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A B S T R A C T

The Gutaishan deposit is a slate-hosted Au–Sb deposit in the Xiangzhong metallogenic province, South China.
The deposit has proven reserves of ca. 9 tonnes (t) of gold with an average grade of 13 g/t and 2,500 t of Sb with
an average grade of 10%. In this study, muscovite 40Ar/39Ar and in situ sulfur isotope analyses of pyrite and
arsenopyrite were performed to determine the mineralization age and the plausible source of S and Au. The
40Ar/39Ar dating result of muscovite limits the formation age of the Gutaishan deposit to ca. 223.6 ± 5.3Ma,
coeval with the adjacent Baimashan granite (223–204Ma). The in situ 34S values of pyrite and arsenopyrite
coexisting with native gold lie in a range between −3.7 and +2.1‰ with a mean value of -0.8‰, and these
values are markedly different from those of sedimentary pyrite (+7.0 to +23.3‰), indicating a contribution
from magmatic sulfur. A magma-derived genetic model may therefore be suitable for the Gutaishan deposit.
Integrating the available ages of the Au–Sb and Sb–Au deposits and granites in the Xiangzhong metallogenic
province, we propose that a widespread Late Triassic magmatic-hydrothermal Au–Sb mineralization event oc-
curred.

1. Introduction

Orogenic and intrusion-related gold deposits represent two eco-
nomically important types of gold deposits, and the auriferous quartz
veins in both of these systems can occur in metamorphic rocks (Groves
et al., 1998; Sillitoe and Thompson, 1998; Lang and Baker, 2001;
Groves et al., 2003; Robert et al., 2007). Considerable confusion is often
encountered when differentiating these two deposit types due to simi-
larities in their fluid inclusions (e.g., low salinity, aqueous carbonic
composition; Ridley and Diamond, 2000; Baker, 2002), wall-rock al-
terations and sulfide mineral assemblages (Sillitoe and Thompson,
1998; Lang and Baker, 2001; Groves et al., 2003; Goldfarb et al., 2005).
For example, both intrusion-related and orogenic genetic models have
been suggested for the Muruntau gold deposit in Uzbekistan, which
constitutes one of the largest known examples of this type of deposit
worldwide (Thompson and Newberry, 2000; Groves et al., 2003;
Morelli et al., 2007). Similarly, for the Clear Creek gold occurrences in
the Tintina Gold Province, Canada, robust Re-Os molybdenite and
40Ar/39Ar geochronology dates of hydrothermal micas (coeval with

intrusion) in conjunction with sulfur isotope results (Marsh et al., 2003;
Selby et al., 2003) confirmed a magmatic-hydrothermal origin rather
than an orogenic origin as previously proposed (Goldfarb et al., 2004).
Furthermore, Xue et al. (2013) performed in situ sulfur isotope study on
four Archean gold deposits, the results of which were consistent with
auriferous fluids originating from a felsic magma or mantle source in
contrast to the metamorphic hypothesis (Phillips and Powell, 2010).
Hence, establishing an unequivocal absolute age for mineralization
coupled with isotope signatures is critical for testing the ore genesis of
these deposits (Kerrich and Cassidy, 1994; Rice et al., 2016).

Pyrite and arsenopyrite are highly efficient repositories of invisible
gold in gold deposits (Cook and Chryssoulis, 1990). Advances in in situ
sulfur isotope analysis permit a precise determination of sulfur isotope
signatures across zoned crystals or finely intergrown sulfides from dif-
ferent provenances (Kesler et al., 2005; Barker et al., 2009; Peterson
and Mavrogenes, 2014; Chen et al., 2015; Tanner et al., 2016). For
example, the δ34S values for a zoned pyrite grain acquired from the
Porgera gold deposit, Papua New Guinea, range from −11.98 to
+0.34‰ (Peterson and Mavrogenes, 2014); the δ34S values in pyrites
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from the sediment-hosted Qiuling gold deposit in China range from
−27.1 to +69.6‰ (Chen et al., 2015). These large variations in sulfur
compositions suggest that the interpretations of sulfur isotope data
obtained by conventional bulk powder methods may be problematic or
potentially misleading. This recognition provides much-needed insight
into the sources of sulfur and the changes in the physiochemical con-
ditions, particularly the pressure and oxygen fugacity, during sulfide
precipitation.

The Xiangzhong metallogenic province (XZMP), which is located on
the southeastern part of the Yangtze Block, South China (Fig. 1a), is one
of the most important Sb–Au metallogenic belts in China (Hu and Zhou,
2012; Mao et al., 2013; Hu et al., 2017a; Xie et al., 2018a, b). The
genesis of the slate-hosted Au–Sb and Sb–Au deposits in the XZMP has
long been controversial, and both intrusion-related and intrusion-un-
related models have been proposed, as reviewed by Hu et al. (2017b).
This debate is mainly due to the lack of reliable mineralization ages in
these Au–Sb and Sb–Au deposits and to the absence of intrusions within
the mining district (Hu et al., 2016, 2017b).

In this study, we focus on the slate-hosted Gutaishan Au–Sb deposit
located in the XZMP. Available studies on this deposit have been con-
ducted on fluid inclusions, H–O–C stable isotopes (Li et al., 2016), and
trace element compositions in pyrite and arsenopyrite (Li et al., 2018).
The results of these investigations demonstrated that the Gutaishan
deposit is fault-controlled, that the ore-forming fluids have an aqueous
carbonic composition and low salinity, and that the pyrite and

arsenopyrite exhibit complex overgrowth textures (Li et al., 2018). We
present new data consisting of muscovite 40Ar/39Ar ages and in situ
sulfur isotope analyses of pyrite and arsenopyrite to (1) constrain the
mineralization age, (2) trace the plausible source of the S and Au, and
(3) compile available data for the Sb–Au and Au–Sb deposits to obtain
new insights into their formation mechanism.

2. Regional geological setting

The XZMP, which is located in the southeastern part of the Yangtze
Block (Fig. 1a), is one of the most important Sb–Au metallogenic belts
in China (Hu and Zhou, 2012; Mao et al., 2013; Hu et al., 2016). The
XZMP hosts more than 170 Sb and Au deposits and occurrences (Hu
et al., 2017b), including the world’s largest Xikuangshan Sb deposit, the
Gutaishan Au–Sb and Longshan Sb–Au deposits (Fig. 1b). These de-
posits are composed of ore-bearing quartz or calcite veins that are
controlled by faulting and folding (Peng et al., 2003; Li et al., 2016; Hu
et al., 2017b). The vein mineralogy is generally simple in these de-
posits; for example, quartz, pyrite, arsenopyrite and stibnite are the
dominant minerals in the Gutaishan Au–Sb deposit and Longshan
Sb–Au deposit (Liu et al., 2008; Li et al., 2016), and quartz, calcite and
stibnite are the major minerals in the Xikuangshan Sb deposit (Peng
et al., 2003).

Strata exposed in the XZMP consist mainly of Neoproterozoic me-
tamorphic basement and Paleozoic to Cenozoic sedimentary rocks

Fig. 1. Geological map of the Xiangzhong metallogenic province showing the most important ore deposits and intrusions. Fig. 1a is modified after Wang et al. (2014)
and Xu et al. (2017). Fig. 1b is modified after the Geological map of Hunan province, the People's Republic of China (2010), and Chu et al. (2012b). The numbers
represent the granites: 1–Baimashan, 2–Wawutang, 3–Ziyunshan, 4–Xiema, 5–Weishan, 6–Taojiang, 7–Dashenshan.
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Fig. 2. a Sketched geological map of the Gutaishan ore field and its adjacent areas. b Cross-section through the Gutaishan deposit. The map is modified after Li et al.
(2016).

Fig. 3. Photographs illustrating the characteristics of
different stages of quartz veins and sulfides from the
Gutaishan deposit. a Stratiform sedimentary pyrite
veins within the Banxi Group. b Deformed Stage 1
quartz veins within the “dirty” Banxi Group. c
Swarms of Stage 2 quartz-sulfide veins within the
Banxi Group. Note the abundance of arsenopyrite and
pyrite within the discoloured wall rock, whereas an-
kerite is mainly located in the contact zone. d Cross-
cutting relationships between Stage 2 and Stage 3
quartz veins. Note that arsenopyrite and pyrite are
well developed within the wall rock adjacent to both
stages of quartz veins. e Quartz-sulfide veins in Stage
3. The arsenopyrite and pyrite are located in both
veins and wall rock. f Stage 4 post-ore quartz vein
filling a fault. Abbreviations: Ank–ankerite,
Apy–arsenopyrite, Py–pyrite, Qz–quartz.
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Table 1
Characteristics of auriferous quartz veins in Stage 3 in the Gutaishan deposit.

Type Strike Dip Level (m) Strike length
(m)

Width (cm) Major minerals Type of
sulfides

Gold grade Wallrock alteration

1 NW–N NE 0–715 100–250 20–100 quartz, arsenopyrite, pyrite, ankerite, native gold,
bournonite, jamesonite, tetrahedrite, scarce galena
and sphalerite, chalcopyrite

Py3a,
Apy3a

5–375 g/t, local
> 10,000 g/t

sulfidation and
carbonatization

2 NW–N NE 50–500 100–250 5–15 quartz, ankerite, scarce native gold Py3a,
Apy3a

2–10 g/t sulfidation and
carbonatization

3 NW SW 360 unknown 5–25 quartz, arsenopyrite, pyrite, scarce native gold Py3b,
Apy3b

1–10 g/t silicification

4 NW NE >480 unknown 20–80 quartz, stibnite, ankerite, pyrite, scarce native gold Py3c, Py3d Au: 2–15 g/t; Sb:
0.5–13%

sulfidation

Fig. 4. Back-scattered electron (BSE) images showing textural features of pyrite and arsenopyrite in different stages. a Cluster of Py1a microcrystals surrounded by
Py1bI. b Textural features of a different occurrence of Py1b. c Euhedral coarse-grained arsenopyrite grain replaced by Py1bI. Bournonite and ankerite are located
along the margin. d Py2a with porous texture overgrown by zoned subhedral Py2b within a quartz vein. e Euhedral porous Apy2 coexisting with porous Py2a within
the wall rock. f Fine-grained Py2c clusters overgrowing euhedral coarse-grained Py2b. g Subhedral Apy3a intergrown with Py3a. h Coarse-grained native gold
coexisting with Apy3a and bournonite. i Fine-grained sericite filling microfractures in Apy3a. j Apy3b coexisting with Py3b and fine-grained gold within Apy3b. k
Different occurrence of pyrite in a stibnite-dominated vein. Coarse-grained Py3c cemented by fine-grained Py3d; both are infilled by stibnite. l Fine-grained native
gold coexisting with stibnite. Abbreviations: Ank–ankerite, Apy–arsenopyrite, Au–native gold, Bnn–bournonite, Gn–galena, Py–pyrite, Ser–sericite, Stb–stibnite.
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(Fig. 1b). The Neoproterozoic rocks are part of the crystalline basement
of the South China Craton and serve as the basic rock units for the
Jiangnan orogenic belt (Fig. 1a). The Neoproterozoic strata include
three units: the Lengjiaxi and Banxi Groups and the Jiangkou Forma-
tion. The protoliths of the Lengjiaxi and Banxi Groups are mostly slate
and clastic rocks, while the Jiangkou Formation mainly consists of
conglomerate, sandstone, siltstone, shale, and carbonate rocks. These
basement rocks compose the majority of the wall rock for the Sb–Au
and Au–Sb deposits (Ma et al., 2002; Hu et al., 2017b).

Tectonically, the XZMP is situated within the Xuefengshan belt (Chu
et al., 2012a, Hu et al., 2017b), which is characterized by large-scale
fold and thrust structures and widespread granites. The Early Paleozoic
Caledonian orogeny produced ductile shearing, intense folding, and
granitic magmatism within this belt (Faure et al., 2009); for example,
published zircon U–Pb geochronology results show that the Early Pa-
leozoic Baimashan granite exhibits concordia U–Pb zircon ages of
411 ± 4Ma (Chu et al., 2012b) and 407 ± 3Ma (Xie et al., 2018a).
Subsequently, the Xuefengshan belt was significantly affected by the
Indosinian orogeny, the tectonism of which was characterized by well-
developed thrust faults, folds and ductile syn-metamorphic deformation

(Wang et al., 2005) in addition to the emplacement of granitic plutons.
Recent geochronological data show that ductile shearing occurred be-
tween 243 and 226Ma (Chu et al., 2012a). Triassic granitic rocks crop
out within the Xuefengshan belt. As shown in Appendix Table 1 (Table
A1), these Triassic granites were emplaced in two stages: between
∼245Ma and 228Ma; subsequently, from 220 to 206Ma (Wang et al.,
2007; Chu et al., 2012b; Fu et al., 2015; Gao et al., 2017).

3. Ore deposit geology

The Gutaishan Au–Sb deposit, which is located to the northeast of
the Baimashan batholith (Fig. 1b), contains proven reserves of 9 tonnes
(t) of Au and 2,500 t of Sb. The average grade of the gold ore is ap-
proximately 13 g/t, although the grades of local bonanza-grade ores
reach 10,000 g/t. The average Sb content of the stibnite-dominant ores
is ∼10% (Li et al., 2016, 2018).

The country rocks include Neoproterozoic and
Cambrian–Ordovician strata, where the former constitutes the major
host rock for auriferous quartz veins (Fig. 2). The Neoproterozoic strata
consist of grey-green silty slates and light green bedded slate. Thin

Fig. 5. Photographs showing the occurrences and micro textures of muscovite and sericite in the Gutaishan deposit. a–d Muscovite-bearing auriferous quartz vein.
Within the vein, ankerite and chlorite coexist with muscovite. e, f Pyrite-bearing slate; the pyrite thin layer spreads within the slate. Microscopic observations show
minor siderite coexisting with sericite. Abbreviations: Ank–ankerite, Chl–chlorite, Gn–galena, Ms–muscovite, Py–pyrite, Sd–siderite, Ser–sericite, Qz–quartz.

W. Li et al. Ore Geology Reviews 101 (2018) 839–853

843



pyrite layers showing several to tens of mm thick and oriented parallel
to the bedding are abundant (Fig. 3a). The Cambrian–Ordovician strata
are distributed along the eastern margin of the mining district and are
composed mainly of carbonaceous mudstone and muddy limestone.

Based on the cross-cutting relationships and mineral assemblages of
quartz veins, four distinct mineralization stages are recognized in the
Gutaishan deposit (Fig. 3). The pre-ore Stage 1 is represented by the
presence of pyrite layers (5–15mm in thickness) oriented parallel to the
bedding in sedimentary rocks (Fig. 3a) and deformed segregation
quartz veins that are several to tens of cm thick (Fig. 3b). Stage 2 is
marked by thin NW-striking and SW-dipping quartz–ankerite–sulfide
veins that are 1 to 20 cm in width (Fig. 3c). Stage 3 represents the main
gold–stibnite stage with swarms of auriferous quartz veins in slate
(Fig. 3d–e). Post-ore Stage 4 quartz veins with widths ranging from 0.5
to 1.0m are composed of quartz and dip steeply to the north (Fig. 3f).
Four different occurrences of auriferous quartz veins with different
mineral assemblages are recognized in Stage 3. Type 1 is mainly com-
posed of quartz, arsenopyrite, pyrite, ankerite, sulfosalts (e.g., bour-
nonite), and visible gold in addition to minor galena, sphalerite and
chalcopyrite; type 2 is composed of quartz, ankerite and scarce visible
gold; type 3 is composed of quartz and minor pyrite, arsenopyrite and
visible gold; and type 4 is dominated by quartz and stibnite with minor
pyrite and scarce visible gold. Their principal features are summarized
in Table 1.

4. Occurrence of pyrite and arsenopyrite

Nine and four texturally distinct varieties of pyrite and arsenopyrite,
respectively, are recognized in the first three stages under reflected
light and in back-scattered electron (BSE) images (Fig. 4). The detailed
sample characteristics of pyrite and arsenopyrite involved in this study,
including their mineral assemblages, are summarized in Table A2. Their
textural characteristics are briefly summarized below.

The pyrite from Stage 1 is represented by euhedral to anhedral fine-
grained (< 3 µm) pyrite (Py1a) and coarse-grained recrystallized pyrite
assemblages (Py1b) (Fig. 4a). Two textural styles of Py1b that com-
monly overgrow Py1a are observed: subhedral fine-grained homo-
geneous Py1bI ranging in size from 50 to 100 µm and poorly crystalline
homogeneous Py1bII (Fig. 4b) with assemblages greater than 1500 µm
in length. Minor subhedral arsenopyrite (Apy1), which is replaced by
Py1bI, is recognized in Stage 1 (Fig. 4c).

Three distinct types of pyrite are recognized in Stage 2 (Fig. 4d–f).
Py2a occurs as euhedral to anhedral coarse grains that are tens to
hundreds of µm in size (Fig. 4d, e). Py2b is generally a few hundreds of
µm in size and shows irregular bright inner rims and dark outer rims in
BSE images (Fig. 4d). Py2c is anhedral and fine-grained and ranges
from several to tens of µm in size (Fig. 4f). The arsenopyrite (Apy2)
from Stage 2 appears homogeneous in BSE images and varies from tens
to thousands of µm in size (Fig. 4e).

Four types of pyrite and two types of arsenopyrite are identified
from the four types of auriferous quartz veins in Stage 3 (Fig. 4g–l,
Table 1). Py3a occurs as euhedral to subhedral grains ranging from
hundreds of µm to several mm in size (Fig. 4 g). Py3b is commonly sub-
to anhedral and ranges from tens to hundreds of µm with homogeneous
textures in BSE images, and it either exhibits sharp boundaries with
Apy3b or encloses fine-grained Apy3b (Fig. 4j). Py3c has a character-
istic oscillatory zoning texture with porous cores that are several hun-
dreds of µm in diameter (Fig. 4k). Py3d is anhedral, homogeneous in
BSE images, and generally no more than a few tens of µm in size, and it
coexists with stibnite (Fig. 4k, l). Apy3a ranges from hundreds to
thousands of µm in size, and it coexists with native gold, sulfosalts (e.g.,
bournonite), pyrite and muscovite (Fig. 4g–i). Apy3b is subhedral to
anhedral and shows a uniform composition in BSE images, and it ranges
from tens to hundreds of µm in width (Fig. 4j).
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5. Samples and analytical methods

One muscovite sample collected from an auriferous quartz vein in
an adit at 280m was selected for 40Ar/39Ar dating. All muscovite grains
were carefully handpicked under a binocular microscope after the
samples had been crushed and cleaned. 40Ar/39Ar dating was per-
formed in the Noble Gas Laboratory of the School of Earth Sciences at
the University of Melbourne, Australia, using a new-generation, multi-
collector Thermo Fisher Scientific ARGUS VI mass spectrometer linked
to a stainless-steel gas extraction/purification line and Photon Machines
Fusions 10.6 CO2 laser system. The new generation of multi-collector
ARGUS VI mass spectrometers provides ultra-high precision measure-
ments with uncertainties of less than 0.1%. The analytical procedures
for ARGUS VI systems are described in detail by Phillips and Matchan
(2013) and Phillips et al. (2017). The ages were calculated assuming an
atmospheric 40Ar/36Ar ratio of 298.56 ± 0.31 (Lee et al., 2006), and a
decay constant of λ=5.543×10−10 year−1 was used (Steiger and
Jäger, 1977). The plateau ages for the 40Ar/39Ar age spectra were

calculated using ISOPLOT (Ludwig, 2003).
In situ S isotope analyses of pyrite and arsenopyrite from eleven

representative samples (Table A2) were performed on a sensitive high-
resolution ion microprobe (SHRIMP)–II instrument at the Australia
National University (ANU) with a spot size of 27 μm. This instrument
utilizes the principles of secondary ion mass spectrometry; a detailed
description of the system is outlined in Ireland et al. (2014). The pyrite
sulfur isotope data were normalized to the accepted Ruttan pyrite
standard assuming a δ34SV-CDT value of 1.2‰ (Crowe and Vaughan,
1996), and the arsenopyrite sulfur isotope data were normalized to an
arsenopyrite (YJS-65) standard with a δ34SV-CDT value of −1.0‰ (Xie
et al., 2018a); all measurements were relative to the Canyon Diablo
troilite (CDT). The error for each sulfur isotope ratio was reported at the
2σ confidence level. In addition, sample measurements from every 3 to
4 analyses were bracketed by at least one standard measurement to
ensure precision and account for instrumental drift.

Electron probe microanalysis (EPMA) of the muscovite and its co-
existing chlorite from the quartz vein (Fig. 5a–d) and sericite from slate

Fig. 6. a 40Ar/39Ar age spectra. b Reverse isochrons in muscovite in the Gutaishan deposit.

Fig. 7. a Variations in the δ34S values in different stages. b Au vs. δ34S values for pyrite and arsenopyrite in different stages in the Gutaishan deposit.
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(Fig. 5e, f) was performed using a JEOL JXA-8230 electron probe mi-
croanalyser at the Key Laboratory of Metallogeny and Mineral Assess-
ment, Institute of Mineral Resources, Chinese Academy of Geological
Sciences, Beijing. All measurements were performed using an accel-
erating voltage of 15 kV, a beam current of 20 nA, and a beam size of
1 μm. The analyzed standards and average minimum limits of detection
were as follows: Si (albite), 83–96 ppm; Ti (TiO2), 236–244 ppm; Al
(albite), 77–81 ppm; Fe (hematite), 87–99 ppm; Mg (MgO), 65–74 ppm;
Ca (apatite), 64–77 ppm; Na (albite), 71–87 ppm; K (K-feldspar),
48–53 ppm; and Cr (Cr2O3), 112–137 ppm.

6. Results

6.1. 40Ar/39Ar age of muscovite

The analytical results are listed in Table 2. The apparent age spectra
and inverse isochron age are presented in Fig. 6. In this study, a plateau
is defined as a sequence of six consecutive steps that include at least
90% of the total 39Ar released.

The aliquot yields a well-defined plateau age of 223.6 ± 5.3Ma
and an inverse isochron age of 224.7 ± 0.7Ma (MSWD=1.2) at an
initial 40Ar/36Ar ratio of 300.5 ± 1.1 (Fig. 6).

6.2. Sulfur isotope compositions of pyrite and arsenopyrite

A total of 67 sulfur isotope measurements on pyrite and arseno-
pyrite were obtained, and the results are shown in Fig. 7 and Table 3;
the full dataset is provided in Table A3. The measured intra-crystalline
δ34S variation exceeds the analytical error in each crystal.

Pyrites from Stage 1 (Py1a and Py1b) are enriched and show a wide
variation in δ34S values ranging from 8.5 to 14.1‰ for Py1a (n=5)
and 7.0 to 23.3‰ for Py1b (n=6).

The δ34S values for the sulfides from Stage 2 (Py2a, Py2b, Py2c and
Apy2) fall within a relatively narrow range: −3.2 to −1.4‰ for Py2a
(n= 4); −2.6 to 5.7‰ for Py2b (n= 9); −0.3 to 3.8‰ for Py2c
(n= 5); and −5.9 to −2.8‰ for Apy2 (n=5).

The sulfides from Stage 3 (Py3a, Py3b, Py3c, Py3d, Apy3a and
Apy3b) exhibit very limited δ34S values that vary from −2.2 to −0.1‰
for Py3a (n=6), −1.9 to 0.3‰ for Py3b (n= 4), −1.2 to 0.1‰ for
Py3c (n=4), 0.5 to 2.1‰ for Py3d (n= 5), −3.7 to 1.7‰ for Apy3a
(n= 10), and −2.2 to −1.3‰ for Apy3b (n=4).

6.3. Compositions of mica and chlorite

The EPMA results show that the coarse-grained muscovite from the
quartz vein (Fig. 5a-d) and the fine-grained sericite from slate (Fig. 5e,

Table 4
EPMA analytical data for the muscovite and sericite in the Gutaishan deposit (data in wt.%).

Sample No. GTS-230-7 GTS-230-8 GTS-230-9 GTS-230-10 GTS-230-11 GTS-230-12 GTS-207-3-2 GTS-207-3-4 GTS-207-3-5 GTS-207-3-6

Mineral muscovite muscovite muscovite muscovite muscovite muscovite sericite sericite sericite sericite
Na2O 4.19 0.40 2.93 3.98 0.79 1.39 0.78 0.27 1.30 0.54
MgO 0.20 0.53 0.30 0.19 0.46 0.30 0.33 0.81 0.63 0.72
Al2O3 39.68 36.75 39.65 39.15 37.27 36.59 34.31 35.11 37.21 35.62
K2O 2.30 8.64 4.33 2.96 8.61 7.25 8.19 9.86 7.81 8.87
CaO 0.24 0.04 0.16 0.11 0.03 0.06 0.12 0.07 0.07 0.13
SiO2 49.76 49.95 49.28 47.72 46.84 48.42 46.63 50.74 47.61 48.87
FeOT 0.25 0.36 0.25 0.31 0.41 0.33 0.57 1.10 0.60 0.91
Cr2O3 0.06 0.05 0.04 0.13 0.00 0.01 0.19 0.06 0.03 0.06
TiO2 0.02 0.00 0.01 0.03 0.01 0.01 0.09 0.23 0.09 0.18
Total 96.69 96.71 96.95 94.58 94.43 94.35 91.21 98.24 95.34 95.90

Table 3
A summary of the in situ sulfur isotope composition of pyrite and arsenopyrite in the Gutaishan deposit.

Stage Textural sub-type n δ34S (‰, V-CDT) Au (ppm) Stage Textural sub-type n δ34S (‰, V-CDT) Au (ppm)

1 Py1a 5 Average 10.4 1.8 3 Py3b 4 Average −1.2 12.3
Max 14.1 4.6 Max −0.3 27.3
Min 8.5 0.8 Min −1.9 2.0

1 Py1b 6 Average 13.0 0.4 3 Py3c 4 Average −0.8 14.6
Max 23.3 0.8 Max 0.1 51
Min 7.0 0.2 Min −1.2 2.1

2 Py2a 4 Average −2.4 1.6 3 Py3d 5 Average 1.0 1.4
Max −1.4 4.0 Max 2.1 6.1
Min −3.2 0.4 Min 0.5 0.2

2 Py2b 9 Average 0.3 0.5 2 Apy2 5 Average −4.7 13.1
Max 5.7 1.8 Max −2.8 85.9
Min −2.6 0.1 Min −5.9 0.2

2 Py2c 5 Average 1.8 3.9 3 Apy3a 10 Average −0.9 88.7
Max 3.8 15.9 Max 1.7 203
Min −0.3 6.3 Min −3.7 2.7

3 Py3a 6 Average −1.2 4.0 3 Apy3b 4 Average −1.7 102
Max −0.1 14.2 Max −1.3 367
Min −2.2 0.6 Min −2.2 2.9

Note: The contents of Au measured by LA–ICP–MS are after Li et al. 2018.
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f) display distinct compositions, particularly with regard to Na, K, Fe
and Ti, the data are provided in Table 4. For example, the Na2O con-
tents in the muscovite range from 0.40 to 4.19 wt% with a mean value
of 2.28 wt% (n=6); in contrast, the values in sericite vary from 0.27 to
1.30 wt% with a mean value of 0.72 wt% (n=4).

The composition of chlorite has a narrow range, i.e., the contents of
MgO range from 9.29 to 10.55 wt%, the data for which are provided in
Table 5. Applying the chlorite geothermometer from Battaglia (1999),
the calculated temperature ranges between 243 and 257 °C (Table 5).

7. Discussion

7.1. Timing of Au–Sb mineralization

In this study, we believe that the 40Ar/39Ar age of muscovite can
provide constraints on the age of Au mineralization based on the fol-
lowing considerations: (1) the ore grade of this vein is ∼1 g/t (com-
munication with the mining company); (2) microscopic observations
show that the muscovite precipitated only in Stage 3 (Fig. 4i), and the
composition of these analyzed muscovite grains is different from that of
the sericite from slate (Table 4), further confirming that the muscovite
is of hydrothermal origin; (3) the occurrence of this vein is similar to
that of the type 1 auriferous quartz veins in Stage 3, and they are both
NW-striking and NE-trending; (4) the mineral assemblage consisting of
quartz, muscovite, ankerite, chlorite and galena is consistent with that
of the native gold-bearing ores in Stage 3; and (5) the chlorite geo-
thermometer yields temperatures ranging between 243 and 257 °C
(Table 5), which are coincident with the fluid inclusion homogenization
temperatures within quartz coexisting with native gold in Stage 3
(190–320 °C; Li et al., 2016). All of these temperatures are similar to the
closure temperatures of muscovite (300–350 °C; McDougall and
Harrison, 1999).

Additionally, the inverse isochron has an initial 40Ar/36Ar ratio of

300.5 ± 1.1; this value is similar to the present-day atmospheric ratio
(298.56 ± 0.31; Mark et al., 2011), indicating that negligible excess
argon was retained in this muscovite grain (Kuiper, 2002). Combining
this information with the well-defined plateau age, we suggest that
223.6 ± 5.3Ma represents the age of Au mineralization.

7.2. Potential magmatic-hydrothermal derived Au and S

The characteristics of the Gutaishan Au–Sb deposit, including its
alteration (sulfidation and sericitization), metallic element assemblage
(Au+ Sb+Bi+W), and fluid inclusion types (CO2–H2O ± CH4, Li
et al., 2016), are all consistent with those of orogenic gold deposits
(Goldfarb et al., 2005) or are otherwise similar to those of the proximal
products of intrusion-related vein gold deposits (Sillitoe and Thompson,
1998; Lang and Baker, 2001). However, integrating the following lines
of evidence, we estimate that the largest endowment of Au and S ori-
ginates from a deeply buried magmatic source.

(1) The lack of sulfate in the Gutaishan deposit indicates that H2S is the
dominant sulfur species or that the hydrothermal fluid was in a
relatively reduced oxidation state; therefore, the measured pyrite
and arsenopyrite sulfur compositions represent the approximate
sulfur isotope composition of the ore-forming fluid (Ohmoto, 1986).
The measured 34S values in the pyrite and arsenopyrite coexisting
with native gold from Stage 3 range from −3.7 to +2.1‰, over-
lapping the general range for magmatic or mantle δ34S (0 ± 3%,
Ohmoto, 1986; Seal, 2006). In addition, these values are markedly
different from those of the fine-grained sedimentary pyrite in slate
(+7.0 to +23.3‰) (Fig. 7a), suggesting the injection of magmatic
sulfur. Similar conclusions have been presented to explain the for-
mation of the Carlin-type gold deposits in Nevada, USA (Kesler
et al., 2005; Barker et al., 2009). For example, Kesler et al. (2005)
reported that the δ34S values for pyrite in barren samples (−13 to
+16‰) differ from those in mineralized samples (−1.0 to
+3.0‰); the latter are interpreted as having a magmatic origin.
The lack of a wide range of 34S values in hydrothermal pyrite also
suggests that contamination by sedimentary sulfur is not extensive.
The injection of a magmatic component is also evidenced by the
measured H and O isotopic signatures of the quartz in Stage 2
(δ18OH2O=6.2 to 7.4‰, δDV-SMOW=−72 to −52‰; Li et al.,
2016) and Stage 3 (δ18OH2O=6.9 to 8.1‰, δDV-SMOW=−78 to
−49‰; Li et al., 2016), as these values are restricted to the ranges
of magmatic water.

(2) The accordance between the mineralization age and local tectono-
magmatic setting supports a magmatic-hydrothermal origin. The
40Ar/39Ar age of muscovite (223.6 ± 5.3Ma) is comparable to the
zircon U–Pb ages for the granites in the XZMP (Fig. 1b, Table A1),
suggesting synchronous magmatic and hydrothermal activity. For
example, the Baimashan granite was mainly emplaced between ca.
223 and 204Ma (Fig. 1b; Chen et al., 2007; Chu et al., 2012b; Fu
et al., 2015).(see Table A2)

(3) Studies have shown that the surrounding sedimentary rocks (e.g.,
black shales) may represent a potential source of Au and S in some
sediment-hosted orogenic gold deposits, given that sedimentary
pyrite and organic matter (e.g., pyrobitumen) are reservoirs of Au
(Chang et al., 2008; Large et al., 2007, 2011). In the Gutaishan
deposit, the measured Au concentrations in sedimentary pyrite are
mostly< 3.0 ppm (Fig. 7b), and no free gold is observed within
sedimentary pyrite (Li et al., 2018; references therein). No organic
matter (e.g., pyrobitumen) is found in the slate; thus, as Au may be
transported in petroleum (Emsbo and Koenig, 2007; Large et al.,

Table 5
EPMA analytical data for the chlorite in the Gutaishan deposit (data in wt.%).

Sample No. GTS-230-
13

GTS-230-
14

GTS-230-
15

GTS-230-
16

GTS-230-
17

SiO2 25.29 23.22 23.70 23.98 23.69
TiO2 0.01 0.00 0.00 0.00 0.00
Al2O3 23.13 22.99 24.00 23.21 23.43
Cr2O3 0.36 0.13 0.12 0.13 0.27
FeOT 30.20 27.17 29.47 29.05 28.38
MnO 0.10 0.06 0.03 0.06 0.02
MgO 9.29 10.55 9.60 9.60 9.62
CaO 0.10 0.03 0.02 0.01 0.01
Na2O 0.12 0.01 0.00 0.00 0.03
K2O 0.05 0.02 0.01 0.00 0.00
Total 88.74 84.27 87.13 86.12 84.60

Structural formulas based on 14 oxygen
Si 2.68 2.58 2.56 2.61 2.59
Al (iv) 1.32 1.42 1.44 1.39 1.41
Al (vi) 1.58 1.59 1.63 1.61 1.63
Ti 0.00 0.00 0.00 0.00 0.00
Cr 0.03 0.01 0.01 0.01 0.02
Fe3+ 0.15 0.10 0.11 0.13 0.13
Fe2+ 2.53 2.42 2.55 2.52 2.46
Mn 0.01 0.01 0.00 0.01 0.00
Mg 1.47 1.74 1.55 1.56 1.57
Ca 0.01 0.00 0.00 0.00 0.00
Na 0.05 0.00 0.00 0.00 0.01
K 0.01 0.00 0.00 0.00 0.00
T/°C 243.4 253.3 257.4 250.6 252.0
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2011), this precludes its possibility of hosting Au. The concentra-
tions of Au in the Neoproterozoic strata are 3.6 ppb in the Lengjiaxi
Group, 3.1 ppb in the Banxi Group, and 7.2 ppb in the Ediacaran
(Ma et al., 2002); these values are only slightly higher than the
concentrations of Au in the upper continental crust (1.5 ppb;
Rudnick and Gao, 2003). Therefore, sulfide-bearing slate is unlikely
to be the dominant source of Au. The occurrence of coarse-grained
native gold and the higher concentrations of invisible gold in the
pyrite and arsenopyrite in Stage 3 (Fig. 7b) suggest the late input of
Au-rich fluid. (see Table A3)

Collectively, this evidence suggests that the wall-rock slate is un-
likely to have been a major source of Au and S. Our schematic genetic
model for the Gutaishan Au–Sb deposit (Fig. 8) highlights the potential
role of magma emplacement. Geophysical evidence also supports the
idea that a hidden intrusion may exist at depth around the Gutaishan
deposit (Rao et al., 1993).

7.3. Implications for Late Triassic Au mineralization

In this study, we collected published data regarding the gold de-
posits surrounding the Baimashan batholith (Fig. 1b), namely, the
Gutaishan deposit (223.6 ± 5.3Ma, this study), the Xingfengshan de-
posit (hydrothermal titanite U–Pb: 206 ± 26Ma), and the Chanziping
and Daping Au deposits (fluid inclusion Rb–Sr isochron method:
205.6 ± 9.4Ma and 204.8 ± 6.3Ma, respectively; Li et al., 2008). All
of these data are comparable and contemporaneous to the data on the
published zircon U–Pb ages of the Baimashan granite (223 to 204Ma;
Fig. 1b, Table A1). The δ34S values of sulfides from these deposits,
namely, the Gutaishan deposit (−3.7 to +2.1‰ for the pyrite and
arsenopyrite in Stage 3, this study) and the Chanziping Au deposit
(−7.6 to +0.3‰ for pyrite and arsenopyrite; Luo et al., 1996), are
mostly within the range of the values of magmatic sulfur. Moreover, the
measured δ34S values of sulfides from Au–Sb and Au deposits hosted in

slate, e.g., the sulfides from the Longshan Sb–Au deposit with values
ranging from −2.1 to +4.6‰ (Luo, 1990), are broadly similar to those
of magmatic sulfur, as reviewed in Hu et al. (2017b).

In addition to the close spatial and temporal relationships between
the Baimashan granite and its surrounding deposits, a synthesis of
published data suggests that other Late Triassic intrusions and their
surrounding contemporary ore deposits have also been recognized in
the XZMP (Fig. 1b). The mineralization age of the Fuzhuxi Au–Sb de-
posit is ∼209Ma (Yao and Zhu, 1993), that of the Liaojiaping Au–Sb
deposit is ∼200Ma (Xiao et al., 1992) and that of the Zhazixi Sb–W
deposit is ca. 227.3 ± 6.2Ma (Wang et al., 2012). All of these data
suggest that Triassic magmatism and Au–Sb ± W mineralization
events occurred widely throughout the XZMP.

Xu et al. (2017) reviewed the gold mineralization events in the
Jiangnan orogenic belt of South China (Fig. 1a), including the western
and northwestern parts of the XZMP, and they proposed three gold
mineralizing epochs: the Silurian-Devonian (423–397Ma), the Jurassic
(176–170Ma) and the Early Cretaceous (144–130Ma). Therefore, we
highlight that Triassic gold mineralization constitutes another im-
portant gold mineralization epoch.

8. Conclusions

(1) The Gutaishan deposit formed ca. 223.6 ± 5.3Ma, representing a
case for an extensive Late Triassic Au mineralization event that
occurred in the XZMP.

(2) The in situ sulfur isotope compositions of pyrite and arsenopyrite
indicate a major contribution from magmatic sulfur. A magma-re-
lated genetic model may thus be suitable for the Gutaishan deposit.
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Appendix

See Appendix Tables A1–A3.

Table A1
Summary of the ages of the Triassic granites in the Xiangzhong metallogenic province.

Name Sample No. Rock Age (Ma) Analytical method Reference

Baimashan BMS-01 Granite 214.3 ± 3.4 Zircon SIMS U–Pb Fu et al., 2015
Baimashan LFJ-01 Granite 209.3 ± 4.0 Zircon SIMS U–Pb Fu et al., 2015
Baimashan LZW-06 Granite 211.5 ± 4.2 Zircon SIMS U–Pb Fu et al., 2015
Baimashan SMP-01 Granite 215.3 ± 3.1 Zircon SIMS U–Pb Fu et al., 2015
Baimashan YBC-01 Granite 212.1 ± 3.3 Zircon SIMS U–Pb Fu et al., 2015
Baimashan D1060 Biotite granodiorite 224.1 ± 2.3 Zircon SHRIMP U–Pb Li et al., 2014a
Baimashan D1008 Biotite granodiorite 219.6 ± 2.6 Zircon SHRIMP U–Pb Li et al., 2014a
Baimashan D1025 Biotite monzogranite 213.8 ± 2.5 Zircon SHRIMP U–Pb Li et al., 2014a
Baimashan Ym132 Biotite monzogranite 215.9 ± 1.9 Zircon SHRIMP U–Pb Li et al., 2014b
Baimashan Ym134 Biotite monzogranite 212.2 ± 2.1 Zircon SHRIMP U–Pb Li et al., 2014b
Baimashan HH27-5 Granodiorite 217.0 ± 1.4 Zircon SIMS U–Pb Qiu et al., 2014
Baimashan HH29-5 Granite 217.8 ± 2.2 Zircon SIMS U–Pb Qiu et al., 2014
Baimashan HH31-8 Granodiorite 218.7 ± 1.5 Zircon SIMS U–Pb Qiu et al., 2014
Baimashan XF221 Hornblend granite 217 ± 2 Zircon SIMS U–Pb Chu et al., 2012
Baimashan 06HG-69 Biotite monzogranite 223.3 ± 1.4 Zircon LA–ICPMS U–Pb Luo et al., 2010
Baimashan 06HG-81 Biotite granodiorite 204.5 ± 2.2 Zircon LA–ICPMS U–Pb Luo et al., 2010
Baimashan HBMS-28 Biotite monzogranite 204.5 ± 2.8 Zircon LA–ICPMS U–Pb Chen et al., 2007a,b
Baimashan HBMS-20 Biotite granodiorite 209.2 ± 3.8 Zircon LA–ICPMS U–Pb Chen et al., 2007a,b
Baimashan HBMS-24 Two-mica monzogranite 204 ± 12 Zircon LA–ICPMS U–Pb Chen et al., 2007a,b
Baimashan 02JSH03 Monzogranite 243 ± 3 Zircon SHRIMP U–Pb Wang et al., 2005
Dashenshan DSS12-8 Granodiorite 211 ± 3 Zircon SHRIMP U–Pb Xu et al., 2014b
Dashenshan DSS-8 Biotite monzogranite 224.3 ± 1.0 Zircon LA–ICPMS U–Pb Zhang et al., 2012
Taojiang 04H-12–1 Granodiorites 218 ± 3 Zircon SHRIMP U–Pb Xu et al., 2014a
Taojiang XF17 Biotite granite 220 ± 2 Zircon SIMS U–Pb Chu et al., 2012
Taojiang 09TJ-2e Biotite granodiorite 216.2 ± 1.9 Zircon LA–ICPMS U–Pb Wang et al., 2012
Taojiang 09TJ-2i Biotite granodiorite 217.2 ± 1.3 Zircon LA–ICPMS U–Pb Wang et al., 2012
Taojiang 10TJ-3 Biotite granodiorite 217.2 ± 1.3 Zircon LA–ICPMS U–Pb Wang et al., 2012
Wawutang 12D01 Monzogranite 223.1 ± 2.1 Zircon LA–ICPMS U–Pb Su et al., 2016
Wawutang SH203-1 Biotite monzogranite 216.4 ± 2.4 Zircon SHRIMP U–Pb Bai et al., 2016
Wawutang SH209-1 Biotite granodiorite 215.3 ± 3.2 Zircon SHRIMP U–Pb Bai et al., 2016
Wawutang Ym135 Biotite monzogranite 217.7 ± 1.8 Zircon SHRIMP U–Pb Li et al., 2014b
Wawutang 02DM05 Granite 235 ± 4 Zircon SHRIMP U–Pb Wang et al., 2007
Wawutang HWWT12-10 Granite 204 ± 3 Zircon LA–ICPMS U–Pb Chen et al., 2007a,b
Weishan QLS-01 Granite 213.9 ± 3.7 Zircon SIMS U–Pb Fu et al., 2015
Weishan XNF-01 Granite 217.9 ± 2.8 Zircon SIMS U–Pb Fu et al., 2015
Weishan XF205 Biotite monzogranite 222 ± 3 Zircon SIMS U–Pb Chu et al., 2012
Weishan HWS32b Biotite monzogranite 227 ± 13 Biotite Rb-Sr Ding et al., 2012
Weishan W03 Biotite monzogranite 221.9 ± 5.8 Muscovite Rb-Sr Ding et al., 2012
Weishan HWS42 Biotite monzogranite 210.1 ± 3.3 Biotite Rb-Sr Ding et al., 2012
Weishan 02LSH-05 Biotite monzonitic granite 210.6 ± 3.1 Zircon LA–ICPMS U–Pb Peng et al., 2006
Weishan HWS-36 Biotite monzogranite 211.0 ± 1.6 Zircon LA–ICPMS U–Pb Ding et al., 2005
Weishan HWS-40 Biotite monzogranite 215.7 ± 1.9 Zircon LA–ICPMS U–Pb Ding et al., 2005
Weishan 02QSH06 Biotite monzogranite 244 ± 4 Zircon SHRIMP U–Pb Wang et al., 2005
Xiema 09XM-3a Biotite granodiorites 220.8 ± 3.8 Zircon LA–ICPMS U–Pb Wang et al. 2015
Xiema 09XM-7a Biotite granodiorites 216.2 ± 2.1 Zircon LA–ICPMS U–Pb Wang et al., 2015
Xiema 01XM-01 Biotite monzonitic granite 217.8 ± 2.9 Zircon LA–ICPMS U–Pb Peng et al., 2006
Ziyunshan ZYS-5 Quartz monzonite 225.2 ± 1.7 Zircon SIMS U–Pb Lu et al., 2017
Ziyunshan ZYS-13 Two-mica granite 227.9 ± 2.2 Zircon SIMS U–Pb Lu et al., 2017
Ziyunshan ZYS-24 Quartz monzonite 225.6 ± 1.4 Zircon SIMS U–Pb Lu et al., 2017
Ziyunshan JZJ-02 Granite 223.2 ± 3.3 Zircon SIMS U–Pb Fu et al., 2015
Ziyunshan 09XM-10 Biotite granodiorites 218.8 ± 2.1 Zircon LA–ICPMS U–Pb Wang et al., 2015
Ziyunshan 09XM-11 Biotite granites 217.4 ± 3.1 Zircon LA–ICPMS U–Pb Wang et al., 2015
Ziyunshan 10ZYS-05 Two-mica granites 219.9 ± 3.6 Zircon LA–ICPMS U–Pb Wang et al., 2015
Ziyunshan 09ZYS-01 Granodiorite 222.5 ± 1.0 Zircon LA–ICPMS U–Pb Liu et al., 2014
Ziyunshan 11ZYS-05 Biotite granite 222.3 ± 1.8 Zircon LA–ICPMS U–Pb Liu et al., 2014
Ziyunshan XF208 Biotite monzogranite 225 ± 2 Zircon SIMS U–Pb Chu et al., 2012
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Table A3
In situ sulfur isotope compositions of the pyrite and arsenopyrite in the Gutaishan deposit.

Sample No. Stage Textural sub-type 32S (CPS) Raw 34S/32S ±2σ δ34S (‰, V-CDT) ± 2σ (internal) ± 2σ (external) Au (ppm) n

Average Min Max

GTS-212-2-2 1 Py1a 2.96E+08 0.0442 5.13E−06 11.3 0.12 0.36 1.8 0.8 4.6 15
GTS-212-7-1 1 Py1a 3.12E+08 0.0441 4.39E−06 8.5 0.10 0.36 1.8 0.8 4.6 15
GTS-212-7-3 1 Py1a 3.13E+08 0.0441 5.47E−06 9.0 0.12 0.36 1.8 0.8 4.6 15
GTS-227-2-1 1 Py1a 2.98E+08 0.0441 3.57E−06 9.1 0.08 0.35 1.8 0.8 4.6 15
GTS-227-2-2 1 Py1a 3.15E+08 0.0443 5.24E−06 14.1 0.12 0.36 1.8 0.8 4.6 15
GTS-108-1-5 1 Py1b 3.23E+08 0.0443 4.04E−06 14.0 0.09 0.57 2.6 1.2 3.8 5
GTS-108-1-6 1 Py1b 3.29E+08 0.0447 8.07E−06 23.3 0.18 0.59 2.6 1.2 3.8 5
GTS-212-2-3 1 Py1b 3.03E+08 0.0440 5.84E−06 7.0 0.13 0.37 0.3 0.0 0.9 15
GTS-212-2-4 1 Py1b 2.86E+08 0.0440 6.29E−06 7.3 0.14 0.37 0.3 0.0 0.9 15
GTS-227-2-3 1 Py1b 3.03E+08 0.0445 5.71E−06 18.3 0.13 0.37 0.2 0.0 0.5 12
GTS-227-2-6 1 Py1b 2.92E+08 0.0441 5.49E−06 8.1 0.12 0.36 0.4 0.2 0.8 6
GTS-214-9-1 2 Py2a 3.02E+08 0.0436 5.74E−06 −3.2 0.13 0.37 1.6 0.4 4.0 7
GTS-214-9-2 2 Py2a 3.01E+08 0.0436 5.41E−06 −2.7 0.12 0.36 1.6 0.4 4.0 7
GTS-214-3-1 2 Py2a 2.86E+08 0.0436 4.58E−06 −2.5 0.10 0.36 1.6 0.4 4.0 7
GTS-214-3-2 2 Py2a 2.84E+08 0.0436 4.34E−06 −1.4 0.10 0.36 1.6 0.4 4.0 7
GTS-123-12-1 2 Py2b 3.01E+08 0.0440 6.21E−06 5.7 0.14 0.58 1.6 0.9 5.6 9
GTS-123-12-2 2 Py2b 3.09E+08 0.0437 7.02E−06 1.0 0.16 0.59 1.6 0.9 5.6 9
GTS-123-12-3 2 Py2b 3.12E+08 0.0437 4.79E−06 0.0 0.11 0.58 1.6 0.9 5.6 9
GTS-123-12-4 2 Py2b 3.14E+08 0.0438 5.49E−06 1.4 0.12 0.58 1.6 0.9 5.6 9
GTS-123-12-5 2 Py2b 3.07E+08 0.0438 4.73E−06 1.5 0.11 0.58 1.6 0.9 5.6 9
GTS-214-9-3 2 Py2b 3.11E+08 0.0436 5.87E−06 −2.6 0.13 0.37 0.5 0.0 1.8 10
GTS-214-9-4 2 Py2b 2.99E+08 0.0437 6.63E−06 0.1 0.15 0.37 0.5 0.0 1.8 10
GTS-214-9-5 2 Py2b 3.18E+08 0.0436 4.69E−06 −2.1 0.11 0.36 0.5 0.0 1.8 10
GTS-214-9-6 2 Py2b 2.95E+08 0.0436 5.41E−06 −2.4 0.12 0.36 0.5 0.0 1.8 10
GTS-123-9-1 2 Py2c 3.13E+08 0.0438 4.62E−06 1.8 0.10 0.58 3.9 0.6 15.9 11
GTS-123-9-2 2 Py2c 3.02E+08 0.0439 5.33E−06 3.8 0.12 0.58 3.9 0.6 15.9 11
GTS-123-9-3 2 Py2c 3.09E+08 0.0438 3.65E−06 1.2 0.08 0.57 3.9 0.6 15.9 11
GTS-123-9-4 2 Py2c 3.08E+08 0.0438 6.32E−06 2.3 0.14 0.58 3.9 0.6 15.9 11
GTS-123-9-5 2 Py2c 3.13E+08 0.0437 4.99E−06 −0.3 0.11 0.58 3.9 0.6 15.9 11
GTS-107-2-4 3 Py3a 3.33E+08 0.0437 6.44E−06 −0.1 0.15 0.58 3.1 0.2 17.4 11
GTS-107-2-5 3 Py3a 3.16E+08 0.0437 4.52E−06 −0.2 0.10 0.57 3.1 0.2 17.4 11
GTS-201-1-7 3 Py3a 3.00E+08 0.0437 5.06E−06 −1.1 0.11 0.36 3.0 0.6 6.9 12
GTS-201-1-8 3 Py3a 3.06E+08 0.0436 4.29E−06 −2.2 0.10 0.36 3.0 0.6 6.9 12
GTS-208-5-1 3 Py3a 1.82E+08 0.0435 8.41E−06 −1.7 0.19 0.64 4.0 0.6 14.2 11
GTS-208-5-2 3 Py3a 1.77E+08 0.0435 1.07E−05 −2.0 0.24 0.65 4.0 0.6 14.2 11
GTS-225-4-6 3 Py3b 3.22E+08 0.0437 3.93E−06 −0.8 0.09 0.35 12.3 2.0 27.3 13
GTS-225-4-7 3 Py3b 3.13E+08 0.0436 4.70E−06 −1.6 0.11 0.36 12.3 2.0 27.3 13
GTS-225-4-8 3 Py3b 3.09E+08 0.0436 4.03E−06 −1.9 0.09 0.35 12.3 2.0 27.3 13
GTS-225-4-9 3 Py3b 2.98E+08 0.0437 5.34E−06 −0.3 0.12 0.36 12.3 2.0 27.3 13
GTS-154-1-1 3 Py3c 3.12E+08 0.0437 4.99E−06 0.1 0.11 0.36 14.6 2.1 51.0 11
GTS-154-1-3 3 Py3c 3.04E+08 0.0437 5.19E−06 −1.0 0.12 0.36 14.6 2.1 51.0 11
GTS-154-1-4 3 Py3c 2.94E+08 0.0437 6.54E−06 −1.2 0.15 0.37 14.6 2.1 51.0 11
GTS-154-1-5 3 Py3c 2.95E+08 0.0437 6.41E−06 −1.0 0.15 0.37 14.6 2.1 51.0 11
GTS-154-5-1 3 Py3d 3.09E+08 0.0438 4.06E−06 2.1 0.09 0.35 1.4 0.2 6.1 8
GTS-154-5-2 3 Py3d 3.04E+08 0.0437 5.13E−06 0.5 0.12 0.36 1.4 0.2 6.1 8
GTS-154-5-3 3 Py3d 2.95E+08 0.0437 4.89E−06 0.6 0.11 0.36 1.4 0.2 6.1 8
GTS-154-5-4 3 Py3d 2.96E+08 0.0437 6.61E−06 0.9 0.15 0.37 1.4 0.2 6.1 8
GTS-154-5-5 3 Py3d 3.07E+08 0.0437 5.91E−06 0.9 0.13 0.37 1.4 0.2 6.1 8
GTS-114-1-1 2 Apy2 1.78E+08 0.0434 9.57E−06 −2.8 0.22 0.75 13.0 0.7 30.2 7
GTS-114-1-2 2 Apy2 1.75E+08 0.0434 1.05E−05 −3.3 0.24 0.75 13.0 0.7 30.2 7
GTS-214-9-7 2 Apy2 1.72E+08 0.0434 1.00E−05 −5.9 0.23 0.65 13.1 0.2 85.9 14
GTS-214-8-1 2 Apy2 1.72E+08 0.0434 9.92E−06 −5.9 0.22 0.65 13.1 0.2 85.9 14
GTS-214-8-2 2 Apy2 1.68E+08 0.0434 7.08E−06 −5.5 0.16 0.63 13.1 0.2 85.9 14
GTS-107-2-1 3 Apy3a 1.92E+08 0.0436 1.20E−05 1.7 0.27 0.76 40.3 2.3 120.4 16
GTS-107-2-2 3 Apy3a 1.90E+08 0.0435 8.53E−06 0.5 0.19 0.74 40.3 2.3 120.4 16
GTS-107-2-3 3 Apy3a 1.85E+08 0.0435 1.06E−05 0.2 0.24 0.75 40.3 2.3 120.4 16
GTS-107-1-1 3 Apy3a 1.90E+08 0.0436 1.04E−05 1.1 0.24 0.75 40.3 2.3 120.4 16
GTS-208-5-3 3 Apy3a 3.05E+08 0.0437 5.29E−06 −1.1 0.12 0.36 22.1 0.7 91.6 20
GTS-208-5-4 3 Apy3a 2.96E+08 0.0437 5.07E−06 −1.0 0.11 0.36 22.1 0.7 91.6 20
GTS-201-1-1 3 Apy3a 1.74E+08 0.0436 8.93E−06 −1.3 0.20 0.64 88.7 2.7 203.4 16
GTS-201-1-2 3 Apy3a 1.71E+08 0.0435 1.21E−05 −2.2 0.27 0.67 88.7 2.7 203.4 16
GTS-201-1-3 3 Apy3a 1.76E+08 0.0435 1.12E−05 −3.7 0.25 0.66 88.7 2.7 203.4 16
GTS-201-1-4 3 Apy3a 1.76E+08 0.0435 9.64E−06 −3.1 0.22 0.65 88.7 2.7 203.4 16
GTS-225-4-1 3 Apy3b 1.77E+08 0.0436 8.66E−06 −1.3 0.20 0.64 102.3 2.9 367.0 15
GTS-225-4-2 3 Apy3b 1.78E+08 0.0435 7.15E−06 −1.7 0.16 0.63 102.3 2.9 367.0 15
GTS-225-4-3 3 Apy3b 1.78E+08 0.0436 8.61E−06 −1.5 0.20 0.64 102.3 2.9 367.0 15
GTS-225-4-4 3 Apy3b 1.77E+08 0.0435 8.63E−06 −2.2 0.20 0.64 102.3 2.9 367.0 15

Note: The ‘n’ represents the number of spots measured by LA–ICP–MS by Li et al. (2018).
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