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Abstract The contiguous region between Guangxi, Guizhou,
and Yunnan, commonly referred to as the Golden Triangle
region in SW China, hosts many Carlin-type gold deposits.
Previously, the ages of the gold mineralization in this region
have not been well constrained due to the lack of suitable
minerals for radiometric dating. This paper reports the first
SIMS U–Pb age of hydrothermal rutile crystals for the
Zhesang Carlin-type gold deposit in the region. The hydro-
thermal U-bearing rutile associated with gold-bearing sulfides
in the deposit yields an U-Pb age of 213.6 ± 5.4 Ma, which is
within the range of the previously reported arsenopyrite Re–
Os isochron ages (204 ± 19 to 235 ± 33 Ma) for three other
Carlin-type gold deposits in the region. Our new and more
precise rutile U-Pb age confirms that the gold mineralization
was contemporaneous with the Triassic W–Sn mineralization
and associated granitic magmatism in the surrounding re-
gions. Based on the temporal correlation, we postulate that
coeval granitic plutons may be present at greater depths in
the Golden Triangle region and that the formation of the

Carlin-type gold deposits is probably linked to the coeval
granitic magmatism in the region. This study clearly demon-
strates that in situ rutile U–Pb dating is a robust tool for the
geochronogical study of hydrothermal deposits that contain
hydrothermal rutile.
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Introduction

The Carlin-type gold deposits, which are among the largest hy-
drothermal gold deposits in the world (Kesler et al. 2005), are
present inNevada, USA, and southwestern China (Su et al. 2008,
2009a, b, 2012; Tretbar et al. 2000; Hu et al. 2002; Arehart et al.
2003; Kesler et al. 2005; Cline et al. 2005; Muntean et al. 2011;
Hu and Zhou 2012). This type of gold deposit is characterized by
low-temperature alteration such as decarbonation, argillization,
sulfidation, and silicification, by the association of Au with As,
Sb, Hg, and Tl, and by the occurrences of invisible gold within
arsenian pyrite crystals (Hofstra and Cline 2000; Hall et al. 2000;
Hu et al. 2002). Gold precipitation is thought to have taken place
during the sulfidation of iron-rich carbonates (Cline et al. 2005;
Su et al. 2008).

Reliable ages for the Carlin-type gold deposits are critical
for a better understanding of gold deposition and its relation-
ship to regional geological processes such as metamorphism
and magmatism. Various techniques have been used to deter-
mine the ages of the Carlin-type gold deposits in Nevada
(Arehart et al. 2003). It was suggested that the Carlin-type
gold deposits in Nevada formed between ∼33 and ∼40 Ma,
based on Rb–Sr dating of galkhaite (Tretbar et al. 2000), Ar–
Ar dating of adularia (Hall et al. 2000), and fission track dating
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of apatite (Chakurian et al. 2003). It was also suggested that
the ore formation took place during a tectonic transition
from compression to extension, based on the presence
of broadly coeval granitoids in the region (Arehart et al.
2003; Cline et al. 2005).

The ages of the Carlin-type gold deposits in the contiguous
region between Guangxi, Guizhou, and Yunnan, the so-called
Golden Triangle region in southwestern China, have not been
well constrained due to the lack of suitable minerals for radio-
metric dating. A number of isotopic dating methods, such as
Rb-Sr and Re-Os of sulfides, 40Ar–39Ar of sericite, and Rb-Sr
of inclusion fluids, have been applied to the Carlin-type gold
deposits in the Golden Triangle region, but the results are
highly variable, ranging from ∼80 to ∼270 Ma (Hu et al.
1995, 2002; Su et al. 1998, 2009a; Chen et al. 2009, 2015).
The extremely large variation is mainly from the Rb-Sr iso-
chron ages of sulfides and fluid inclusions that are not reliable
for dating hydrothermal deposits. For the sulfide Rb-Sr meth-
od, the problem is because both Rb and Sr are not hosted in the
sulfide structure but mainly in silicate mineral inclusions of
different origins. For the fluid-inclusion Rb-Sr method, the
problem is due to the presence of multiple generations of fluid
inclusions including secondary fluid inclusions in the sam-
ples. Excluding the data from these unreliable methods, the
results from the other methods give a more restricted age
range from ∼195 to 235 Ma for the Carlin-type gold deposits
in the Golden Triangle region in SW China (Chen et al. 2009,
2015). The sericite in the quartz veins of the Lannigou Carlin-
type gold deposit in the region yielded a precise 40Ar/39Ar
plateau age of 194.6 ± 2 Ma (Chen et al. 2009). The arseno-
pyrite crystals from the Lannigou, Jinya, and Shuiyindong
Carlin-type gold deposits in the region yielded the less precise
Re-Os isochron ages of 204 ± 19, 206 ± 22, and 235 ± 33Ma,
respectively (Chen et al. 2015).

Rutile (TiO2) commonly occurs as a minor phase not only
in magmatic and metamorphic rocks but also in hydrothermal
alteration assemblages. It contains trace amounts of U in the
structure (usually 0.1 to 10 s ppm−1), enough for U-Pb isotope
determination (Li et al. 2003, 2011; Meinhold 2010). Rutile
has a closure temperature of >500°C for U-Pb diffusion (Vry
and Baker 2006; Kooijman et al. 2010). These two properties
together make rutile a useful geochronometer. As a result,
rutile has been used to date magmatic and metamorphic rocks
by many researchers (Bibikova et al. 2001; Hirdes and Davis
2002; Li et al. 2003, 2011) and to date hydrothermal deposits
by a few researchers (Doyle et al. 2015).

We have employed in situ SIMSU–Pb dating of hydrother-
mal rutile to determine the age of the Zhesang Carlin-type
gold deposit in the Golden Triangle region in SW China.
This is the first time that this method is applied to the study
of hydrothermal deposits in China. The new age and its
significance in regional metallogeny are the main
focusses of the paper.

Geological background

Regional geology

The South China Block consists of the Yangtze Craton to the
north and the Cathaysian Block to the south (Fig. 1). The
South China Block, the North China Craton, and the
Indochina Block were amalgamated in the Mesozoic (Zhou
et al. 2006; Wang et al. 2007). A lot of Carlin-type gold de-
posits are present in a contiguous region between Yunnan,
Guizhou, and Guangxi Provinces in the southwestern part of
the Yangtze Craton (Tu 1992; Hu et al. 2002). This region is
commonly referred to as the Golden Triangle Region. These
deposits have proven gold reserves of ca. ∼800 t at an average
grade of 4.5 g t−1 Au.

The basement of the Yangtze Craton is composed of Late
Archean metamorphic rocks in the north and younger, only
weakly metamorphosed Mesoproterozoic-Neoproterozoic
meta-sedimentary rocks in the west and east, intruded by
abundant Neoproterozoic igneous rocks in the west (Zhou
et al. 2002). The sedimentary cover of the Yangtze Craton
consists mainly of a thick Cambrian to Triassic carbonates
and shales sequence of marine origin, and Jurassic,
Cretaceous, and Cenozoic strata of continental facies (Yan
et al. 2003). The Yanshanian (Jurassic to Cretaceous)
and Indosinian (Triassic) magmatism produced volumi-
nous granitic plutons and many associated W-Sn ore
deposits within the Cathaysian Block and in the south-
ernmost part of the Golden Triangle Region in the SW
part of the Yangtze Craton (Hu and Zhou 2012; Hu
et al. 2012a, b; Mao et al. 2013).

Deposit geology

The Golden Triangle region is located in the southwestern part
of the Yangtze Craton. It encompasses the northern
Nanpanjiang fold belt formed by convergent tectonics be-
tween the Indochina and the South China Blocks in the
Triassic (Yin and Nie 1996). The Zhesang Carlin-type gold
deposit occurs in the Funing County of Yunnan Province. This
deposit contains a proven gold reserve of ∼20 t at an average
grade of 4 g t−1 Au. It is a representative Carlin-type gold
deposit in the region (Fig. 1). Regionally, the folded strata
are composed of Devonian–Permian limestones, sandstones
and mudstones, and minor Triassic clastic sedimentary rocks
(Fig. 2). Rare Permian mafic sills and dykes with zircon U-Pb
ages of ∼260 Ma related to the Emeishan mantle plume are
also present in this region (Zhou et al. 2006). The gold min-
eralization occurs in the northeast-trending fault zones within
the Permian calcareous clastic sedimentary rocks of the
Wujiaping Formation or in the contacts between the Permian
mafic sills/dykes and the Triassic clastic sedimentary rocks of
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Fig. 2 Regional geological map
of the Zhesang gold deposit
(modified from Dai et al. 2014)

Fig. 1 Distribution of the Carlin-
type gold deposits in the Golden
Triangle region in SW China
(modified from Hu and Zhou
2012). NCC North China Craton,
QL-DB Qingling-Dabie orogenic
belt, YC Yangtze Craton, CB
Cathaysian Block, SMS Songma
Suture, IB Indochina Block
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the Luolou Formation. The deposit consists of eight ore bod-
ies. Two of them, III and VIII, occur in the contacts (Fig. 3).

Hydrothermal alteration associated with gold mineraliza-
tion in the deposit includes silicification, carbonatization,
sericitization, and sulfidation. The sulfide assemblages are
predominately composed of arsenian pyrite and arsenopyrite
that host invisible gold. The gangue minerals include quartz,
calcite, and dolomite. The occurrences of gold and style of
alteration are very similar to other Carlin-type gold deposits
in the region (Hu et al. 2002; Su et al. 2008, 2012). Based on
fluid inclusion data, the formed T-P conditions of the Zhesang
Carlin-type gold deposit were estimated to be between ∼100
and 250°C, and between 11 and 59 bars that correspond to the
lithological depths between 200 and 2200 m (Dai et al. 2014).
Based on detailed studies of fluid inclusions, however, Dong
et al. (2016) suggested that the highest metallogenic tempera-
ture for the Carlin-type gold deposit hosted in contact between
mafic and sedimentary rocks was higher than 300°C.

Rutile crystals are present in the altered, mineralized mafic
igneous rocks within orebody III. They are the integral com-
ponents of the Au-bearing arsenopyrite and pyrite assem-
blages. The rutile grains are yellow-brown and up to
1500 μm in length. Most of them have lengths around
500 μm (Fig. 4). The associated arsenopyrite and pyrite con-
tain Au between 210 and 840 ppm (Table 1). The Zr contents
of the hydrothermal rutile crystals, determined by in situ LA-

ICP-MS method, are from 11 to 20 ppm (Table 2), which are
one order of magnitude lower than the concentrations of Zr in
igneous rutile crystals in the fresh mafic dykes in the region
(278 to 5820 ppm). Using the Zr-in-rutile thermometer of
Zack et al. (2004a), the crystallization temperatures of the
hydrothermal rutile crystals in the orebody III of the
Zhesang Carlin-type gold deposit were estimated to be be-
tween 290 and 375°C. In contrast, the crystallization temper-
atures of the igneous rutile crystals in the fresh mafic dykes
were estimated to be between 730 and 1230°C.

Sampling and analytical methods

Rutile crystals were identified in the polished thin sections of a
mineralizedmafic dyke sample (ZSH-07) from the orebody III
of the Zhesang Carlin-type gold deposit. The rutile grains then
were separated from the whole rock using heavy liquids and
magnetic separation, and hand-picking under a microscope.
The selected grains were mounted in epoxy resin disks togeth-
e r w i t h t h e DXK ru t i l e s t a nda r d ( 2 0 6Pb / 2 3 8U
age = 1782.6 ± 2.8 Ma, Li et al. 2013) and an in-house rutile
mega-crystal standard (JDX; 206Pb/238U age = 518 ± 4 Ma; Li
et al. 2013), and then polished, cleaned, and gold-coated for in
situ chemical and isotopic measurements.

Major and trace element compositions and back-scattered
electron images of rutile, pyrite, and arsenopyrite were

Fig. 3 Geological map of the
Zhesang gold deposit (modified
from Dai et al. 2014)
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Fig. 4 Photomicrographs of
rutile in the hydrothermally
altered mafic dyke of the Zhesang
gold deposit. a–f Rutile
intergrowth with gold-bearing
sulfide assemblages and e gold-
bearing pyrite in rutile crystal.
Apy arsenopyrite, Py pyite, Rt
rutile, Q quartz. Red point stands
for the location of EMPA analysis

Table 1 Compositions of pyite
and arsenopyrite from the
Zhesang gold deposit (wt%)

No. Mineral As Ag Co Ni Au S Fe Cu Total

1 Apy 40.15 0.01 0.01 0.01 0.04 22.63 34.16 0.02 97.03

2 Apy 41.57 0 0.01 0.03 0.08 21.95 34.10 0.01 97.85

3 Apy 42.33 0 0 0.01 0.03 22.35 34.19 0.03 98.96

4 Apy 39.66 0 0.01 0.01 0.03 23.75 34.43 0 97.92

5 Apy 43.55 0 0.01 0 0.03 21.46 33.55 0 98.62

6 Apy 40.06 0 0 0 0.03 23.33 34.39 0.01 97.84

7 Apy 41.31 0.02 0 0 0.05 22.33 34.36 0.01 98.18

8 Apy 42.65 0 0.08 0.44 0.08 20.99 33.39 0 97.76

9 Py 5.77 0.06 0.12 0.01 0.03 47.26 44.25 0.02 97.51

10 Py 5.05 0 0.03 0.06 0.07 47.31 45.40 0.05 97.97

11 Py 3.17 0 0.01 0.01 0.02 49.02 45.91 0.01 98.14
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acquired using a JOEL-8230 electron microprobe at Guilin
University of Technology. Quantitative analysis was carried
out using the X-ray wavelength dispersive spectrometry,
whereas mineral identification was done using the energy dis-
persive X-ray patterns. The compositions of arsenopyrite were
determined under the conditions of 25-keV accelerating volt-
age, 10–40-nA beam current, and 10-s counting time. Under
these conditions, the detection limit for gold is estimated to be
∼400 ppm. The standards used were natural marcasite for Fe
and S, GaAs (Alfa, Aesar, USA) for As, cuprite for Cu,
crocoite for Cr, and native gold for Au.

Raman spectroscopy was conducted on the sample at 50–
1500 cm−1 using a confocal laser Raman instrument (Horiba
JobinYvon, LabRAM HR800, England) equipped with a full-
area charge-coupled device detector and an Ar laser of
514.5 nm with an incident power 50 mW. An aqueous
NaNO3 saturated solution was used as reference to avoid sig-
nal fluctuation during the analysis.

The measurements of U–Pb isotopes of rutile were per-
formed using a CAMECAIMS-1280 ion microprobe in the
Institute of Geology and Geophysics, Chinese Academy of

Sciences in Beijing. The instrumental conditions and mea-
surement procedures were similar to those given in Li
et al. (2011). AnO2

− primary-ion beam was accelerated
at 13 kV with an intensity of ∼15 nA. The aperture
illumination mode (Kohler illumination) was used with
a ∼200-μm aperture to produce even sputtering over the
entire analyzed area. The ellipsoidal spot was approxi-
mately 20 × 30 μm in size. Positive secondary ions
were extracted with a 10-kV potential. A mass resolu-
tion of ∼7000 was used, and the magnet was cyclically
peak-stepped to capture the signals of 206Pb+, 207Pb+,
208Pb+, U+, UO+, ThO+, UO2+, and 49TiO4

+. A single
ion-counting electron multiplier was used as the detec-
tion device. Each measurement comprises 10 cycles dur-
ing a total analytical duration of ∼15 min, including 2-
min rastering prior to the actual analysis to reduce the
contribution of surface contaminant Pb. Baseline was
measured before each session to make sure the good
analytical conditions. The normal baseline is <0.01 cps
on the EM, which is negligible for all the signals. DXK
rutile was used as the standard to calibrate the Pb/U

Table 2 Compositions of rutile
from the Zhesang gold deposit
(wt%, Zr in ppm)

No. WO3 SrO TiO2 PbO UO2 V2O3 Cr2O3 FeO Zr Total

1 0.36 0.04 97.61 0.02 0.01 1.74 0.05 0.21 nd 100.05

2 4.67 91.90 1.74 0.12 0.70 13.1 99.13

3 1.16 94.51 0.03 1.50 0.14 0.34 15.8 97.70

4 2.55 95.23 0.05 1.31 0.17 0.36 18.0 99.72

5 0.66 97.12 0.02 1.57 0.22 0.36 18.8 99.94

6 2.50 94.91 0.01 1.33 0.06 0.28 16.3 99.16

7 2.73 93.97 1.26 0.34 0.29 14.5 98.61

8 0.39 95.53 0.03 1.98 0.19 0.04 11.8 98.16

9 3.17 95.20 0.02 1.28 0.48 0.35 10.5 100.50

10 3.38 93.84 0.01 1.27 0.06 0.56 19.8 99.14

11 0.49 0.07 97.88 0.05 1.53 1.02 0.03 19.7 101.06

12 5.02 92.92 0.09 0.14 1.89 1.03 0.44 14.1 101.57

13 5.00 91.83 1.61 0.61 0.53 19.5 99.57

14 4.77 0.01 91.15 0.01 1.76 0.65 0.47 16.2 98.81

15 0.55 95.66 0.01 1.50 0.84 0.03 11.2 98.68

16 4.37 94.73 0.03 0.04 1.27 0.67 0.61 nd 101.73

17 0.39 98.95 0.02 0.10 1.20 0.31 0.22 18.9 101.23

18 5.62 91.26 0.02 0.02 1.32 2.22 0.17 15.2 101.65

19 4.79 93.94 0.04 1.53 0.58 0.63 11.9 101.50

20 5.02 93.13 0.05 1.55 0.92 0.58 nd 101.24

21 4.22 94.76 0.04 1.29 0.77 0.55 nd 101.62

22 0.60 96.59 0.02 1.46 0.77 0.02 nd 99.45

23 4.84 93.06 1.60 0.93 0.45 nd 100.88

24 3.12 93.47 0.02 1.42 0.82 0.26 nd 99.11

25 4.34 0.03 93.47 0.01 1.86 0.71 0.34 nd 100.755

Blank is below detection limit

nd not determined
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fractionation, and JDX rutile as an unknown to monitor
the whole analytical procedure. The uncertainty of Pb/U
ratio for single spot is a combination of the standard
deviation of calibration curve from the DXK standards
and the internal precision. The uncertainty of Pb/Pb ra-
tio is from the internal precision. The U–Pb isotopic
ages were calculated using the decay constants recom-
mended by Sterger and Jäger (1977) and the Isoplot/Ex
software (Ludwig 2003). The reported results have 95%
confidence in accuracy.

Results

Rutile texture and composition

Laser micro-Raman spectroscopy was used to identify the
mineral polymorphs of TiO2 minerals. A compilation of
Raman spectrum for standard TiO2 minerals (brookite,
anatase, and rutile; Meinhold 2010) is shown in Fig. 6.
Rutile is characterized by the peaks at wavenumbers 143,
247, 447, and 612 cm−1, anatase by the peaks at wavenumbers
144, 197, 400, 516, and 640 cm−1, and brookite by the peaks
at wavenumbers 153, 247, 322, and 636 cm−1 (Porto et al.
1967; Meinhold 2010). The spectrum shows that the TiO2

mineral from the Zhesang Carlin-type gold deposit (ZSH-7-
1) is most similar to rutile (Fig. 5).

Table 2 shows the chemical compositions of the selected
rutile crystals from the Zhesang Carlin-type gold deposit, de-
termined by EPMA (Zr by LA-ICP-MS). The rutile crystals
studied contain 91.15 to 97.61 wt% TiO2, with minor WO3,
Cr2O3, Nb2O5, V2O3, and FeO. The abundance of WO3

ranges from 0.36 to 5.62 wt%, with a mean value of
2.95 wt%. The abundance of V2O3 varies from 1.21 to
1.98 wt%, with a mean value of 1.5 wt%. The abundance of
Cr2O3 is from 0.05 to 2.22 wt%, with a mean value of
1.10 wt%. The abundance of Zr is from 10.5 to 19.8 ppm,
with a mean value of 16.4 ppm.

SIMS U-Pb data for rutile

A total of twenty-seven measurements were conducted on the
selected rutile crystals from the Zhesang Carlin-type gold de-
posit. The U–Pb data for the selected rutile grains are listed in
Table 3 and illustrated in Fig. 6. The measured U contents
range from 4 to 27 ppm, mostly close to 10 ppm (Table 3).
The proportions of common lead are high, with f206 values
varying between 65 and 89%. On the Tera–Wasserburg plot
constructed with the total Pb composition and total Pb/U ratio,
linear regression of the data points (MSWD = 0.95) gives a
lower intercept age of 213.6 ± 5.4 Ma (2σ) and the upper
intercept of 207Pb/206Pb = 0.86 ± 0.06 for the common Pb
(Fig. 6).

Discussion

Precipitation of rutile during gold mineralization

There are several possible and common substitutions for tita-
nium in rutile, such as Al, V, Cr, Fe, Zr, Nb, Sn, Sb, Hf, Ta, W,
and U (Bromiley and Hilairet 2005; Carruzzo et al. 2006).
These elements may be used to trace the source for rutile
(Rudnick et al. 2000; Zack et al. 2002; Zack et al. 2004a, b;
Clark and Williams-Jones 2004; Scott 2005; Scott and
Radford 2007). The high-field strength elements such as Nb
and Ta may be used to identify an igneous protolith formed by
subduction-related magmatism (Rudnick et al. 2000). The Cr
and Nb abundances in rutile can also be used to identify
source lithologies, such as metapelitic versus metamafic rocks
(Zack et al. 2002, 2004b). Rutile from hydrothermal metallic
ore deposits is commonly characterized by high abundances

Fig. 5 Comparison of Raman spectra between the standard TiO2

minerals (brookite, anatase, and rutile; Meinhold 2010) and ZSH-7-1
from the Zhesang gold deposit
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of W, V, Sr, Cu, Sn, and Sb, which can be used to distinguish
hydrothermal rutile crystals from those in igneous and meta-
morphic rocks (Clark and Williams-Jones 2004; Scott 2005,
Scott and Radford 2007).

The rutile crystals in the Zhesang Carlin-type gold deposit
are enriched inW (WO3, 0.36–5.62 wt%) and V (V2O3, 1.20–
1.98 wt%) (Table 2). HighW concentrations in the rutile crys-
tals might indicate the involvement of hydrothermal fluids
during rutile precipitation (Clark and Williams-Jones 2004).
High V in rutile is a good indicator of hydrothermal origin
(Scott 2005). The observed high concentrations of W and V
indicate that the rutile crystals from the Zhesang Carlin-type
gold deposit are of hydrothermal origin. This is also supported
by their low Zr concentrations and low estimated crystalliza-
tion temperatures between 290 and 375°C as described above.

Clark and Williams-Jones (2004) summarized the Ti, Fe,
Cr, V, and W contents of rutile from various metamorphosed
hydrothermal gold deposits, from which the hydrothermal

Table 3 Rutile U–Pb data analyzed by Cameca IMS-1280 ion microprobe (U and Th in ppm)

Sample/spot U Th/U 238U/206Pb ±σ% 207Pb/206Pb ±σ% T207/206
Age (Ma)

±σ f206

Sample ZSH-07

ZSH -07@100 9 26.1 7.563 5.0 0.6449 1.5 222.6 27.3 0.75

ZSH -07@105 25 24.9 6.391 6.7 0.6752 1.2 226.3 33.6 0.78

ZSH -07@107 4 23.7 8.155 5.9 0.6069 1.8 242.7 26.5 0.70

ZSH -07@110 6 25.9 7.986 4.6 0.6499 1.7 206.0 26.3 0.75

ZSH -07@112 15 26.6 5.787 3.6 0.6929 1.5 225.9 36.3 0.80

ZSH -07@114 21 25.0 7.611 3.6 0.6335 1.6 232.8 26.1 0.73

ZSH -07@116 7 23.9 3.301 3.0 0.7771 1.0 196.8 67.8 0.90

ZSH -07@120 9 23.1 9.414 4.2 0.5999 2.1 216.3 22.0 0.69

ZSH -07@123 9 17.7 9.755 3.6 0.6169 1.1 195.3 19.3 0.71

ZSH -07@17 6 22.0 7.256 4.5 0.6644 2.0 211.1 30.2 0.77

ZSH -07@18 4 23.3 11.632 3.7 0.5593 1.9 202.6 16.6 0.65

ZSH -07@34 7 22.9 7.830 6.1 0.6255 1.7 234.2 27.8 0.72

ZSH -07@4 12 19.6 10.332 4.8 0.5805 2.3 211.9 20.8 0.67

ZSH -07@40 7 16.3 7.114 6.1 0.6915 1.9 185.8 32.5 0.80

ZSH -07@44 11 21.7 8.429 3.7 0.6306 1.2 213.1 22.8 0.73

ZSH -07@46 5 18.9 7.781 3.3 0.6398 2.3 221.5 27.9 0.74

ZSH -07@51 6 25.3 7.427 5.6 0.6396 1.6 232.1 28.8 0.74

ZSH -07@53 5 31.4 6.725 4.1 0.6795 1.3 210.2 30.5 0.79

ZSH -07@56 5 22.0 9.849 3.3 0.5989 2.0 207.6 20.1 0.69

ZSH -07@58 8 20.8 7.638 6.8 0.6426 1.6 222.8 29.0 0.74

ZSH -07@62 6 14.4 3.309 3.6 0.7626 1.3 230.3 68.3 0.88

ZSH -07@75 19 23.9 4.450 3.8 0.7525 0.8 189.4 48.2 0.87

ZSH -07@76 11 24.9 6.695 4.3 0.6727 1.5 219.0 31.1 0.78

ZSH -07@78 7 25.2 8.804 4.8 0.6338 1.7 201.3 23.7 0.74

ZSH -07@96 10 24.3 8.859 6.2 0.6187 1.4 213.3 24.1 0.72

ZSH -07@98 8 20.3 6.738 6.1 0.6580 1.5 234.5 32.1 0.76

ZSH -07@99 9 23.4 8.311 4.7 0.6379 2.0 209.3 25.9 0.74

Fig. 6 Tera-Wasserburg plot for U–Pb data of rutile crystals from the
Zhesang gold deposit
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rutile in ores and altered rocks could be clearly distinguished
from those in unaltered fresh wallrocks (Fig. 7). The observed
concentrations of these elements in rutile from the Zhesang
Carlin-type gold deposit are consistent with the interpretation
of a hydrothermal origin for the rutile (Fig. 7). Other evidence
for a hydrothermal origin of the selected rutile crystals from
the Zhesang Carlin-type gold deposit includes their occur-
rences as intergrowths with the gold-bearing sulfides (Fig. 4)
and the presence of gold-bearing pyrite in some of the selected
rutile crystals (Fig. 4e), further indicating that the rutile pre-
cipitated together with gold mineralization. Therefore, the
213.6 ± 5.4 Ma U-Pb isotope age of the selected rutile crystals
can be regarded as the crystallization age of rutile from the
gold-bearing hydrothermal fluid or the recrystallization age of
rutile during the interaction between the gold-bearing hydro-
thermal fluids and the mafic dyke. Either way, the rutile U-Pb
age of 213.6 ± 5.4 Ma can be used to represent the formation
age of the deposit.

Comparison of different dating methods for Carlin-type
gold deposits

A number of isotopic dating methods, mainly including pyrite
Rb-Sr and Re-Os, sericite 40Ar–39Ar, and inclusion-fluid Rb-
Sr, have been applied to the Carlin-type gold deposits in the
Golden Triangle, SW China. The results from the various
types of methods do not agree with each other very well and
have hampered our understanding of ore genesis for this type
of deposits (Hu et al. 1995, 2002; Su et al. 1998, 2009a; Zhang
and Yang 1992; Chen et al. 2009, 2015). As pointed out
briefly above, the Rb-Sr isochron methods of pyrite and fluid
inclusions are not reliable and should all be abandoned.

Au-bearing pyrite in the Carlin-type gold deposits is com-
monly zoned, with a core formed in the diagenetic stage of
sedimentary rocks and an Au-bearing arsenian pyrite ring
formed in the Au precipitation stage from hydrothermal fluids
(Hofstra and Cline 2000; Hu et al. 2002; Cline et al. 2005; Su
et al. 2008). As a result, pyrite Re–Os and Rb-Sr isotopic
dating commonly yield a mixing age, not the true age for the
crystallization of the rim that formed during gold mineraliza-
tion. The large errors of the pyrite Re-Os and Rb-Sr isotope
ages for the Carlin-type gold deposits in the Golden Triangle
region in SW China underscore this problem.

40Ar–39Ar dating of sericite is widely used for the study of
Carlin-type gold deposits. In Nevada, this method has pro-
duced a large number of different ages that are difficult to
interpret (Arehart et al. 2003). The reason is probably due to
the fact that sericite alteration can be primary (Au mineraliza-
tion) as well as secondary (hydrothermal overprinting or post-
ore thermal perturbation). As a result, the 40Ar–39Ar ages of
sericite crystals must be interpreted with extreme caution
(Arehart et al. 2003).

In situ U-Pb dating of hydrothermal rutile is clearly a prom-
ising new method for any type of hydrothermal deposits in-
cluding Carlin-type gold deposits as long as this phase is pres-
ent in the mineralization assemblages. As described above,
our new rutile U-Pb age of 213.6 ± 4.6 Ma for the Zhesang
Carlin-type gold deposit is within the range of the previously
reported Re–Os isochron ages of arsenopyite crystals from
three other Carlin-type gold deposits in the region (204 ± 19
to 235 ± 33 Ma; Chen et al. 2015). However, the error for the
rutile U-Pb age is significantly lower.

Geodynamic setting of gold mineralization

It is very interesting that the ages of the Carlin-type gold
deposits in the Golden Triangle region are similar to those of
W–Sn deposits and the associated S-type granitoids in the
surrounding region. The molybdenite Re–Os isotope ages
for the W–Sn deposits and the zircon U-Pb isotope ages for
host granite plutons vary similarly between 205 and 230 Ma
(Cai et al. 2006; Ding et al. 2005; Wang et al. 2005, 2007; Wei
et al. 2007; Feng et al. 2011; Hu and Zhou 2012; Mao et al.
2013).

Previously, the Carlin-type gold deposits in the Golden
Triangle region were thought to be temporally related to the
Yanshanian Orogeny (Hu et al. 2007; Mao et al. 2013, and
references therein), which resulted from the westward subduc-
tion of the Paleo-Pacific plate (Mao et al. 2013; Su et al.
2009a, b). Our new rutile U-Pb isotopic age for the
Zhesang gold deposit and the recently reported arsenopyite
Re-Os isochron ages for the Shuiyindong, Jinya, and
Lannigou Carlin-type gold deposits (Chen et al. 2015) in the
Golden Triangle are inconsistent with such interpretation.

Fig. 7 Summary of Ti, Fe, Cr, V, and W contents of rutile from
hydrothermal gold deposits. The black solid squares were the plots of
rutile from orebody III of the Zhesang gold deposit. The two shadow
fields are from Clark and Williams-Jones (2004)
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Instead, a genetic link to the Indosinian (Triassic) Orogeny is
inferred.

The Indosinian Orogeny in South China occurred approx-
imately at 254–242 Ma (Carter et al. 2001; Cai et al. 2006).
The E–W-trending folds in the Golden Triangle region are the
result of N-S compression tectonics during the Indosinian
Orogeny (Xu et al. 1992; Zhang and Jiang 1994). The south-
west margin of the South China Block experienced substantial
horizontal shortening during the continental collision between
the Indochina and the South China Blocks (Wang et al. 2005,
2007). The collision occurred between 258 ± 6 and
243 ± 5 Ma, resulting in significant crustal thickening and
the closure of the Paleotethys Ocean at ∼245 Ma (Carter
et al. 2001; Lepvrier et al. 2004). The Indosinian Orogeny also
produced abundant granitoids in the southeastern parts of the
South China Block (Wang et al. 2005; Zhou et al. 2006).

Triassic peraluminous granitoids with ages ranging from
205 to 252 Ma are widespread in the Cathaysian Block,
forming a prominent E-W-trending granite belt (Zhou et al.
2006). Zhou et al. (2006) proposed that the Early-Middle
Triassic granite plutons in this belt are syn-collisional, where-
as the Middle-Late Triassic granite plutons are post-collision-
al. The post-collisional peraluminous granite plutons (∼230–
205 Ma) are significantly younger than the Indosinian
Orogeny and the associated regional metamorphism (∼254–
242 Ma), consistent with an extensional tectonic setting after
collision.

Two granite-related W-Sn deposits (the Xinzai Sn deposit
and the Nanyangtian W deposit; Fig. 1) with a similar age of
∼210 Ma occur ∼100 km west of the Zhesang Carlin-type
gold deposit (Feng et al. 2011). It is possible that the
Middle-Late Triassic granite plutons that formed in a post-
collisional extensional tectonic setting are also present in the
Golden Triangle region at depth but have not been exposed on
the surface. We further postulate that the formation of the
Carlin-type gold deposits in the Golden Triangle region is
linked to such tectonic-magmatic event, similar to the model
that was proposed for the Carlin-type gold deposits in Nevada
(Cline et al. 2005; Muntean et al. 2011).

Conclusions

Hydrothermal rutile intergrown with gold-bearing sulfides is
present in the Zhesang Carlin-type gold deposit in the Golden
Triangle region in SW China. The rutile crystals yielded a U-
Pb age of 213.6 ± 5.4 Ma, which is interpreted to represent the
timing of gold precipitation from the Zhesang hydrothermal
system. This age is within the range of hydrothermal W-Sn
deposits and the associated S-type granitoids in the surround-
ing regions.

Our new age data show that the Indosinian (Triassic) gold
mineralization in the Golden Triangle region in SWChina was

not related to the westward subduction of the Paleo-Pacific
plate. Instead, it might be linked to the emplacement of coeval,
widespread granite plutons in an extensional tectonic setting
after the collision between the Indochina and the South China
Blocks.

The results from this study indicate that U–Pb dating of
hydrothermal rutile is a promising tool to determine the ages
of a variety of hydrothermal deposit including Carlin-type
gold deposits so long as it is present in the deposits.
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