deposits have much wider range (e.g., 10 to
10%) (e.g., Lietal., 2018; Zhang et al., 2016) (Fig. 9) and the variation of
Co/Ni is frenquently reported to vary across 4 orders of magnitude for
magmatic-hydrothermal deposits (e.g., Li et al., 2018). The Co/Ni ratios
of sedimentary pyrite in the host rocks and Au-bearing pyrite in the
“Golden Triangle” area are generally consistent with each other, with
most data showing Co/Ni < 2 (Fig. 9), in sharp contrast with the pyrite
that formed in magma-related hydrothermal environment. This in-
dicates that the Co and Ni in ore stage pyrite of the study area are of
sedimentary origin rather than magmatic origin.

The available geochronology results of mineralization and magma-
tism in the area also preclude a strong correlation with magmatic fluids.
The compilation of U-Pb dating of calcite and other dating results
indicate two metallogenic episodes in this area, i.e., the Late Triassic
episod (~200 Ma) and the Early Cretaceous episode (~140 Ma) (Gao
et al., 2021; Jin et al., 2021; Pi et al., 2017), and the Au mineralization
occurred mostly in the former episode (e.g., Shuiyindong, Lannigou,

Laizishan, Yata, Jinya, Banqi, Laozhaiwan, Zhesang). The interspersed
igneous rocks in the “Golden Triangle” area are much younger than any
of aforementioned metallogenic episodes (Fig. 1). For example, the
Baiceng alkaline ultramafic dike, which is the nearest igneous rock to
Shuiyindong and Lannigou, has an age of ca. 88-85 Ma; the quartz
porphyry dikes occurring in the east of this area have an emplacement
age of ca. 97-95 Ma; the granite intrusions in the south, east and
northeast of this area generally have ages around ca. 96-80 Ma (Xie
et al., 2018b and references therein). Besides, the Au mineralization
doesn’t occur spatially around these igneous rocks, which furtherly
precludes a magmatic fluid source. This conclusion is further supported
by the latest seismic data which suggests that there is no deep-seated
magmatic plutons/batholiths in this area (Hu et al., 2022).

5.2. Potential source of the ore-forming materials

As mentioned above, the combination of available sulfur isotope,
trace element and geochronology data does not support a magmatic
origin for the ore-forming materials in the study area. Rather, the wide
534S range and the low Co/Ni ratios (<2) of Au-bearing pyrite seem to
support a sedimentary origin.

It should be noted that the ore-forming materials are not likely
sourced directly from the ore-hosting sedimentary rocks. To evaluate the
potential contribution of sulfur from ore-hosting sedimentary rocks, the
sulfur isotopic compositions of pre-ore pyrite in the ore-hosting sedi-
mentary rocks should be determined. Some in-situ sulfur isotopic data of
pre-ore pyrite in the study area have been reported in recent years (e.g.,
Hou et al., 2016), but the data set is relatively small so that the results
could deviate from the average §3*S value of pre-ore pyrite. This is
because there are different types of pyrite (e.g., framboidal / euhedral /
anhedral pyrite) in the sedimentary rocks, and they could be distinct in
their sulfur isotopic compositions (e.g., Lin et al., 2016). In this study,
we analyzed all types of the pyrite grains (Fig. 4a, c) that are presenting
in the thick sections and large enough for SIMS analysis. The average
534S value of pre-ore stage pyrite in Shuiyindong and Lannigou are
—18.37%0 (n = 113) and —21.90%0 (n = 110), respectively (Fig. 7).
These results are generally consistent with the reported 5°*S values of
Late Permian to Early Triassic sedimentary rocks from South China using
the chromium reduction method (e.g., average at —25%o; Shen et al.,
2011), indicating that the results of this study are representative of pre-
ore pyrite. Given that the pre-ore pyrite in the study area has 5>*S values
around —21.90 to —18.37%s, the 5°*S of the ore-forming fluid is much
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higher than that of pre-ore pyrite in the host rocks, preventing them as
major fluid source.

Recently, Yang et al. (2022) did new in-situ sulfur isotope analysis of
sedimentary and ore stage pyrite, and compiled reported sulfur isotope
data from the “Golden Triangle” area, from which they found that the
sulfur isotopic composition of ore stage pyrite is correlated with sedi-
mentary pyrite and concluded that the sulfur in the ore stage pyrite is
sourced from sedimentary pyrite. We note that the sulfur isotopic
composition of the sedimentary host rocks in Yang et al. (2022) is mostly
positive, and this is not consistent with reported sulfur isotopic

20 30

composition of global Permian and Triassic sedimentary pyrite (Canfield
and Farquhar, 2009). Generally, the magnitude of sulfur isotope frac-
tionation (A34ssu1fate_su1ﬁde) is negatively correlated with the rate of
sulfate reduction (Canfield, 2001), and the rate of sulfate reduction is
positively correlated with the concentration of organic material (West-
rich and Berner, 1984). This means that lower organic material would
result in an increased sulfur isotope fractionation, and consequently
lower sulfur isotopic composition of sulfides. So, the sulfides in the open
basin tends to have low 534S values (generally having 5*S < 0 %) (e.g.,
Fike et al., 2015), a phenomenon that is not observed in Yang et al.
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and arsenopyrite) and CHy is present in fluid inclusions (Su et al., 2009).
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(2022). Consequently, more results are needed confirm the sulfur iso-
topic composition of sedimentary pyrite, and the relationship between
sedimentary pyrite and ore stage pyrite needs reconsideration. Addi-
tionally, if we assume that the sulfur in ore stage pyrite comes from
sedimentary host rocks, it is difficult to explain the large sulfur isotope
difference between sedimentary pyrite and ore stage pyrite in some
deposits. For example, at Lianhuashan deposit, the reported 534S for

10* 10° 10°

sedimentary pyrite is around —11.5%o, and for the ore pyrite is around
+0.5%0 (Yang et al., 2022). At Badu deposit, the 5>*S for sedimentary
pyrite is around —20%o, and for the ore pyrite hosted in the sedimentary
wall rock is around +17%o (Wei et al., 2022). Other examples come from
this study, i.e., Shuiyindong and Lannigou (Fig. 7). For the reasons listed
above, we think that the sedimentary host rocks may not be the major
source for the sulfur in the ore stage pyrite.
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Basinal fluid is not a possible candidate neither. The sedimentary
rocks in the area are marine facies before Middle Triassic and turned to
terrestrial facies from Late Triassic to Neogene (Chen, 2010). The
common absence of Late Triassic marine facies sedimentary rocks in this
area indicates that the closure of the Youjiang basin should not be later
than the Carnian (i.e., > 230 Ma) (Lehrmann et al., 2015; Wang et al.,
1995). Therefore, the closure of the basin is at least 30 Myr earlier than
the formation of the gold deposits, which argues against major contri-
bution of basin fluids to the ore-forming fluids. Additional evidence
comes from sulfur isotope data. Assuming there is remnant seawater in
the Youjiang basin at ~200 Ma, and the §3S values of the seawater is
around +15%o (Wu et al., 2010). To offer sulfur for the ore-forming
fluids, the seawater should be reduced. Bacterial sulfate reduction
would result in HyS at around —25%o (e.g., Jin, 2017; Shen et al., 2011),
which is much lower than the ore-forming fluids. Thermochemical sul-
fate reduction would result in an offset of sulfur isotope about 15%o
(Ohmoto and Goldhaber, 1997), resulting HyS with 534S values at
around 0%o. This scenario cannot reconcile with the fact that most Au-
bearing pyrite in the “Golden Triangle” area have 5°*S values > 0%o
(Fig. 7e). The latest Mg isotope results indicate that ore stage dolomite
has §°°Mg values ranging from —3.49 to —0.07%o, which is significantly
heavier than that of normal carbonate rocks, indicating that the gold
deposits in this area were not formed from shallow ore fluids (e.g.,
meteoric water or basin fluid) (Xie et al., 2022). The Mg isotope result
provides further support for the conclusion that the ore-forming fluid
couldn’t be sourced from basinal fluids.

The variable 5*%S values of Au-bearing pyrite in the “Golden Trian-
gle” area resemble that reported for orogenic deposit worldwide, which
is suggested to have sourced from metamorphism of sedimentary rocks
(Goldfarb and Groves, 2015). Similarly, we suggest that the ore-forming
materials in the study area are also sourced from deep buried meta-
sedimentary rocks. According to the sulfur isotope record worldwide
and South China, we find that the sedimentary rocks in the Phanerozoic
generally have negative 5°*S values, while those older than 500 Ma tend
to have positive 5°%S values (Fig. 10) (Canfield and Farquhar, 2009; Cui
et al., 2016; Cui et al., 2018; Farquhar et al., 2010; Lin et al., 2020). The
strata older than 500 Ma are widespread in the study area (Chen, 2010;
Cui et al., 2016; Shu et al., 2021; Su et al., 2018), and metamorphism of
these strata would release sulfur with positive 5°*S values covering what
was observed in the Au-bearing pyrite. Independent H-O isotope studies
also support a metamorphosed sedimentary origin for the ore-forming
fluids (Hofstra et al., 2005; Su et al., 2018).

Recent studies have revealed that initial collision and amalgamation
of the Qamdo-Simao terrane (Indochina) with the Yangtze Block (South
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China) along the Jinshajiang-Ailaoshan and Song Ma sutures took place
at the Early Triassic (254-237 Ma) (Zi et al., 2012). Further studies
suggested that the Ailaoshan tectonic zone had evolved into a post-
collisional setting by the Late Triassic (ca. 230-200 Ma) (Liu et al.,
2014; Liu et al., 2012). This means that the gold deposits in the “Golden
Triangle” area were formed at the wanning stage of continental colli-
sion, during which the metamorphism of old sedimentary rocks (>500
Ma) may have facilitated generation of the ore-forming fluids respon-
sible for the gold deposits.

It is widely accepted that elements like Au, As, Co, Ni, Ag, Cu, Zn, Mo
and Pb could be initially enriched in the sedimentary pyrite and organic
matter (Hu et al., 2016), and could be liberated during diagenesis and
metamorphism (Large et al., 2011). Recent studies revealed that these
trace elements can be effectively liberated at much lower metamorphic
temperatures than that of the pyrite-pyrrhotite transition (Wu et al.,
2020), which means that except for sulfur, low-grade metamorphism of
sedimentary rocks > 500 Ma may have also released Au, Co and Ni into
the ore-forming fluids. The Au concentration data of the metasedi-
mentary rocks > 500 Ma are scarce, but reported data for some Early
Cambrian black shales have an average value of 8.21 ppb (n = 22) (Xu
et al., 2013 and references therein), significantly higher than that of
upper crust (1.8 ppb) (McLennan, 2001), which is a candidate source for
the Au mineralization in the “Golden Triangle” area.

Previous study by Su et al. (2009) indicates that the ore-forming
fluids are Fe-poor, and the Fe in Au-bearing pyrite are possibly
derived from dissolution of ferroan minerals in the host rocks. One may
expect that the Co and Ni in the Au-bearing pyrite are also derived from
sedimentary wall rocks, which resulted a Co/Ni < 2 for the Au-bearing
pyrite. However, we think that Fe in Au-bearing pyrite was derived from
ferroan minerals in the host rocks doesn’t necessarily mean that the Co
and Ni in gold-bearing pyrite are also sourced from host rocks. An
example to elucidate this is from the Badu deposit. There are two types
of host rocks at Badu deposit, i.e., sedimentary rocks and diabase (Wei
et al., 2022). It is suggested that the ore pyrite hosted in the sedimentary
rocks (Py3a) is formed through sulfidation of Fe-carbonates, while those
hosted in the diabase (Py3b) is formed through sulfidation of Fe-bearing
minerals like clinopyroxene and ilmenite (Wei et al., 2022). If Co and Ni
have the same source with that of Fe, then the ore pyrite (Py3) should
have Co/Ni ratios similar to that of the source rocks. However, both
types of ore pyrite in the sedimentary rocks and the diabase have Co/Ni
ratios mostly < 1 (Wei et al., 2022). This is not consistent with the hy-
pothesis that the Co and Ni in ore pyrite hosted in the diabase are
sourced from the diabase, which generally has a Co/Ni range from 0.01
to 50 (Fig. S1, Supplementary material 3). Alternatively, we suggest that
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the consistently low Co/Ni ratios in the ore stage pyrite indicates a
uniform source for Co and Ni in the ore-forming fluid, i.e., the fluids
released by metamorphism of old sedimentary rocks (>500 Ma) in the
studied area.

6. Conclusions

In-situ elemental and isotopic analyses of the Au-bearing pyrite in
the “Golden Triangle” area reveal a wide range of 5°*S values (—7.5 to
+20%o0) and consistent low Co/Ni ratios (mostly < 2), which argue
against magmatic fluids as a major contributor for the ore-forming fluids
in this area. In contrast, the data present solid evidence for a meta-
sedimentary origin for the Au-bearing ore-forming fluids. Based on the
comparison of sulfur isotopes, we suggest that the Au-bearing ore-
forming fluids may have eventually sourced from the >500 Ma meta-
sedimentary rocks in the study area. The late Triassic regional meta-
morphism of the Early Cambrian black shales during the closure of the
Paleo-Tethys may have released S, Au, Co and Ni into the ore-forming
fluids.
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