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Abstract
The Youjiang basin on the southwestern margin of the Yangtze block in southwestern China is the world’s 
second largest Carlin-type gold province after Nevada, USA. The lack of precise age determinations on gold 
deposits in this province has hindered understanding of their genesis and relation to the geodynamic setting. 
Although most Carlin-type gold deposits in the basin are hosted in calcareous sedimentary rocks, ~70% of the 
ore in the Badu Carlin-type gold deposit is hosted by altered and sulfidized dolerite. Although in most respects 
Badu is similar to other Carlin-type gold deposits in the province, alteration of the unusual dolerite host pro-
duced hydrothermal rutile and monazite that can be dated. 

Field observations show that gold mineralization is spatially associated with, but temporally later than, dol-
erite. In situ secondary ion mass spectrometry (SIMS) U-Pb dating on magmatic zircon from the least altered 
dolerite yielded a robust emplacement age of 212.2 ± 1.9 Ma (2σ, mean square of weighted deviates [MSWD] 
= 0.55), providing a maximum age constraint on gold mineralization. The U-Th/He ages of detrital zircons from 
hydrothermally mineralized sedimentary host rocks at Badu and four other Carlin-type gold deposits yielded 
consistent weighted mean ages of 146 to 130 Ma that record cooling from a temperature over 180° to 200°C 
and place a lower limit on the age of gold mineralization in the basin. 

Hydrothermal rutile and monazite that are coeval with gold mineralization have been identified in the min-
eralized dolerite. Rutile is closely associated with hydrothermal ankerite, sericite, and gold-bearing pyrite. It 
has high concentrations of W, Fe, V, Cr, and Nb, as well as growth zones that are variably enriched in W, Fe, 
Nb, and U. Monazite contains primary two-phase fluid inclusions and is intergrown with gold-bearing pyrite 
and hydrothermal minerals. In situ SIMS U-Pb dating of rutile yielded a Tera-Wasserburg lower intercept age 
of 141.7 ± 5.8 Ma (2σ, MSWD = 1.04) that is within error of the in situ SIMS Th-Pb age of 143.5 ± 1.4 Ma (2σ, 
MSWD = 1.5) on monazite. These ages are ~70 m.y. younger than magmatic zircons in the host dolerite and 
are similar to the aforementioned U-Th/He cooling ages on detrital zircons from hydrothermally mineralized 
sedimentary host rocks. We, therefore, conclude that the Badu Carlin-type gold deposit formed at ca. 144 Ma. 
The agreement of the rutile and monazite ages with the U-Th-He cooling ages of Badu and four other Carlin-
type gold deposits in the Youjiang basin suggests that ca. 144 Ma is representative of a regional Early Cretaceous 
Carlin-type hydrothermal event formed during back-arc extension. 

Introduction
Carlin-type gold deposits in Nevada, USA, and the Youjiang 
basin, southwestern China, are some of the most important 
producers of gold in the world (Hu et al., 2002, 2017; Cline 
et al., 2005; Cline, 2018; Su et al., 2018). These deposits are 
primarily hosted in carbonate-bearing sedimentary rocks and 
characterized by carbonate dissolution, silicification, sulfida-
tion, and argillic alteration (Hu et al., 2002, 2017; Hofstra 
and Cline, 2000; Cline et al., 2005; Cline, 2018; Kesler et al., 
2005). Gold occurs mainly as invisible forms of structurally 
bounded Au1+ and/or nanoparticles in arsenian pyrite (Simon 
et al., 1999; Palenik et al., 2004; Reich et al., 2005; Su et al., 
2008, 2012). In whole rocks, Au is associated with anomalous 

concentrations of As, Sb, Hg, and Tl, as well as high Au/Ag 
ratios (Cline et al., 2005; Hu et al., 2017). Nevada and the 
Youjiang basin are endowed with approximately 7,000 and 
800 tons (t) of gold, respectively, making them the most im-
portant metallogenic provinces for Carlin-type gold deposit in 
the world (Hu et al., 2017; Muntean and Cline, 2018). 

Resolving mineralization age and its relationship to geody-
namics is a fundamental step in understanding the ore gen-
esis (e.g., Rasmussen et al., 2006). However, this constraint is 
particularly difficult to achieve for Carlin-type gold deposits, 
stemming partly from the fine-grained nature of the ore and 
gangue minerals and partly from the lack of minerals clearly 
related to gold mineralization that are amenable to radiomet-
ric dating (Hu et al., 2002, 2017; Arehart et al., 2003). In Ne-
vada, the timing of Carlin-type gold mineralization had been 
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well constrained in a narrow range of ~42 to 36 Ma by precise 
U-Pb and Ar-Ar dates on pre- and post-ore dikes and Rb-
Sr and Ar-Ar dates on hydrothermal galkhaite and adularia, 
which are clearly associated with gold formation (Hofstra et 
al., 1999; Tretbar et al., 2000; Arehart et al., 2003; Cline et al.,  
2005). This range reveals that the Carlin-type gold deposits 
in Nevada formed during the transition from contraction to 
extension resulting from rollback of the Farallon plate and 
provides evidence for the close relationship between gold 
mineralization and magmatism (Hofstra et al., 1999; Cline et 
al., 2005; Ressel and Henry, 2006; Muntean et al., 2011). Un-
fortunately, igneous dikes are rare and galkhaite and adularia 
have not been reported from Carlin-type gold deposits in the 
Youjiang basin. Significant efforts have been expended in at-
tempts to date Carlin-type gold deposits in the Youjiang basin, 
and the best constraints are from bulk analyses of mineral sep-
arates, such as those from calcite Sm-Nd, sulfide Re-Os, and 
sericite Ar-Ar dating (Su et al., 2009b; Wang, 2013; Chen et 
al., 2009a, 2015; Pi et al., 2016; Dong, 2017; Jin, 2017). Most 
of these dates, however, are of questionable reliability because 
of the broad range of ages obtained, their large errors, mul-
tiple stages of sulfides and sericite, low Re and Os contents of 
sulfides, and equivocal relationships between the dated min-
erals and gold formation. In situ dating on hydrothermal rutile 
and apatite also yielded significantly different ages of 214 and 
142 Ma, respectively (Pi et al., 2017; Chen et al., 2019). Thus, 
there is no consensus on the age of Carlin-type gold deposits 
in the Youjiang basin, which has made it difficult to relate gold 
mineralization to specific geologic events and processes. 

In Nevada, low-temperature thermochronology was also 
utilized to constrain the age of Carlin-type mineralization 
when other minerals clearly associated with gold formation 
were lacking (Arehart et al., 1993, 2003; Hofstra et al., 1999; 
Chakurian et al., 2003). However, zircon and apatite fission 
track systems have closure temperatures of 230° to 270°C and 
90° to 120°C, respectively (Brandon et al., 1998; Ketcham et 
al., 1999; Reiners, 2005), which are higher and much lower 
than ore-forming temperatures of 180° to 240°C for Carlin-
type gold deposits (Hu et al., 2002; Cline et al., 2005; Su et 
al., 2009a). Thus, these systems generally yielded a wide range 
of older or younger ages than that of Carlin-type gold min-
eralization in Nevada (Hofstra et al., 1999; Chakurian et al., 
2003). In contrast, the zircon U-Th/He system has a closure 
temperature of 180° to 200°C (Reiners, 2005), which is low 
enough to be completely reset by hydrothermal activity asso-
ciated with Carlin-type gold mineralization but high enough 
to decrease the possibility that the recorded ages are erased 
by postmineralization thermal events. Zircon U-Th/He data, 
therefore, can retain, or at least provide a lower limit on, the 
mineralization age.

Hydrothermal rutile and monazite are two common acces-
sory minerals in many hydrothermal gold deposits that are 
highly resistant to weathering and post-ore modifications. 
Their low to high U and Th contents in the lattice (Li et al., 
2003, 2011, 2013a, b; Schandl and Gorton, 2004; Meinhold, 
2010) and high blocking temperatures for Pb diffusion (rutile, 
>500°C, Mezger et al., 1989; Vry and Baker, 2006; monazite, 
>700°C, Parrish, 1990) make them well suited for dating ore 
deposits. Advancements in analytical techniques and meth-
ods (e.g., secondary ion mass spectrometry [SIMS]; Li et al., 

2011, 2013a, b) now allow for in situ U-Th-Pb dating of rutile 
and monazite with a high spatial resolution and low detection 
limits. 

Hydrothermal rutile commonly forms from the replace-
ment of primary Ti-rich minerals in igneous host rocks (e.g., 
biotite, titanite, ilmenite, Ti magnetite; Rabbia et al., 2009; 
Pochon et al., 2017; Agangi et al., 2019). Because TiO2, the 
major oxide constituent of rutile, has extremely low solubility 
in hydrothermal fluids (Ayers and Watson, 1993; Meinhold, 
2010), the whole-rock TiO2 content and Ti-bearing minerals 
in the host rock are two key factors controlling rutile forma-
tion. Hydrothermal alteration of mafic rocks containing Ti-
bearing ferromagnesian silicates and Fe-Ti oxides is more 
likely to generate hydrothermal rutile (Rabbia et al., 2009). 
Actually, for some Carlin-type, orogenic, and other hydrother-
mal gold deposits worldwide, which are uniquely hosted by 
felsic and/or mafic dikes, the primary Ti-rich minerals have 
been altered to hydrothermal rutile by ore-forming fluids as-
sociated with gold mineralization (Ressel et al., 2000; Emsbo 
et al., 2003; Velásquez et al., 2014; Doyle et al., 2015; Agangi 
et al., 2019; Pereira et al., 2019). Monazite is also a ubiqui-
tous altered mineral and paragenetically associated with ore 
minerals in these deposits, and it has been widely used to con-
strain mineralization ages (Rasmussen et al., 2006; Sarma et 
al., 2008, 2011; Vielreicher et al., 2010, 2015; Fielding et al., 
2017; Zhou et al., 2019). 

In the southern part of the Youjiang basin, several gold de-
posits are also hosted in altered dolerite dikes, such as Badu, 
Shijia, Zhesang, and Anna, that are enriched in TiO2 ranging 
from 2.4 to 4.3 wt % (Dong, 2017; Gao, 2018; Su et al., 2018). 
Among these deposits, Badu is the largest one. Despite their 
increasing economic importance, the dolerite-hosted depos-
its have been less studied than their counterparts hosted in 
sedimentary rocks. Knowledge on the mineralization and 
alteration characteristics of these dolerite-hosted deposits 
is valuable for deep understanding of low-temperature gold 
mineralization in the Youjiang basin. Importantly, if we can 
confidently identify hydrothermal rutile and monazite and 
conclusively establish their spatial and temporal textural as-
sociations with gold mineralization based on petrographic and 
geochemical signatures, they can provide robust geochrono-
logical clocks for in situ dating of Carlin-type gold mineraliza-
tion in the Youjiang basin. 

In this contribution, we present the results of comprehen-
sive geologic, geochemical, and mineralogical investigations 
on the Badu gold deposit. The evidence gathered shows that 
Badu has alteration characteristics and mineral paragenesis 
that are similar to those of other sedimentary rock-hosted 
Carlin-type gold deposits (e.g., Jinfeng, Linwang, Jinya, and 
Nakuang) in the basin. In this context, Badu provides an ex-
cellent opportunity to apply hydrothermal rutile and monazite 
U-Pb dating to constrain the age of gold mineralization in the 
basin. To place a younger limit on the age of gold mineraliza-
tion, zircon U-Th/He dating was applied to Badu and the oth-
er aforementioned sediment-hosted Carlin-type gold depos-
its. We also present textural and compositional characteristics 
of these deposits to place the analyzed samples in context. 
The combination of techniques applied provide compelling 
evidence that Carlin-type gold deposits in the Youjiang basin 
were produced by an Early Cretaceous hydrothermal event. 
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Regional Geology

South China consists of the Yangtze and Cathaysia blocks, 
which were amalgamated along the Jiangshao suture zone 
in the early Neoproterozoic (Fig. 1a; Zhao et al., 2011). Sub-
sequently, South China was affected by multiple orogenic 
events (Wang et al., 2013). Among these, the Triassic Indosin-
ian orogeny is the most important, which resulted from colli-
sion between South China and North China to the north, and 
South China and Indochina block to the south, forming the 
Qinling-Dabie orogenic belt and the Song Ma suture zone, 
respectively (Hu et al., 2017).

The Youjiang basin, situated on the southwestern margin 
of the Yangtze block, is a diamond-shaped sedimentary basin 
controlled by a series of NE- and NW-striking basement-pen-
etrating faults. It is separated from the Indochina block by the 
Red River-Ailaoshan fold belt to the southwest and from the 
Cathaysia block by the Pingxiang-Nanning fault to the south-
east and is bounded by the Ziyun-Yadu fault and Mile-Shizong 
fault in the northeast and northwest, respectively (Fig. 1b; 

Hu and Zhou, 2012; Hu et al., 2017). Tectonically, the basin 
is located at the transitional area between the Tethyan and 
Pacific tectonic domains (Chen et al., 2007). The basin lies 
on folded basement of lower Paleozoic strata and evolved in 
three stages: (1) rifting and development of passive continen-
tal margin sedimentation along the southwestern margin of 
the Precambrian Yangtze block due to opening of the Paleo-
Tethys in Early Devonian to early Permian time (Du et al., 
2009, 2013), (2) formation of a back-arc basin due to subduc-
tion of the Paleo-Tethys oceanic crust beneath South China 
during the late Permian (Du et al., 2009, 2013) or subduction 
of the Paleo-Pacific plate beneath the Eurasian plate during 
the middle Permian while the trench was more than 600 km 
from the basin (Li and Li, 2007), and (3) development of a 
foreland basin due to progressive closure of the Paleo-Tethys 
ocean basin and subsequent collision between the South 
China and Indochina block along the Song Ma suture to the 
south during the Middle-Late Triassic (Yan et al., 2006; Cai 
and Zhang, 2009; Yang et al., 2012; Qiu et al., 2016). Early 
to Middle Triassic sediments in the basin record the transi-

Fig. 1. (a) A simplified tectonic map of the South China block and adjacent regions showing the location of the Youjiang 
basin. (b) A geologic map of the Youjiang basin showing the distribution of Carlin-type gold deposits and granite-related Sn 
polymetallic deposits (modified from Xie et al., 2018). 
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tion from the late Permian and Early Triassic subduction to 
Middle-Late Triassic collision along the southwestern margin 
of the South China block (Qiu, L., et al., 2017). Structural 
analyses reveal that the basin was affected by Late Triassic 
north-south shortening and uplift associated with formation 
of the EW-trending top-to-the-north Youjiang fold-and-thrust 
belt. This was followed by Cretaceous top-to-the-northwest 
thrusting and fault propagation folding, and then by Cenozoic 
NE-SW–trending extensional normal faults (Qiu et al., 2016). 

The basin records significant marine sedimentation be-
tween the late Paleozoic and Early Triassic (Song et al., 2009), 
leading to formation of an ~7-km-thick sequence of marine 
sediments (Yang et al., 2012). Then, uplift and erosion of the 
Indosinian orogen shed voluminous siliciclastic turbidites into 
the basin, forming the Middle Triassic strata (Cai and Zhang, 
2009; Yang et al., 2012; Hu et al., 2017). The oldest strata in 
the basin is Cambrian carbonate that crops out within the core 
of an anticline. The Permian and Triassic strata, composed of 
limestone, dolostone, siltstone, sandstone, and mudstone, are 
widely distributed throughout the basin (Fig. 1b). In general, 
the metamorphic grade of rocks in the basin is relatively low, 
with only low-grade burial metamorphism recorded by the 
sedimentary sequences (Suo et al., 1998).

Igneous rocks are exposed in places within the basin (Fig. 
1b) and mainly consist of basalts and dolerites in the north-
western and southern parts of the basin (ca. 260 Ma; Zhou 
et al., 2006; Fan et al., 2008) and Late Triassic postcollisional 
magmatism in the Funing-Napo region (ca. 230–205 Ma; Pi et 
al., 2016; Jiang et al., 2017; Gao, 2018). Sparse Middle Jurassic 
high-Mg andesite (ca. 160 Ma; Gan et al., 2016) and Late Cre-
taceous alkali ultramafic dikes and felsic dikes (ca. 100–84 Ma;  
Chen et al., 2009b, 2012, 2014; Liu et al., 2010; Zhu et al., 
2017) are distributed in southwestern Guizhou and northwest-
ern Guangxi provinces. Additionally, some ca. 100 to 80 Ma  
granites and granite-related W-Sn polymetallic deposits are 
present in the southern and eastern margins of the basin (Liu 
et al., 2007; Cheng et al., 2009, 2010; Feng et al., 2010). 

Many low-temperature hydrothermal gold, antimony, and 
mercury deposits are distributed within the basin and along 
its northeastern margin (Fig. 1b), among which Carlin-type 
gold deposits are economically the most important (Hu et 
al., 2017). Recently, more than 200 Carlin-type gold deposits 
or occurrences with proven gold reserves of over 800 t have 
been found or mined, making the basin the second largest 
Carlin-type gold province in the world (Hu et al., 2017; Su 
et al., 2018). The deposits occur in clusters along NE- and 
NW-striking faults and can be divided into three types: strat-
abound, fault-bound, and compound (Chen et al., 2011; Hu 
et al., 2017). The stratabound deposits mainly occur in the 
northwestern part of the basin, with ore hosted in permeable 
reactive bioclastic limestone or along unconformities in anti-
clines, such as Shuiyindong. The fault-bound deposits, such as 
Lannigou and Jinya, are mainly distributed in the southeast-
ern part of the basin and commonly occur along high-angle 
reverse faults and adjacent altered rocks, with ore hosted in 
calcareous siltstone, sandstone, and mudstone. The com-
pound deposits, such as Nibao and Linwang, are controlled 
by strata and faults, with ore hosted in fracture zones and per-
meable reactive strata. Although the ore controls vary, most 
deposits have mineral assemblages, alteration types, elemen-

tal associations, and ore-forming conditions similar to those 
of Carlin-type gold deposits in Nevada, USA (Hu et al., 2002, 
2017; Su et al., 2009a, 2018). Additionally, some unique gold 
deposits, such as the largest, Badu, which is mainly hosted in 
altered dolerite or its fault contact with adjacent sedimentary 
rocks, are recognized in the southern part of the basin (Dong, 
2017; Gao, 2018; Su et al., 2018).

Deposit Geology
The Badu deposit

The Badu gold deposit is located near the Youjiang fault, which 
divides the basin into northern and southern parts (Fig. 1b). 
Recent exploration drilling defined a proven gold reserve of 
35 t (1.13 Moz) with an average gold grade of 2 g/t (0.07 oz/t)  
according to the internal 2018 exploration report of Jinfeng 
Mining Company, making it the largest dolerite-hosted gold 
deposit in the basin. Badu together with Gaolong and the 
newly discovered Nabi deposit constitute the Gaolong-Badu 
gold belt. Detailed geologic characteristics of the Badu deposit 
have been described by Gao (2018). A brief summary follows. 

The deposit is located on the western flank of the Badu 
anticline, which was produced by multiple tectonic events, 
forming a dome-like complex anticline (Yang et al., 2018). 
From west to east, the direction of the major axis changes 
from northeast-east trending to east-west and northwest 
trending, forming a characteristic arc-shaped superposed fold 
with northward arcuate axis. The whole anticline is crosscut 
by numerous faults parallel to the fold axis, suggesting they 
formed simultaneously. Seismic profile interpretation across 
the anticline shows that the deep structure is dominated by 
a NE-striking duplex, whereas middle and shallow levels are 
characterized by N-directed imbricates with fault-related 
folds (Yang et al., 2018). The structural style and deforma-
tion sequence are analogous to the D1 deformation charac-
teristics recorded in the Youjiang fold-and-thrust belt (Qiu et 
al., 2016). Devonian rocks occur in the core and Permian to 
Middle Triassic rocks on the limbs of the anticline (Fig. 2a), 
which suggests that the fold and related faults formed after 
the Middle Triassic. Dolerites occupy faults in the core and 
limbs of the anticline. Early 1:50,000-scale geologic mapping 
divided the dolerites into three stages (BGMRGX, 1992), but 
their absolute ages were not determined.

The Lower Devonian Yujiang Formation is dominated by 
thick layered mudstone and siltstone intercalated with lime-
stone and dolomite that contain disseminated and nodular 
pyrite. The Upper Devonian Liujiang Formation consists of 
chert interbedded with tuff and lenses of banded limestone. 
The Carboniferous strata mainly consists of mudstone and 
chert. The lower-middle Permian Sidazhai Formation consists 
of limestone interbedded with chert and is locally marbleized 
and dolomitized. The upper Permian Linghao Formation 
consists of mudstone, argillaceous sandstone, and tuff interca-
lated with siliceous mudstone. The Lower and Middle Triassic 
Shipao Formation and Baifeng Formation are dominated by 
sandstone, siltstone, and mudstone. 

Dolerite is mainly emplaced into Devonian, Carboniferous, 
and Permian sedimentary strata (Fig. 2a). Obvious intrusive 
contacts are recorded between the dolerites and the folded 
sedimentary strata (Fig. 3a) such that sedimentary rocks are 
slightly metamorphosed. In places, undeformed dolerites 
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Fig. 2. (a) Schematic geologic map of the Badu gold deposit with locations of orebody VI and II cross section lines a-aʹ and 
b-bʹ. (b) Geologic cross sections of the dolerite-hosted No. VI orebody (a-aʹ) and the sedimentary rock-hosted No. II orebody 
(b-bʹ) in the Badu deposit (modified from Jinfeng Corp, unpub. report, 2018). Gold grades of samples in drill hole Zk6001 
and Zk2454 are from the internal 2018 exploration report of the Jinfeng Mining Company.

c
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enclose folded strata (Fig. 3b). Field observations show that 
dolerites are controlled by NEE- and NW-trending faults that 
crosscut the anticline and the Middle Triassic Baifeng Forma-
tion. Thus, the dolerites were emplaced after the Middle Tri-

assic. However, the dolerites were disrupted by subsequent 
faulting that localized gold mineralization. 

Badu contains seven major orebodies with tabular shapes 
or veins. Most orebodies are northeast-east trending with 

Fig. 3. Photographs representative of outcrops in the Badu deposit. (a) Intrusive contact between dolerite and folded sedi-
mentary strata. (b) Mineralized dolerite with enclave of folded sedimentary rock. (c, d) Mineralized dolerite cut by fault 
filled with black carbonaceous matter and white calcite. (e) Enlarged picture of red box from (c), showing pyrite lens within 
carbonaceous matter. (f) Milky quartz veins enveloping centimeter-sized breccia fragments of altered dolerite. Abbreviations: 
C = carbonaceous matter, Qz = quartz. 
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minor northwest trending and are controlled by secondary 
faults. Each orebody contains sets of parallel veins (Fig. 2a), 
with individual vein widths from 2 to 70 m and strike lengths 
between 10 and 500 m. Drill intercepts show that mineral-
ized veins can extend ~200 m below the surface (Fig. 2b, c). 
The No. III to VII orebodies constitute 70% of gold resources 
and are mainly hosted in altered dolerites intersected by fault 
zones or occur along faulted contacts between dolerites and 
sedimentary strata (Fig. 3c, d). The No. I and II orebodies 
constitute less than 30% of gold resources and are principally 
hosted in mudstone, siltstone, and sandstone of the Lower 
Devonian Yujiang and upper Permian Linghao Formations 
(Fig. 2c). The average gold grades of each orebody vary from 
1 to 6 g/t; the No. VI orebody is the richest with local grades 
up to 20 g/t. 

Faults that intersect dolerite and faulted contacts between 
dolerites and strata are typically filled by graphitic calcite 
veins (Fig. 3c, d). Gold is associated with lenses of pyrite 
in these veins (Fig. 4e), but grades are commonly less than  
1 g/t. On each side of the faults, dolerites are fractured and 
altered, but the density of fracturing and intensity of altera-
tion progressively decreases with increasing distance from the 
faults. Hydrothermal fluids probably flowed along the faults 
and penetrated into the fractured dolerite. Some mineralized 
dolerites contain abundant milky quartz veins with widths up 
to 20 cm. Quartz veins locally envelop fragments of centime-
ter-sized altered dolerite that has been sheared and brecci-
ated (Fig. 3f). However, the quartz veins are not mineralized.

Least altered dolerite is green in color and has a porphyritic 
texture with phenocrysts of pyroxene and plagioclase (Fig. 
5a). Mineralized dolerite is bleached and intensely altered be-
cause of strong fluid-rock interaction (Fig. 5c). Hydrothermal 
alteration is characterized by disseminated pyrite and arseno-
pyrite, which are the major gold-bearing ore minerals (Fig. 
5b-e). Fe sulfides constitute <5 to 20 vol % of the mineralized 
dolerites. The relative proportions of pyrite and arsenopy-
rite are spatially variable in different orebodies; samples with 
more arsenopyrite have lower gold grades. For example, the 
richest No. VI orebody with gold grades up to 20 g/t is domi-
nated by pyrite (Fig. 5c-e), whereas the No. VII orebody is 
dominated by arsenopyrite and generally has gold grades less 
than 2 g/t (Fig. 5b). However, there are no apparent correla-
tions between amount and size of pyrite and gold grade, but 
samples with higher gold grades are usually associated with 
very fine grained pyrite (“dust pyrite”), which is nearly invis-
ible in hand specimens (Fig. 5e). Although strongly altered, 
mineralized dolerite contains hardly any hydrothermal quartz 
grains, but samples from faults intersecting dolerite exhibit 
obvious silicification and carbonization (Fig. 5f). In contrast, 
silicification is primarily expressed as quartz or quartz-anker-
ite veinlets that crosscut mineralized dolerite (Fig. 5g-j). Ad-
jacent to the veinlets, pyrite grains are coarse, up to 1 cm, and 
form pyrite aggregates (Fig. 5h-j). In most cases, Fe sulfides 
are disseminated in altered host rocks but are not recorded 
in quartz veins or veinlets, which suggests that fluid-rock in-
teraction was the major mechanism of gold precipitation. In 
mineralized dolerite, plagioclase is altered to sericite. In ad-
dition, clusters of hydrothermal sericite are locally distributed 
in quartz-ankerite veinlets that are cut by quartz veinlets (Fig. 
5h, i). Another distinct characteristic of mineralized dolerite 

is that coarse-grained pyrite and arsenopyrite are crosscut by 
graphitic carbon veinlets (Fig. 5g). These veinlets may be hy-
drothermal in origin or consist of bitumen derived from sedi-
mentary strata.

The Jinfeng, Linwang, Jinya, and Nakuang deposits

The Jinfeng, Linwang, Jinya, and Nakuang deposits in the 
northern part of the Youjiang fault (Fig. 1b) are mainly hosted 
in the Middle Triassic calcareous siltstone, mudstone, and 
silty mudstone. Given the similarity of the four deposits and to  
avoid repetition of information already in the literature, sim-
plified descriptions of the main features of each deposit are 
summarized in Table 1. 

Four deposits are all located on the eastern margin of the 
Permian to Lower Triassic platform carbonates. The stratigra-
phy exposed in these deposits is similar and composed of two 
distinct sequences: isolated carbonate platforms that are dom-
inated by thin-bedded limestones of the Permian and Lower 
Triassic, and deep basin facies that are composed of calcar-
eous sandstone and siltstone with interlayered mudstone of 
the Middle Triassic (Chen et al., 2010, 2011, 2015; Xie et al., 
2018). Gold mineralization is primarily hosted in the Middle 
Triassic dolomitic carbonaceous siltstone and mudstone (Ta-
ble 1; Fig. 4). Orebodies occur as veins and lenses and are 
structurally controlled by secondary faults (Fig. 4), which pro-
duced ore with brecciated and stockwork textures (Fig. 5n, 
o). No dolerite dikes have been identified in these deposits by 
geologic mapping or drilling. The nearest igneous rocks are 
the NW-trending Jiayou and NE-trending Naling felsic dikes, 
which are ~35 km from the Jinya deposit.

Ore samples collected from the four deposits are character-
ized by a dense distribution of disseminated sulfides in silici-
fied calcareous siltstone (Fig. 5l-o). Pyrite is the only ore min-
eral in Jinfeng and Linwang. Arsenopyrite and minor pyrite 
are predominant in Jinya and Nakuang. Locally, silicified and 
mineralized calcareous siltstone is crosscut by milky quartz 
veinlets that contain little or no sulfides (Fig. 5n, o). Given 
that ore samples with quartz veinlets are spatially associated 
with higher-grade ore, we infer that the veinlets are ore re-
lated. 

Mineral Paragenesis and Alteration
Samples collected along transects that extend from barren 
rocks through the orebodies—e.g., sample intervals of open 
pit and drill hole Zk6001 from the No. VI orebody (Fig. 2b)—
were examined to identify pre-ore-, ore-, and late ore-stage 
minerals (Fig. 6) and to document the hydrothermal altera-
tion types associated with gold mineralization. 

Dolerite-hosted ore of the Badu deposit

Pre-ore stage: The least altered dolerite is mainly composed 
of plagioclase (~50 vol %), clinopyroxene (~45 vol %), minor 
titanite and ilmenite (~5 vol %), trace apatite, rare sulfides, 
and quartz (Fig. 6), and is characterized by typical doleritic 
or poikilophitic texture with laths of plagioclase intergrown 
with clinopyroxene (Fig. 7a). The phenocrysts of plagioclase 
and clinopyroxene are weakly altered to sericite and chlorite, 
and the matrix has a muddy appearance due to its fine grain 
size. Energy dispersive spectrometry (EDS) semiquantitative 
results show that clinopyroxene is Ti bearing. Titanite is inter-
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grown with plagioclase and clinopyroxene (Fig. 7b). Two types 
of ilmenite can be identified; one occurs as lamellae in titanite 
crystals with orientations in three directions with 60° angle, 
and the other forms as coarse crystals that contain inclusions 
of plagioclase and clinopyroxene (Fig. 7b, c). Tiny chalcopy-
rite, sphalerite, and pyrite are enclosed within titanite, occur 

as strings along the boundary of titanite, or are sporadically 
scattered in the matrix. 

Ore stage: In altered and mineralized dolerite, primary 
minerals and textures have been intensively replaced and 
obscured because of fluid-rock interaction. Magmatic clino-
pyroxene, plagioclase, titanite, and ilmenite are completely 

Fig. 4. Schematic geologic maps and representative cross sections of the Linwang (a, b; modified from Chen et al., 2010) and 
Jinya (c, d; modified from Chen et al., 2015) gold deposits.
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altered to sericite (~45 modal %), carbonate (mainly ankerite) 
(~45 vol %), pyrite (~15 vol %), arsenopyrite (~10 vol %), ru-
tile (~3 vol %), apatite (~1 vol %), minor base metal sulfides 
(~1 vol %), and trace monazite (Fig. 7d, e). On the basis of 
micro and microtextural relationships of altered minerals, al-
teration and mineralization can be divided into three stages 
(Fig. 6): an early ankerite + sericite + rutile alteration stage 
(I), the main pyrite + arsenopyrite + quartz + ankerite + seric-
ite + apatite + monazite alteration stage (II), and a late quartz 
+ carbonate + (sulfide) + (barite) stage (III). Ankerite altera-
tion is marked by pervasive replacement of primary pyroxene, 
plagioclase, and titanite by ankerite (Fig. 7e, f). It affected all 
or most altered dolerite dikes including those with low grades 
(<1 g/t), which indicates that ore-forming fluids were carbon-
ic. Such fluids may have been reduced to form the graphitic 
veinlets that crosscut mineralized dolerite and the graphitic 
calcite veins along faults. Sericite alteration is best developed 
in primary plagioclase. Ankerite is overgrown by sericite (Fig. 
7f), which suggests that sericite is slightly later. Alternatively, 
given that alteration mimics the poikilophitic texture of clino-
pyroxene and plagioclase, ankerite and sericite alteration may 
be nearly synchronous. The main ore stage II has been further 
subdivided into substages II-1 and II-2. Substage II-1 is rep-
resented by sulfidation, resulting in widespread dissemination 
of pyrite and arsenopyrite in the matrix of altered minerals 
(Fig. 7d, e). The absence of overgrowth or replacement re-
lationships suggests that these sulfides coprecipitated. Pres-
sure shadows of quartz and ankerite develop around some of 
the pyrite crystals (Fig. 7g), implying a compression condition 
after pyrite formation and gold mineralization. Most of the 
pyrite grains have an inclusion-rich anhedral core, followed by 
an inclusion-free outer rim (Fig. 7h). The most common min-
eral inclusions identified in the pyrite cores are ankerite, ser-
icite, and rutile (Fig. 7h), which implies that the pyrite cores 
formed during or after ankerite and sericite. The pyrite rims 
appear to have formed in open space. Backscattered electron 
(BSE) images and EDS semiquantitative analyses of the pyrite 
cores and rims reveal compositional variations in As contents, 
but both are arsenian pyrite. In contrast, arsenopyrite is ho-
mogeneous. Electron probe microanalysis (EPMA) and laser 
ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS) analyses suggest that gold is mainly incorporated 
into the lattice of arsenian pyrite and arsenopyrite as invisible 
gold (Gao, 2018). Substage II-1 was the main period of gold 
deposition. Locally, mineralized dolerite is crosscut by quartz-
ankerite veinlets. Arsenian pyrite and arsenopyrite with the 
aforementioned core-rim textures are locally enclosed within 
veinlets, which suggest that the veinlets are synchronous with, 
or slightly later than, sulfidation. Additionally, hydrothermal 
apatite grains and sericite clusters also occur in these veinlets 
that are isolated or intergrown with arsenian pyrite and arse-
nopyrite (Fig. 7i).

Substage II-2 is represented by Sb-Cu–bearing and base 
metal sulfides, including stibnite, tetrahedrite, tennantite, 
chalcopyrite, and sphalerite. They characteristically occur 
as strings or fillings along the microfractures in pyrite (Fig. 
7j), as aggregates or scattered grains in quartz veinlets, or as 
infillings along fractures in quartz-ankerite veinlets (Fig. 7k). 
It is noteworthy that substage II-2 is confined to mineralized 
dolerite and closely follows substage II-1; both are cut by late 
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Fig. 5. Photographs of hand specimens from the Badu deposit (a-j) and Jinfeng, Linwang, Jinya, and Nakuang deposits (k-o).  
(a) Least altered dolerite with porphyritic texture. (b-e) Disseminated pyrite and arsenopyrite in mineralized dolerites with 
variable gold grade. (f) Silicified dolerite with abundant carbonaceous matter. (g) Mineralized dolerite crosscut by quartz veins 
and solid carbonaceous material veinlets. (h, i) Mineralized dolerite crosscut by quartz-ankerite veins with clots of hydro-
thermal sericite. (j) Altered dolerite cut by pyrite-quartz veinlet and quartz-ankerite vein containing pyrite. (k) Barren dolo-
mitic calcareous siltstone and (l) ore-grade silicified calcareous siltstone with disseminated pyrite from the Jinfeng deposit.  
(m) Ore-grade silicified calcareous siltstone with disseminated arsenopyrite and pyrite from the Nakuang deposit. (n) Brecci-
ated ore-grade silicified calcareous siltstone with abundant disseminated arsenopyrite cemented by quartz-ankerite from the 
Jinya deposit. (o) High-grade silicified calcareous siltstone crosscut by quartz-calcite veinlets from the Linwang deposit. Abbre-
viations: Ank = ankerite, Apy = arsenopyrite, BD = Badu, C = carbonaceous matter, Cal = calcite, JF = Jinfeng, JY = Jinya, LW 
= Linwang, NK = Nakuang, Py = pyrite, Qz = quartz, Ser = sericite. 
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ore-stage veinlets, suggesting that substage II-1 and II-2 be-
long to an evolving ore stage. Precipitation of sulfosalt and 
base metal sulfides may have been promoted by cooling and 
pH increase after consumption of Fe, S, As, and Au from ore 
fluids by sulfidation of dolerite during stage II-1. 

Late ore stage: Pre-ore and ore stages are cut by multiple 
generations of late veinlets containing quartz, ankerite, and 
calcite, with remaining open space filled by trace amounts of 
stibnite, realgar, cinnabar, and barite. However, the As-Sb-Hg 
sulfides and barite generally do not occur together. Locally, 
barite occurs as veinlets with widths of ~1 mm that crosscut 
previous stages (Dong, 2017). Multiple stages of precipitation 
of quartz and ankerite are indicated by mutually crosscutting 
relationships (Fig. 7l).

Mudstone-hosted ore of the Badu deposit

The No. II orebody is hosted in mudstones of the Lower De-
vonian Yujiang Formation. Samples with variable alteration 
and gold grades ranging from 0.008 to 4.40 g/t were collected 
from drill core ZK2454 (Fig. 2c). Petrographic examinations 
reveal that hydrothermal alteration related to gold mineraliza-
tion consists of carbonate dissolution, silicification, argilliza-
tion, and sulfidation.

Pre-ore stage: The sample assayed at 0.008 ppm Au (H1, 
Fig. 8a) is composed of abundant ankerite that is distributed 
in a clastic matrix of extremely fine grained detrital quartz and 
illite (Fig. 8b). The ankerite has irregular and zigzag margins, 
displays compositional zoning, and contains numerous min-
eral inclusions (Fig. 8c). Locally, it occurs as veins or veinlets 
that crosscut mudstone. Framboidal pyrite is commonly dis-
seminated in the matrix. 

Ore stage: A low-grade altered sample with 0.75 ppm Au 
(H8, Fig. 8d) contains disseminated pyrite and arsenopyrite. 

Ankerite is still common but has been partially replaced by 
quartz with abundant tiny residual inclusions of ankerite (Fig. 
8e, f). The ankerite is patchy because of replacement and has 
obvious zoning with darker rims surrounding lighter cores, 
due to the lower Fe content of the rims. The darker rim is 
in contact with hydrothermal quartz, which allows that Fe in 
pre-ore-stage ankerite was released during replacement. 

In a mineralized sample with 4.40 ppm Au (H11, Fig. 8g), 
most of the ankerite is replaced by hydrothermal quartz with a 
jasperoid texture (Fig. 8h). Illite occurs as inclusions in quartz 
and penetrates or crosscuts quartz (Fig. 8i), which suggests 
that they formed simultaneously. Minor amounts of Fe-free 
dolomite are also present. Fe-free dolomite occurs in contact 
with, and contains tiny inclusions of, ankerite (Fig. 8i), sug-
gesting it formed by replacement of ankerite. Hydrothermal 
pyrite, the major gold-bearing sulfide, is significantly more 
abundant compared to the low-grade sample. EPMA and LA-
ICP-MS data show that the pyrite is arsenian and contains 
gold in its lattice (W. Gao, unpub. data, 2020). Arsenian py-
rite is mainly distributed along the boundary of quartz grains. 
Small amounts of arsenian pyrite are also enclosed within 
quartz and nonferroan dolomite grains, indicating that arse-
nian pyrites were trapped during quartz crystal growth. The 
consistent association of gold-bearing arsenian pyrite and hy-
drothermal quartz suggests that they are contemporaneous 
and formed from a single stage (II-1). 

As in substage II-2 of the dolerite-hosted ore, late sulfo-
salt and base metal sulfides, including stibnite, tetrahedrite, 
tennantite, chalcopyrite, and sphalerite, fill microfractures in 
gold-bearing arsenian pyrite (Fig. 8j).

Late ore stage: Coarse-grained stibnite and intergrowths 
of realgar and orpiment occur within fractures on the pe-
riphery of gold orebodies or locally in vugs and open space 

Fig. 6. Mineral paragenesis for dolerite rock-hosted (Badu) and sedimentary rock-hosted (Jinfeng, Linwang, Jinya, Nakuang, 
and Badu) gold deposits in the Youjiang basin. 
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Fig. 7. Photomicrographs showing alteration features and mineral paragenesis of dolerite-hosted orebodies in the Badu 
deposit. (a) Least altered dolerite showing typical doleritic or poikilophitic texture with laths of plagioclase intergrown 
with clinopyroxene. (b, c) Two types of ilmenite in least altered dolerite. (d, e) Mineralized dolerite with ore-stage pyrite, 
arsenopyrite, rutile, ankerite, and sericite. (f) Ore-stage ankerite and sericite pseudomorphs of the poikilophitic texture of 
clinopyroxene and plagioclase. (g) Late ore-stage pressure shadow of quartz and ankerite around pyrite. (h) Ore-stage gold-
bearing arsenian pyrite with mineral inclusion-rich core and clean rim. (i) Intergrowths of arsenian pyrite and apatite in ore-
stage quartz-ankerite veinlet. (j) Sphalerite and chalcopyrite filling fracture in ore-stage pyrite. (k) Sphalerite, tetrahedrite, 
and chalcopyrite filling the fracture of ore-stage quartz-ankerite veinlet. (l) Multiple stages of quartz-ankerite veinlets with 
mutually crosscutting relationships. (a, d, g, l) Crossed-polarized light. (i) Plane-polarized light. (b, c, e, h, j, k) Reflected 
light. (f) BSE image. Abbreviations: Ank = ankerite, Ap = apatite, Apy = arsenopyrite, C = carbonaceous matter, Ccp = 
chalcopyrite, Cpx = clinopyroxene, Ilm = ilmenite, Pl = plagioclase, Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite, Sph 
= sphalerite, Thr = tetrahedrite, Ttn = titanite. 
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with euhedral quartz crystals (Fig. 8k), suggesting that they 
precipitated by cooling (Hofstra and Cline, 2000). Quartz in-
tergrown with stibnite and realgar contains abundant small 
fluid inclusions, giving it a wispy and turbid appearance un-
der transmitted light. Fluid inclusions are CO2 rich (Fig. 8l). 
Some quartz crystals have turbid cores containing fluid inclu-
sions and clear rims with multiple growth zones that are in-
tergrown with realgar and cinnabar (Fig. 8l), indicating they 
formed simultaneously. Thus, late ore-stage euhedral quartz 

formed before, during, and probably after realgar and cin-
nabar precipitation.

Sedimentary rock-hosted ore of the Jinfeng, Linwang,  
Jinya, and Nakuang deposits

At the microscopic scale, the Jinfeng, Linwang, Jinya, and 
Nakuang deposits share comparable mineral assemblages and 
textures (Fig. 6). To avoid repetition, a simplified paragenesis 
with supporting evidence is provided below. 

Fig. 8. Photographs (a, d, g, k), BSE images (b, c, e, f, h-j), and plane-polarized light photograph (l) of variably altered and 
mineralized samples from the No. II orebody of the Badu deposit hosted in mudstone of the Lower Devonian Yujiang For-
mation. (a-c) Unaltered mudstone with 0.008 ppm Au containing coarse grains of ankerite with abundant mineral inclusions 
in a fine-grained matrix of quartz and illite with framboidal pyrite. (d-f) Altered mudstone with 0.75 ppm Au containing 
ankerite that is partially replaced and rimmed by dark ankerite and quartz. (g-i) Mineralized mudstone with 4.40 ppm Au 
containing disseminated pyrite and relict ankerite that is strongly replaced by quartz, illite, and dolomite. (j) Ore-stage pyrite 
with core-rim texture and sphalerite, chalcopyrite, and tetrahedrite along the fractures. (k) Late ore-stage stibnite in a milky 
quartz vein and realgar intergrown with drusy quartz crystals. (l) Quartz grain intergrown with realgar with abundant fluid and 
some realgar and cinnabar inclusions. Abbreviations: Ank = ankerite, Apy = arsenopyrite, Cin = cinnabar, Dol = dolomite, fl 
inc = fluid inclusion, Ill = illite, Py = pyrite, Qz = quartz, Rlg = realgar, Sph = sphalerite, Stbn = stibnite, Thr = tetrahedrite. 
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Pre-ore stage: The barren samples with 0.005 ppm Au from 
the four deposits are dominated by abundant Fe-bearing do-
lomite and quartz, minor dolomite, calcite, pyrite, carbona-
ceous matter, and trace muscovite and apatite (Fig. 9a). Fe-
bearing dolomite contains 9 to 15 wt % Fe based on EDS 
analyses and is characterized by compositional zoning with 
numerous mineral inclusions (Fig. 9d). Framboidal pyrite and 
anhedral to euhedral pyrite with core-rim texture were identi-
fied by BSE imaging. However, nanoSIMS mapping and LA-
ICP-MS analyses show that such pyrite is barren of gold (Xie 
et al., 2018; W. Gao, unpub. data, 2020).

Ore stage: Mineralized samples from the four deposits are 
characterized by a dense distribution of disseminated pyrite 
or arsenopyrite and by a marked decrease in Fe-bearing do-
lomite and an increase in hydrothermal quartz (Fig. 9b, c). In 
detail, early calcite has been completely dissolved, and Fe-
bearing dolomite is gradually penetrated and replaced by hy-
drothermal quartz that contains residual Fe-bearing dolomite 
inclusions. Sulfide contents and gold grade have a positive 
relationship with the intensity of alteration: relict Fe-bearing 
dolomite is common in altered samples with low gold grades 
(Fig. 9e) but is intensively replaced by hydrothermal quartz 
in mineralized samples (Fig. 9f). Additionally, the dolomite 
inclusions in hydrothermal quartz are Fe poor (Fig. 9f). Silici-
fication is also expressed by the formation of quartz veinlets 
that contain trace sulfides (Fig. 9g). 

The replacement of Fe-bearing dolomite by pyrite and/or 
arsenopyrite and Fe-poor dolomite (Fig. 9e, f) suggests that 
they formed by sulfidation. Pyrite is the major ore mineral in 
the Jinfeng and Linwang deposits (Fig. 9c), but arsenopyrite 
and pyrite are preponderant in the Jinya and Nakuang depos-
its (Fig. 9g). Both sulfides are mainly distributed along the 
boundaries of or enclosed within hydrothermal quartz grains, 
indicating they formed during hydrothermal quartz growth. 
This consistent spatial association suggests that they formed 
during a single stage from similar ore fluids. 

Under BSE imaging with high contrast and low bright-
ness, pyrite is characterized by distinct compositional zoning. 
The core resembles the anhedral to euhedral pyrite in barren 
samples, suggesting it is pre-ore stage. Ore pyrite primarily 
occurs as 10- to 50-µm-thick overgrowths on pre-ore pyrite 
and is distinguished by relatively smoother surface, much 
higher As contents, and multiple discrete bands with differ-
ent As contents (Fig. 9h). At Jinya and Nakuang, pyrite cores 
have a sieve texture indicative of dissolution that is infilled and 
overgrown by ore-stage pyrite (Fig. 9i). Ore-stage pyrite also 
occurs as isolated grains less than 30 µm in diameter that lack 
pre-ore pyrite cores. Arsenopyrite intergrown with arsenian 
pyrite from Jinya and Nakuang has a homogeneous appear-
ance under BSE images but generally contains mineral inclu-
sions of pyrite with sieve texture and detrital material of host 
rock (Fig. 9i). Nano-SIMS and LA-ICP-MS analyses suggest 
ore-stage pyrite rims and arsenopyrite contain elevated As, 
Au, Sb, Hg, Tl, and Cu contents (Yan, J., et al., 2018; Xie et 
al., 2018; Wu, 2018; W. Gao, unpub. data, 2020).

Late ore stage: Paragenetically late realgar commonly fills 
fractures that crosscut ore-stage quartz veinlets and mineral-
ized rock (Fig. 9j, k). Locally, realgar, orpiment, and/or stibnite 
form coarse-grained and euhedral crystals in vugs intergrown 
with drusy quartz or calcite (Fig. 9l). Calcite, the most ubiq-

uitous gangue mineral, generally occurs as euhedral crystals 
intergrown with realgar, orpiment, and stibnite. Calcite also 
occurs as veins or veinlets that crosscut all previous minerals, 
representing the waning stage of the hydrothermal systems.

Sampling and Analytical Methods
The analytical objectives, analytical contents, and sampling in-
formation are described in Table 2. The sites and detailed de-
scriptions of samples for zircon U-Th/He dating are provided 
in Table 3. During sampling, material with crosscutting veins 
or veinlets were avoided as cautiously as possible to minimize 
the potential effects of post-ore hydrothermal events. Mag-
matic zircon and hydrothermal rutile for U-Pb dating were 
separated through conventional crushing, sieving, density and 
magnetic separation, and handpicking under a binocular mi-
croscope. It is important to note that we did not use any heat-
ing methods, and all samples were dried at room temperature 
during separation because of the thermal sensitivity of zircon 
U-Th/He system. 

Whole-rock major, trace element, total sulfur, and  
Au-As-Sb-Hg analyses

Major and trace element analyses were performed using 
PANalytical Axios-advance (Axios PW4400) X-ray fluores-
cence spectrometer (XRF) and PerkinElmer Sciex ELAN 
6000 ICP-MS, respectively, at the State Key Laboratory of 
Ore Deposit Geochemistry, Institute of Geochemistry, Chi-
nese Academy of Sciences. The analytical precision was gen-
erally better than 5%. Gold, arsenic, antimony, mercury, and 
total sulfur were analyzed at the ALS-Chemex (Guangzhou) 
commercial laboratories. Au contents were obtained by fire 
assay fusion, total sulfur was obtained with a Leco sulfur ana-
lyzer, and Hg contents were determined atomic fluorescence 
spectrometry (AFS). As, Ag, and Hg contents were analyzed 
by ICP-atomic emission spectrometry and ICP-MS. Detailed 
analytical methods are described in Appendix 1.

EPMA major and minor element analyses of rutile

Chemical analyses of rutile were conducted using a JEOL 
JXA-8230 electron probe microanalyzer at Shandong Bureau 
Testing Center of China Metallurgical Geology Bureau (Ji-
nan). The analyses were performed using a 15-kV accelerating 
voltage, a 20-nA beam current, and a 5-µm beam spot diame-
ter. Detailed analytical and correction methods are described 
in Appendix 1. 

Zircon U-Th/He dating

Only eight of 14 samples yielded enough suitable zircon 
grains for U-Th/He dating, which was conducted in the Ari-
zona Radiogenic Helium Dating Laboratory at the University 
of Arizona. The analytical procedure has been described by 
Reiners et al. (2004) and Reiners (2005) and is summarized 
in Appendix 1.

SIMS zircon, rutile, and monazite U-Pb dating

In situ zircon, rutile, and monazite U-Th-Pb dating were con-
ducted using a Cameca IMS-1280HR SIMS at the Institute 
of Geology and Geophysics, Chinese Academy of Sciences in 
Beijing, China. Detailed descriptions of instrument param-
eters and analytical methods for zircon, rutile, and monazite 
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Fig. 9. BSE images (a-j) and photographs (k, l) of variably altered and mineralized samples from the Jinfeng, Linwang, 
Jinya, and Nakuang Carlin-type gold deposits. (a, d) Barren siltstone with <0.005 ppm Au composed of quartz and ferroan 
dolomite with minor dolomite, calcite, pyrite, and carbonaceous matter. Ferroan dolomite cores contain numerous mineral 
inclusions of muscovite and quartz. (b, e) Low-grade siltstone with <1 ppm Au consisting of ferroan dolomite that is partially 
replaced by quartz; calcite is absent. (c, f) Ore-grade siltstone with >3 ppm Au containing abundant pyrite and relict ferroan 
dolomite that is intensively replaced by quartz. (g) Mineralized siltstone with abundant arsenopyrite and pyrite is crosscut by 
quartz veinlets containing little or no sulfides. (h) Euhedral dark pyrite core and bright oscillatory zoned arsenian pyrite rim. 
(i) Corroded dark pyrite core rimmed by bright arsenian pyrite and arsenopyrite. (j, k) Mineralized siltstone and ore-stage 
quartz-ankerite veinlets cut by late realgar veinlets. Note coin for scale in k. (l) Open-space-filling realgar intergrown with 
drusy quartz and stibnite intergrown with calcite and quartz. Abbreviations: Ank = ankerite, Ap = apatite, Apy = arsenopy-
rite, C = carbonaceous matter, Cal = calcite, Dol = dolomite, Fe-Dol = Fe-bearing dolomite, Ill = illite, Mus = muscovite, 
Py = pyrite, Qz = quartz, Rlg = realgar, Stbn = stibnite. 
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can be found in X.H. Li et al. (2009) and Q.L. Li et al. (2011, 
2013b), respectively. An O2– primary ion beam was acceler-
ated at 13 kV. The ellipsoidal spots are about 10 × 15 μm in 
diameter for zircon and monazite, and 20 × 30 μm in diameter 
for rutile. A mass resolution of ~5,400 (at 10% peak height) 
for zircon, ~5,400 (defined at 10% peak height) for monazite, 
and ~7,000 (defined at 10% peak height) for rutile were used 
to separate Pb+ peaks from isobaric interferences. A single 
electron multiplier was utilized to measure the secondary ion 
intensity by peak jumping mode. Each measurement consists 
of seven cycles and the total analytical time is ~15 min. De-
tailed analytical and calibration procedure and common Pb 
correction methods are supplied in Appendix 1.

Results

Lithogeochemistry of variably altered dolerite

Results of whole-rock major and trace elements, total sul-
fur, and Au-As-Sb-Hg analyses are provided in Appendix 
Tables A1 and A2. In Figure 10a-f, the major and trace ele-
ment contents of samples with different gold grades are dis-
played to characterize changes associated with alteration and 
mineralization of dolerite. When the Fe and S contents are 
normalized to Al contents (Hofstra and Cline, 2000), miner-
alized samples (Au > 0.01 ppm) extend upward toward the 
pyrite line (Fig. 10a), which suggests that gold-bearing pyrite 
precipitated by sulfidation of Fe-bearing minerals (Su et al., 
2009a). The Al2O3 versus K2O diagram (Fig. 10b) shows that 

mineralized samples contain more K and extend to the ser-
icite line, which is consistent with sericitization. In contrast, 
SiO2 decreases from 45 wt % in barren dolerites to 20 wt % 
in mineralized samples (Fig. 10c), indicating that SiO2 was re-
leased. In comparison to barren samples (Fig. 10d-f), miner-
alized dolerites contain higher Au (0.1–23.1 ppm), As (mean 
>10,000 ppm), Sb (0.8–37 ppm), and Au/Ag ratios (avg value  
of 26).  

Isochron diagrams have been used to identify immobile el-
ements and document gains and losses of elements associated 
with alteration and mineralization (Grant, 1986; Hofstra and 
Cline, 2000; Yigit and Hofstra, 2003). Based on this method, 
a sample with the lowest Au, S, and loss on ignition (LOI) 
values of 0.003 ppm, 0.07 wt %, and 4.49 wt %, respectively, 
was chosen as the least altered dolerite. Samples with 2.27, 
8.78, and 23.10 ppm Au were selected as mineralized dol-
erite. The isochron diagram clearly demonstrates that gold 
mineralization is associated with significant additions of S, 
Au, As, and Sb and slight additions of Hg and Tl (Fig. 10g), a 
typical element association for Carlin-type gold deposit (Hof-
stra and Cline, 2000; Ressel et al., 2000; Hu et al., 2002; Yigit 
and Hofstra, 2003). Among these, Fe is immobile and Au, S, 
and As are dramatically introduced, which suggests that gold-
bearing arsenian pyrite and arsenopyrite in the ore formed by 
sulfidation. Other added elements include Rb, Ba, K2O, and 
LOI, which is consistent with sericitic and ankeritic altera-
tions. In contrast, Li, Na2O, and SiO2 are removed. Nearly 
all of the Na has been removed, which is characteristic of 

Table 3. Detailed Information of the 14 Samples Collected for Zircon U-Th/He Dating from the Badu, Jinfeng, Linwang, Jinya, and Nakuang Deposits

Deposit Sample Lithology and strata Sample location Description
Zircon 

U-Th/He
Jinfeng JF-1 Calcareous siltstone of T2by 520 m, orebody at open pit 5.38 g/t; silicification; amounts of fine-grained pyrite Yes

JF-2  Calcareous siltstone of T2xm 250 m, orebody at underground 4.65 g/t; silicification; amounts of fine-grained pyrite Yes
JF-3 Calcareous siltstone of T2by 520 m, orebody at open pit 4.25 g/t; silicification; amounts of fine-grained pyrite No

Linwang LW-1 Silty mudstone of T2bf 710 m, I2 orebody at open pit 6.80 g/t; silicification; amounts of fine-grained pyrite No
LW-2 Calcareous siltstone of T2bf 710 m, I2  orebody at open pit 10.50 g/t; silicification; amounts of fine-grained pyrite Yes
LW-3 Calcareous siltstone of T2bf 760 m, I2 orebody at open pit 22.60 g/t; silicification; amounts of fine-grained pyrite Yes

Jinya JY-1 Calcareous siltstone of T2bf 660 m, orebody at underground 4.50 g/t; silicification; amounts of arsenopyrite Yes
JY-2 Calcareous siltstone of T2bf 580 m, orebody at underground 3.78 g/t; silicification; amounts of arsenopyrite No

Nakuang NK-1 Sandstone of T2bf 650 m, orebody at open pit 0.87 g/t; silicification; amounts of pyrite Yes
NK-2 Mudstone of T2bf 650 m, orebody at open pit 3.40 g/t; black in color; silicification; arsenopyrite > pyrite No
NK-3 Calcareous siltstone of T2bf 500 m, orebody at drill hole 6.00 g/t; silicification; amounts of arsenopyrite Yes

Badu BD-1 Dolerite 675 m, VI orebody at open pit 12.70 g/t; bleached; sercitization; amounts of pyrite Yes
BD-2 Dolerite 620 m, VII orebody at open pit 3.05 g/t; bleached; sercitization; amounts of pyrite No
BD-3 Mudstone of D1y 460 m, II orebody at drill hole 4.40 g/t; black in color; silicification; amounts of pyrite No

Table 2. Detailed Analytical Contents and Sampling Information in This Study

Deposit Objective Content Sample number/weight Location
Badu  Revealing element associations 

and mineralization processes 
Whole-rock major, trace element, 

total sulfur, and Au-As-Sb-Hg 
analyses

43 dolerite specimens  
with variable gold grades

Ore zones of surface exposures 
and drill cores (Fig. 2b)

Badu Emplacement age of dolerite Magmatic zircon U-Th-Pb  
dating

One least altered dolerite  
sample of ~30 kg

Open pit of No. VI orebody  
(Fig. 2b)

Badu Mineralization age Hydrothermal rutile  
U-Th-Pb dating

One mineralized dolerite  
sample of ~30 kg

Open pit of No. VI orebody  
(Fig. 2b)

Badu Mineralization age Hydrothermal monazite  
U-Th-Pb dating

32 mineralized dolerite  
specimens

Open pit of No. VI orebody  
(Fig. 2b)

Jinfeng, Linwang,  
Jinya, Nakuang, Badu

Lower limit on  
mineralization age

Detrital zircon U-Th/He dating 14 mineralized samples,  
each ~15–30 kg 

Open pits, underground  
workings, and drill cores
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Fig. 10. Alteration plots (a-c), variation plots of selected minor elements (d-f), and isochron diagram (g) in dolerite samples 
with variable gold grades from the Badu deposit. See text for further description.
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altered igneous rocks in Carlin-type gold deposit (Phinisey 
et al., 1996; Ressel et al., 2000). The depletion of SiO2 is dis-
tinctive and consistent with the scarcity of quartz grains in 
mineralized dolerite. Al2O3, TiO2, and Fe2O3 are immobile, 
indicating that Fe, a key element for formation of pyrite and 
gold precipitation, was provided by host rock, consistent with 
the conclusion that ore formation fluids of Carlin-type depos-
its contain no Fe (Su et al., 2009a). The base metals, e.g., Cu, 
Pb, and Zn, remain relatively immobile or weakly depleted, 
demonstrating that base metal sulfides were scarce, a char-
acteristic feature of Carlin-type gold deposits (Hofstra and 
Cline, 2000; Ressel et al., 2000; Hu et al., 2002; Yigit and 
Hofstra, 2003; Su et al., 2018).

Zircon U-Th/He ages

Results for 23 zircon grains are listed in Table A3 and Figure 
11. Three zircon grains from Badu yielded corrected U-Th/
He ages of 148 to 121 Ma and a weighted average age of 137 
± 20 Ma (2σ, n = 3). Six zircon grains from Nakuang yielded 
corrected U-Th/He ages of 141 to 121 Ma and a weighted av-
erage age of 131 ± 7.4 Ma (2σ, n = 6). Five zircon grains from 
Linwang yielded corrected U-Th/He ages of 143 to 126 Ma 
and a weighted average age of 133 ± 6.5 Ma (2σ, n = 5) after 
an outlier with low effective uranium concentration (eU = U + 
0.235 × Th) was excluded (Fig. 11d). Analogously, five zircon 
grains from Jinfeng had corrected U-Th/He ages of 161 to 

133 Ma and a weighted average age of 146 ± 13 Ma (2σ, = 4) 
after an outlier of smaller grain was excluded (Fig. 11c). Zir-
con grains from these four deposits yielded similar weighted 
average U-Th/He ages of 146 to 131 Ma. In contrast, zircon 
grains from Jinya yielded much younger corrected U-Th/He 
ages of 113.8 to 84.1 Ma and a weighted average age of 103 ± 
22 Ma (2σ, n = 3). 

SIMS magmatic zircon U-Pb age

The dated zircon grains are euhedral to subhedral and trans-
parent under transmitted light, are 50 to 100 μm in length, 
and have aspect ratios of 1:1 to 3:1. Two types of zircon are 
evident from the CL images: one is relatively homogeneous, 
with dark-gray cathodoluminescence (CL) and little or no 
zoning (Fig. 12a, b), similar to magmatic zircon in dolerite; 
the other has oscillatory zoning, and some grains contain in-
herited cores.

Fifteen analyses were conducted on 14 zircon grains during 
a single analytical session; the results are provided in Table 
A4. They have moderate to high U (212–1,779 ppm) and Th 
(113–1,862 ppm) contents and Th/U ratios between 0.22 and 
1.34. Common Pb is low. Among these, three grains with os-
cillatory zoning yielded older 206Pb/238U ages of 254.3 ± 3.8, 
759.5 ± 10.8, and 2419.7 ± 30.5 Ma, which are interpreted as 
the ages of inherited zircons. One grain with core-rim texture 
had 206Pb/238U ages of 260.5 ± 3.9 and 207.2 ± 3.1 Ma in the 

Fig. 11. Summary of zircon U-Th/He ages (a), correlations of eU with 4He abundance (b), grain radius with zircon (U-Th)/He 
ages (c), and eU with zircon (U-Th)/He ages (d) of samples from the Badu, Jinfeng, Linwang, Jinya, and Nakuang deposits. 
The black and gray dashed boxes emphasize JF-2@1 and LW-1@1 dates, which have lower zircon U-Th/He ages because of 
smaller size (Rs) and/or lower eU.
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Fig. 12. Dating results of magmatic zircon, hydrothermal rutile, and monazite in the Badu deposit. (a, b) Concordia diagram 
and weighted mean 206Pb/238U age for magmatic zircon from the least altered dolerite (data point uncertainties are 2σ). (c-e) 
Tera-Wasserburg U-Pb plot for areas with different W, Fe, Nb, and U contents and common Pb compositions in hydrothermal 
rutile from the mineralized dolerite. (f) Tera-Wasserburg U-Pb plot integrating all data of c, d, and e. (g, h) Tera-Wasserburg 
U-Pb plot and weighted mean corrected 208Pb/232Th age for hydrothermal monazite from the Badu deposit. The inset images in 
a and b are representative cathodoluminescence images and 206Pb/238U ages of zircon. The inset images in c-e are representa-
tive high-contrast backscattered electron images and W contents of three types of compositional zoning in hydrothermal rutile. 
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core and rim, respectively. Eleven zircons with dark-gray and 
weak CL zoning yielded 206Pb/238U ages from 208.0 ± 3.1 to 
219.5 ± 3.1 Ma, forming a concordia age of 212.2 ± 1.9 Ma 
(2σ, mean square of weighted deviates [MSWD] = 0.55), and 
weighted mean 206Pb/238U age of 212.2 ± 2.3 Ma (2σ, MSWD 
=1.2) (Fig. 12a, b), which is interpreted as the best estimate 
of crystallization age for the Badu dolerite. It also places an 
upper limit on the timing of gold mineralization. 

Mineralogical and compositional characteristics of rutile

In the least altered dolerite with high TiO2 contents, clino-
pyroxene, titanite, and ilmenite constitute the main primary 
Ti-rich minerals, and no rutile crystals were recorded. Titanite 
has lamellar exsolutions of ilmenite that are oriented in three 
directions with a 60° angle (Fig. 7b). In the mineralized doler-
ite, primary Ti-bearing minerals have been altered to aurifer-
ous pyrite, arsenopyrite, ankerite, sericite, and rutile (Fig. 7e). 
This suggests that rutile is an alteration mineral produced by 
fluid-rock reaction. In nature, the mineral polymorphs of TiO2 
occur in three structural states with different crystal param-
eters: rutile, anatase, and brookite, which can be reliably dis-
tinguished using laser micro-Raman spectroscopy (Meinhold, 
2010). All grains in this study show the peak positions of stan-
dard rutile, which is characterized by bands at wavenumbers 
143, 247, 447, and 612 cm–1 (Tompsett et al., 1995; Meinhold, 
2010), suggesting rutile is the only polymorph. 

Rutile in mineralized dolerite is typically dark in color, oc-
casionally shows a red or orange tint, varies from subhedral to 
anhedral in shape, and commonly is 20 to 200 μm in length. 
It shows close spatial associations with ankerite, sericite, gold-
bearing pyrite, and arsenopyrite. In places, needle-like rutile 
aggregates occur with crystallographic alignments that are ori-
ented in three direction with angle of 60° from each other, to 
form reticulated rutile. Ankerite is intergrown with rutile and 
infills the micropores between rutile needles. The reticulated 
rutile and ankerite mimic the texture of magmatic ilmenite 
and titanite in dolerite (Figs. 7b, 13a), which is indicative of 
pseudomorphic replacement. Pyrite cores occur adjacent to 
or around the intergrowths of reticulated rutile, ankerite, and 
sericite (Fig. 13b), and in turn, the intergrowths can be traced 
to or enclose the pyrite core (Fig. 13c). Finally, pyrite cores 
are frequently riddled with inclusions of rutile, ankerite, and 
sericite (Figs. 7h, 13d). Pyrite rims lack rutile, indicating it 
formed later in open space. 

Some larger euhedral to subhedral rutile grains enclose 
and are intergrown with ankerite containing tiny inclusions 
of rutile (Fig. 13e, f). They mimic the morphology of coarse 
magmatic ilmenite crystals with inclusions of plagioclase and 
clinopyroxene (Fig. 7b). Pyrite and/or arsenopyrite, as well as 
their intergrowths, coat or rim rutile and gradually penetrate 
inward and replace ankerite along the long axis of the crystals 
and fractures (Fig. 13e-g). When completely replaced, rutile 
has a mosaic texture that locally encloses pyrite (Fig. 13h). 
Other rutile grains are euhedral and enclose tiny inclusions of 
sulfides and Zr-bearing minerals (Fig. 13i). 

High-contrast BSE images show that rutile is characterized 
by complex compositional zoning, including oscillatory, secto-
rial, patchy, and irregular (Fig. 12c-e). Subtle zoning is evident 
at the submicron scale. EPMA spot analyses show that the 
compositional zoning is mainly due to the variations in W, Fe, 

V, Cr, and Nb contents (Table A5). Based on the W contents, 
three types are defined (Fig. 12c-e): light (W > 3.5 wt %), gray 
(1.0 wt % < W < 3.5 wt %), and dark (W < 1.0 wt %). This 
result suggests that there are extreme element compositions 
in a single grain. The light and gray areas are characterized by 
significantly elevated W, Fe, and Nb contents. In contrast, the 
dark areas have lower W, Fe, and Nb contents but have higher 
structurally bounded Si and Cr contents. 

SIMS rutile U-Pb age

In situ SIMS U-Th-Pb results for rutile are listed in Table 
A6. The compositional zoning of W, Fe, Cr, and Nb is ac-
companied by variable U and Th contents and common Pb 
(f206) compositions. The dark area contains higher contents of 
U (1.0–25.6 ppm, avg 9.9 ppm) and Th (3.3–82.3 ppm, avg  
29.3 ppm), giving Th/U ratios of 1.4 to 4.2. Common Pb is 
variably high, with values of f206 ranging from 55.5 to 88.1%. 
On the Tera-Wasserburg plot, the 10 analyses define a re-
gression line (Fig. 12c) that yielded a lower intercept age of  
142.0 ± 11 Ma (2σ, MSWD = 1.5).

The gray and light areas contain generally low levels of U 
(0.3–4.2 and 0.2–1.3 ppm, avg 1.4 and 0.6 ppm, respective-
ly) and Th (0.1–6.5 and 0.0–2.7 ppm, avg 1.8 and 0.7 ppm, 
respectively), giving Th/U ratios of 0.0 to 2.3 and 0.1 to 2.7, 
respectively. Common Pb is variable with values of f206 rang-
ing from 4.1 to 75.7%. Although they have extremely low U 
contents, the data points for gray (n = 11) and light (n = 18) 
areas are distributed along two well-defined regression lines 
that yielded robust lower intercept ages of 144.0 ± 10 Ma (2σ, 
MSWD = 1.4) and 141.0 ± 11 Ma (2σ, MSWD = 0.8), re-
spectively (Fig. 12d, e). All three areas yielded similar ages. 
However, the low and variable U contents and the high com-
mon Pb ratios result in lower intercept ages with large uncer-
tainties (~8%). When synthesized, all 39 data points yielded a 
more precise and robust lower intercept age of 141.7 ± 5.8 Ma 
(2σ, MSWD = 1.04) and the upper intercept of 207Pb/206Pb = 
0.78 ± 0.05 for the common Pb composition (Fig. 12f), which 
is interpreted as the best estimate of the crystallization age of 
hydrothermal rutile. 

Monazite occurrences and SIMS U-Th-Pb dating

Mineralized samples contain trace anhedral or irregular-
shaped and colorless monazite that is generally less than  
10 μm in diameter but ranges in diameter up to 20 to 50 μm. 
Monazite is spatially associated with gold-bearing pyrite, an-
kerite, and sericite. Some tiny monazites (generally <20 µm), 
together with sericite, ankerite, and hydrothermal rutile, oc-
cur as inclusions enclosed within gold-bearing pyrite, and tiny 
sericite and arsenian pyrite grains are also contained in mona-
zite (Fig. 14a, b). Some monazite grains grow on the edge 
of, or in contact with, gold-bearing pyrite (Fig. 14c). More 
generally, monazite occurs as isolated, clustered, and beaded 
crystals in ankerite and sericite (Fig. 14d-g). They have irreg-
ular and jagged edges and contain inclusions of sericite and 
pyrite (Fig. 14h). Additionally, some monazite grains contain 
primary two-phase fluid inclusions (Fig. 14i), consistent with 
those from ore-stage quartz veinlets (Dong, 2017). All mona-
zite grains are homogeneous and do not show any textures of 
multistage growth and dissolution and reprecipitation under 
high-contrast BSE images.
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In situ SIMS U-Th-Pb results of monazite are provided in 
Table A7. A total of 16 analyses were conducted on 16 larg-
er grains with homogeneous surface and no inclusions. The 
monazite contains highly variable U (78–1,598 ppm, mostly 
<500 ppm) and Th (2,012–11,613 ppm), with Th/U ratios of 
2 to 80. The 16 data points plot close to the concordant line 
and yielded a lower intercept 206Pb/238U age of 145.2 ± 4.2 
Ma (2σ, MSWD = 4.3; Fig. 12g) on a Tera-Wasserburg plot. 
After applying the 207Pb-based correction for common Pb, 
the weighted mean 206Pb/238U age was 145.3 ± 3.2 Ma (2σ, 
MSWD = 4.1). The common-Pb corrected 208Pb/232Th age 
yielded a weighted mean age of 144.8 ± 2.4 Ma (2σ, MSWD 
= 4.6; Fig. 12h). When two spots are excluded from the cal-
culation owing to their deviation from the other 14 data, the 
weighted mean 208Pb/232Th age is 143.5 ±1.4 Ma (2σ, MSWD 
= 1.5), and the lower intercept and weighted mean 206Pb/238U 
ages change to 144.3 ± 4.2 Ma (2σ, MSWD = 3.8) and 144.7 ± 
3.2 Ma (2σ, MSWD = 3.6), respectively.

Discussion

Classification of the low-temperature gold deposits  
in the Youjiang basin 

Low-temperature sedimentary-hosted gold deposits in the 
Youjiang basin are generally described as Carlin-type gold 
deposits because they share characteristics similar to those 
of Nevada Carlin-type gold deposits (Hu et al., 2002, 2017; 
Zhang et al., 2003; Su et al., 2009a, 2012; Wang and Groves, 
2018). However, a few others have variously proposed them 
to be Carlin-like (Deng and Wang, 2016), epizonal oro-
genic (Goldfarb et al., 2019), Carlin-style orogenic (Tran et 
al., 2016), intermediate between Carlin-type and orogenic 
(Cline et al., 2013; Su et al., 2018; Xie et al., 2018), and com-
pound of Carlin-type and orogenic gold deposits (Yang et 
al., 2020).

The prominent examples presented here, such as Jinfeng, 
Linwang, Jinya, and Nakuang, display structural and strati-

Fig. 13. Photomicrographs in reflected light and backscattered electron images (f, i) showing characteristics of hydrothermal 
rutile in the Badu deposit. (a) Characteristic reticulated rutile oriented in three directions with angle of 60°. (b, c) Reticulated 
rutile gradually replaced by pyrite core. (d) Reticulated rutile enclosed in pyrite core. (e, f) Coarse rutile intergrown with her-
ringbone ankerite. (g) Ankerite partially replaced by pyrite and arsenopyrite. (h) Characteristic mosaic rutile. (i) Rutile with 
complex compositional zoning and a tiny zircon inclusion. Abbreviations: Ank = ankerite, Ap = apatite, Apy = arsenopyrite, 
Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite, Zrn = zircon.
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graphic-controlled replacement mineralization of calcareous 
siltstone host rocks that contain Fe-bearing carbonate miner-
als. Hydrothermal alterations related to gold mineralization 
are characterized by dissolution and silicification of carbonate 
and argillization of silicates. Mineral paragenesis is dominated 
by ore-stage quartz, carbonate, sericite, or illite, auriferous ar-
senian pyrite and arsenopyrite that formed by sulfidation, and 
late ore-stage fracture- or open space-filling stibnite, realgar, 
quartz, and calcite. Additionally, the ore and ore-stage pyrite 
are anomalously enriched in Au, S, As, Sb, Hg, and Cu, and 
gold is predominantly incorporated into arsenian pyrite or ar-
senopyrite as invisible form of ionically bound Au+1 (Yan, J., 
et al., 2018; Wu, 2018; Xie et al., 2018; W. Gao, unpub. data, 
2020). These features, also shared by the largest Shuiyindong 
deposit in the basin, are comparable to those of Carlin-type 
gold deposits in Nevada (Hu et al., 2002, 2017; Su et al., 2009a, 
2012, 2018). 

The main differences between Carlin-type gold deposits in 
the Youjiang basin and those in Nevada are the greater abun-

dance of CO2 in fluid inclusions, introduction of K in sericite, 
and important but less intense decarbonatization that resulted 
in Fe-poor dolomite as a stable and prominent mineral during 
mineralization (Su et al., 2009a; Cline et al., 2013; Xie et al., 
2018; this study), which suggest that they formed at higher 
pressures and depths from less acidic fluids (Su et al., 2018; 
Xie et al., 2018). However, as pointed out by Wang and Groves 
(2018), these differences are well within the limits of variation 
of other coherent gold deposit classes. 

The Badu deposit is located close to other sedimentary 
rock-hosted Carlin-type gold deposits within the basin. The 
No. II sedimentary-hosted orebody displays highly consistent 
characteristics with those of above examples such as Jinfeng, 
Linwang, Jinya, and Nakuang. In most respects the dolerite-
hosted orebodies are also similar. Firstly, the least altered 
dolerites contain numerous Fe-bearing igneous minerals, 
which is analogous to the Fe-bearing dolomite in the sedi-
mentary-hosted Carlin-type gold deposits. Such reactive Fe-
bearing minerals serve as a chemical trap and requirement for 

Fig. 14. Photomicrographs in transmitted light and backscattered electron images showing characteristics of hydrothermal 
monazite in the Badu deposit. (a-c) Monazite associated with arsenian pyrite. (d-g) Monazite distributed in the matrix of 
ankerite and sericite. (h) Monazite enclosing sericite and quartz. (i) Monazite with primary two-phase fluid inclusions. Abbre-
viations: Ank = ankerite, Ap = apatite, Apy = arsenopyrite, As-Py = arsenian pyrite, fl inc = fluid inclusion, Mnz = monazite, 
Qz = quartz, Ser = sericite. 
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Carlin-type gold mineralization (Stenger et al., 1998; Hofstra 
and Cline, 2000; Fortuna et al., 2003). Secondly, the mineral-
ized dolerites exhibit hydrothermal alteration, mineral para-
genesis, element association, and low base metals and high  
Au/Ag ratios, which are essentially the same as those in the 
sedimentary rock-hosted Carlin-type gold deposits. Gold 
was also primarily incorporated into the lattice of arsenian 
pyrite as invisible gold. Thirdly, fluid inclusions have similar 
low homogenization temperatures of 201° to 301°C (with a 
mode around 245°C) and low salinities (0.02~3.52 wt % NaCl 
equiv), but have higher CO2 contents (Dong, 2017). 

The dolerite-hosted orebodies of Badu differ in that car-
bonate dissolution is absent, whereas silicate minerals are an-
keritized and sericitized. Igneous Fe-bearing minerals, e.g., 
clinopyroxene, titanite, and ilmenite, were altered to anker-
ite, sericite, and rutile. The Fe released by alteration was sul-
fidized to form gold-bearing arsenian pyrite and arsenopyrite. 
This process is reminiscent of carbonate dissolution in sedi-
mentary rock-hosted Carlin-type deposits, which also resulted 
in the release of Fe into ore-forming fluids and precipitation 
of gold-bearing arsenian pyrite by sulfidation (Hofstra and 
Cline, 2000; Cline et al., 2005; Su et al., 2009a, 2012). Another 
difference of the dolerite-hosted orebodies is the occurrence 
of quartz veins or veinlets, instead of the disseminated jas-
peroidal quartz and calcite veins in sedimentary rock-hosted 
Carlin-type gold deposits (Su et al., 2009a, b). Petrographic 
and geochemical characteristics suggest that the dissolution of 
silicate minerals and depletion of SiO2 in dolerite resulted in 
quartz saturation and precipitation of quartz in fractures dur-
ing mineralization. This process is analogous to the dissolution 
of carbonate and release of CaO and CO2 to form widespread 
calcite veins in sedimentary rock-hosted Carlin-type gold de-
posits (Su et al., 2009a, b). Such quartz veins or veinlets are 
generally associated with gold mineralization and serve as a 
pathfinder for gold mineralization. Additionally, Badu differs 
in that K was introduced and Na and Li were removed, which 
is typical of altered igneous rocks in Nevada Carlin-type gold 
deposits (Phinisey et al., 1996; Ressel et al., 2000; Yigit and 
Hofstra, 2003). 

Taken together, we therefore conclude that the hydrother-
mal Au deposits in the Youjiang basin are typical of Carlin-
type gold deposits, that Badu is simply a dolerite-hosted 
equivalent of the other Carlin-type gold deposits within the 
Youjiang basin, and that the three aforementioned differences 
may be controlled by the lithology of the host rocks. 

Evaluation and interpretation of the zircon U-Th/He data

As shown in Figure 11a, single grain zircon U-Th/He ages in 
this study vary from 161.6 ± 2.3 to 105.0 ± 1.4 Ma, except for 
one grain from Jinya, which yielded age of 84.1 ± 1.1 Ma. The 
variation is greater than the analytical uncertainty, necessitat-
ing evaluation of the factors that contributed the large age 
range. Previous studies have shown that the following factors 
can influence U-Th/He ages: He implantation from neighbor-
ing U- and Th-bearing minerals, presence of U- and Th-rich 
mineral inclusions that produce excess 4He, contribution of 
4He from the decay of 147Sm, heterogeneous distribution of 
parent nuclides, difference in grain size, and radiation dam-
age caused by radioactive decay (Farley et al., 1996; Reiners 
and Farley, 2001; Reiners, 2005; Shuster et al., 2006; Flowers 

et al., 2007; Spiegel et al., 2009; Gautheron et al., 2012; Guen-
thner et al., 2013; Danišík et al., 2017).

In this study, the dated zircons have much higher U and Th 
contents than the surrounding minerals, e.g., sulfides, sericite, 
quartz, and carbonate minerals. Moreover, there is a strong 
positive correlation between eU and corrected zircon 4He 
content (Fig. 11b). Thus, the effects of He implantation and 
excess 4He of U- and Th-bearing mineral inclusions are insig-
nificant. Except for BD-1, the dated samples were from the 
Middle Triassic strata, which have similar provenance as iden-
tified by the age spectra of detrital zircons and geochemical 
features of host rocks (Yang et al., 2012; Qiu, L., et al., 2017). 
The probability of zircon with U and Th zoning is random, 
but the younger U-Th/He ages have a bias toward JY samples. 
The dispersion of zircon U-Th/He ages, thus, is unlikely to be 
due to the heterogeneous distribution of U and Th elements.

Radiation damage (eU) has two contrasting effects on U-Th/
He ages by impeding and facilitating He diffusion at lower 
and higher damage, as respectively manifested by positive and 
negative eU age correlations (Reiners, 2005; Shuster et al., 
2006; Guenthner et al., 2013; Danišík et al., 2017). As shown 
in Figure 11d, U-Th/He ages and eU in single sample show 
positive (e.g., LW-2, BD-1, and JY-1), negative (e.g., LW-3), or 
no clear (JF-1 and NK) correlations. Zircon grains with lower 
eU generally yielded much younger U-Th/He ages than oth-
er grains from the same sample, e.g., JF-2@1, LW-2@1, and  
BD-1@2. Additionally, the larger zircon grains tend to yield 
older ages (Fig. 11c). Among these, JF, LW, and NK samples 
display a positive correlation between grain size (Rs) and zir-
con U-Th/He age. Likewise, JY samples have much younger 
ages and smaller grain sizes (Rs). 

Thus, we surmise that grain size and radiation damage can 
account for the scatter of zircon U-Th/He ages. Because of 
relatively lower eU and/or smaller grain size, the zircons of JY-
1, JF-2@1, and LW-2@1 likely had lower U-Th/He block tem-
peratures so that they were more easily affected by late ther-
mal events, which yielded younger U-Th/He ages (Betsi et al., 
2012; Danišík et al., 2015; Wolff et al., 2015). In contrast, the 
larger zircon grains had higher block temperatures of 180° to 
200°C. When the aforementioned outliers are excluded, the 
zircon U-Th/He ages yielded similar weighted mean ages of 
146 to 130 Ma.

However, whether the zircon U-Th/He ages recorded the 
actual timing of a regional thermal event must be carefully 
evaluated. Firstly, the ages are significantly younger than the 
ages of the host strata and dolerite, indicating they were re-
lated to a postdepositional thermal event that completely, or 
at least partially, reset the zircon U-Th/He system (Danišík et 
al., 2015). Secondly, fluid inclusion data suggest that Carlin-
type gold deposits in the Youjiang basin formed at tempera-
tures of 230° to 270°C and 200° to 240°C for the early barren 
and main mineralized stages, respectively (Zhang et al., 2003; 
Su et al., 2009a; Gu et al., 2012; Dong, 2017), which is higher 
than the closure temperature of 180° to 200°C for the zircon 
U-Th/He system (Reiners, 2005). Additionally, the typical life 
span of hydrothermal systems is generally longer than 0.1 to 1 
m.y. (McInnes et al., 2005), and the estimated duration of hy-
drothermal fluid flow related to Carlin-type mineralization is 
at least ~25 to 45 k.y. (Hickey et al., 2014), both obviously lon-
ger than the time span required for resetting the zircon U-Th/
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He system. Thus, in mineralized samples the temperatures 
and durations of ore-forming fluids related to Carlin-type gold 
deposits could completely reset the U-Th/He clock of zircon 
(Arehart et al., 2003). Thirdly, late ore-stage calcite formed at 
temperatures of less than 125° to 140°C that are much lower 
than the closure temperature of zircon U-Th/He system (Su 
et al., 2009a; Gu et al., 2012; Cline, 2018), and no evidence 
supports more than one fluid event. Finally, samples collected 
from different deposits, lithology, and depths yielded similar 
U-Th/He ages—except for Jinya, which yielded much young-
er U-Th/He ages—indicating they experienced a single heat-
ing event followed by rapid cooling. Thus, we infer that the 
ages are representative of a single thermal event, rather than 
a cooling event or a mixed age.

The 146 to 130 Ma age range also suggests that there were 
no subsequent thermal events with temperatures higher than 
180° to 200°C. Consequently, the timing of Carlin-type gold 
deposits must be older than, or equal to, 146 to 130 Ma. This 
interpretation is consistent with the burial and uplift history of 
the Youjian basin, which was monotonously uplifted after the 
Late Triassic (Du et al., 2009; Qiu et al., 2016). Thermal his-
tory models suggest that the Middle Triassic strata had burial 
temperatures of 120° to 150°C 146 to 130 m.y. ago (Qiu et al., 
2016), consistent with the lithostatic temperatures calculated 
based on the formation depth of 4.3 km for Carlin-type gold 
deposits and a gradient of 30° to 35°C/km (Su et al., 2009a, 
2018). Thus, regional heating due to burial was insufficient to 
reset the zircon U-Th/He system. Rather, the 146 to 130 Ma 
ages from Carlin-type gold deposits suggest that temperatures 
higher than 180° to 200°C were localized along structures 
where there were significant fluxes of hydrothermal fluids. 
This interpretation is supported by the 150 to 130 Ma Sm-Nd 
isochron ages of hydrothermal calcite in mineralized samples 
(Su et al., 2009b; Tan et al., 2019; Zheng et al., 2019).

Hydrothermal origin and interpretation of U-Th-Pb age  
for monazite

The monazite grains whose ages were determined in this study 
are from mineralized dolerite with disseminated gold-bearing 
pyrite and arsenopyrite. The monazite is spatially associated 
with gold-bearing pyrite or intergrown with alteration miner-
als related to gold mineralization. In addition, the monazite 
contains primary two-phase fluid inclusions, which are simi-
lar to those from ore-stage quartz veinlets. Geochemically, 
the monazite is characterized by relatively low Th contents 
(mostly <1 wt %), which is less than igneous monazite (3–>5 
wt %) and characteristic of hydrothermal monazite (Schandl 
and Gorton, 2004). Thus, we infer that the monazite is hydro-
thermal in origin and crystallized during gold mineralization. 

On the Tera-Wasserburg plot, the monazite grains cluster 
on the lower intercept, suggesting that low fractions of com-
mon Pb were incorporated into monazite. Thus, the effect 
of common Pb on the age calculation is minor such that the 
lower intercept age is consistent with the 207Pb-corrected 
206Pb/238U age. However, the high Th/U ratios (2–80) of the 
monazite grains allow that excess 206Pb produced by decay of 
excess 230Th may have affected the 206Pb/238U ages (Schoene, 
2014). Because the actual Th/U ratios of ore-forming fluids 
are unknown, it is impossible to apply a correction using the 
equations of Schärer (1984) and Parrish (1990). In such cases, 

the 208Pb/232Th age is considered to be more robust (Janots et 
al., 2012; Schulze et al., 2015; Zhou et al., 2019). Moreover, 
monazites with high Th/U ratios often contain more radiogen-
ic 208Pb (decayed from 232Th) than 206Pb (decayed from 238U), 
such that the 208Pb/232Th age of monazite is less sensitive to 
the common Pb correction (Janots et al., 2012). Compared 
to the 207Pb-corrected 206Pb/238U ages, the 208Pb/232Th ages of 
the monazite grains in this study are more consistent, demon-
strating that the weighted mean corrected 208Pb/232Th age of 
143.5 ± 1.4 Ma is preferable.

Hydrothermal origin and interpretation of U-Pb age  
for rutile

The rutile has many features that indicate it is hydrother-
mal in origin and genetically related to gold mineraliza-
tion. Firstly, rutile is absent in fresh dolerite, has only been 
identified in altered and mineralized dolerite, and is much 
younger than magmatic zircon. Secondly, the intergrowths 
of rutile and ankerite mimic the morphologies of ilmenite 
exsolution in titanite and coarse-grained ilmenite with inclu-
sions of plagioclase and clinopyroxene in unaltered dolerite, 
respectively. This suggests that rutile essentially formed by 
the breakdown and pseudomorphic replacement of mag-
matic ilmenite (Velásquez et al., 2014; Pochon et al., 2017). 
The high Fe, Cr, and V contents of the rutile are also sug-
gestive of Fe-Ti–bearing precursors (Pereira et al., 2019). 
Rutile nucleated and grew at the original textural position 
of ilmenite during hydrothermal fluid-rock reactions, par-
tially preserving the crystallographic orientation (Rabbia et 
al., 2009). Experimental study has shown that the ilmenite is 
replaced by rutile via pseudomorphic interface-coupled dis-
solution-reprecipitation (Janssen et al., 2010). Thirdly, rutile 
displays compositional zoning and enrichments of W, Fe, V, 
Cr, and Nd elements that are characteristic of hydrothermal 
rutile associated with various types of gold mineralization 
(Urban et al., 1992; Rice et al., 1998; Clark and Williams-
Jones, 2004; Scott, 2005; Scott and Radford, 2007; Scott et 
al., 2011; Doyle et al., 2015; Agangi et al., 2019). Hydrother-
mal rutile associated with mesothermal gold deposits invari-
ably has high W and Sb contents and Sb/V ratios (Clark and 
Wiiliams-Jones, 2004; Agangi et al., 2019).

Importantly, petrographic characteristics show that the ru-
tile has consistent spatial and textural associations with anker-
ite, sericite, and gold-bearing iron sulfides. The microtextures 
in Figure 13 indicate that alteration occurred in three steps: 

1. At the incipient stage of alteration, primary plagioclase, 
clinopyroxene, titanite, and ilmenite were altered and 
replaced by hydrothermal fluids with high CO2 and K+ 
contents, resulting in the formation of ankerite, sericite, 
and rutile according to reaction (1). 

Stage 1: Ca(Mg, Fe, Al)(Si, Al)2O6 (clinopyroxene) 
+ (Na, Ca)Al2Si2O8 (plagioclase) + FeTiO3 (ilmenite) 
+ CaTiSiO5 (titanite) + CO2 (fluids)+ K+ (fluids)→
K0.5-1(Al, Mg, Fe)2(Si, Al)4O10(OH)2 nH2O (sericite) 

+ Ca(Mg, Fe)(CO3)2 (ankerite) + TiO2 (rutile) + Na+   (1)

2. Then, pyrite crystallized and grew at the expense of anker-
ite as shown in reaction (2), to form the inclusion-rich 
pyrite cores. 
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Stage 2: Ca(Mg, Fe)(CO3)2 (ankerite) + Au(HS)2
− + 

HAsS2 + fluids → Fe (S, As)2·Au2S (pyrite) + HCO3
−     (2)

This reaction also resulted in the formation of open 
spaces due to the different densities of ankerite and pyrite 
(Velásquez et al., 2014). 

3. Continued saturation with FeS2 enabled pyrite to crystal-
lize in open spaces to form the inclusion-free rims. The 
net effect of these reactions was sulfidation of ankerite 
and precipitation of gold-bearing arsenian pyrite. Gold, 
together with other elements, was incorporated into the 
pyrite structure. Given that the pyrite core and rim contain 
invisible gold and have similar sulfur isotope compositions 
(W. Gao, unpub. data, 2020), we infer that the two gen-
erations of pyrite were penecontemporaneous and formed 
from an evolving episode of fluid flow.

Thus, we suggest that the formation of hydrothermal rutile 
is intimately associated with gold mineralization and texturally 
synchronous with or slightly earlier than gold-bearing pyrite. 
Its U-Pb age is therefore representative of the timing of gold 
formation. The rutile dated in this study is characterized by 
compositional zoning, low U contents, and appreciable com-
mon Pb compositions, which result in an imprecise age. How-
ever, data from different zones with various contents of U, Th, 
W, and Fe have variable amounts of radiogenic versus com-
mon Pb, producing a regression line with f206 ranging from 4.1 
to 88.1% on the Tera-Wasserburg concordia diagrams. The 
regression line, therefore, defines a robust lower intercept age 
of 141.7 ± 5.8 Ma (2σ, MSWD = 1.04). 

Interpretation of rutile U-Pb age depends on the closure 
temperature of Pb diffusion. Grain size, core-rim structure, 
and cooling rate of rutile have a great influence on its U-Pb 
closure temperature. Consequently, rutile Pb-blocking tem-
peratures of 370° to 500°C (Mezger et al., 1989; Li et al., 
2003, 2013a) and 490° to 630°C (Cherniak, 2000; Vry and 
Baker, 2006; Kooijman et al., 2010) have been reported. The 
rutile dated in this study is 50 to 200 µm in length, indicating 
a Pb closure temperature of ~500°C (Li et al., 2013a). Fluid 
inclusion data suggest the ore-forming temperature of the 
Badu deposit was about 201° to 301°C (Dong, 2017), which is 
much lower than the estimated rutile U-Pb closure tempera-
ture. Additionally, zircon U-Th/He dating suggests that there 
were not any significant thermal or hydrothermal events with 
temperatures above 180° to 220°C since 146 to 130 Ma in 
the Youjiang basin. Thus, post-ore Pb diffusion in rutile was 
unlikely, as supported by the well-preserved compositional 
zoning. Thus, hydrothermal rutile could start its U-Pb clock 
and remain closed as soon as it formed. That means the age of 
141.7 ± 5.8 Ma (2σ, MSWD = 1.04) could represent the tim-
ing of gold mineralization. 

Implications for the age and geodynamic setting of Carlin-
type gold deposits in the Youjiang basin

To frame this study, we compiled information on the ages of 
ore deposits in South China (Fig. 15). At Badu, the host dol-
erite yielded a zircon U-Pb age of 212.2 ± 1.9 Ma (2σ, MSWD 
= 0.55), which provides an upper limit on the age of gold min-
eralization. Zircon U-Th/He dates from Badu and four other 
Carlin-type gold deposits yielded similar weighted mean ages 
of 146 to 130 Ma, which place a minimum constraint on gold 

mineralization. Hydrothermal rutile and monazite directly 
associated with gold mineralization yielded U-Th-Pb ages of 
141.7 ± 5.8 Ma (2σ, MSWD = 1.04) and 143.5 ± 1.4 Ma (2σ, 
MSWD = 1.5), respectively. Together (Fig. 15c), these age de-
terminations suggest that Badu and the other Carlin-type gold 
deposits were produced by an Early Cretaceous hydrothermal 
event in the Youjiang basin, which is reinforced by the hydro-
thermal apatite age of the Nibao deposit (Chen et al., 2019). 
This examination of sustainability of hydrothermal rutile and 
monazite U-Th-Pb chronometers might inspire other works 
to accurately determine mineralization ages of hydrothermal 
gold deposits worldwide.

These ages coincide with those of a pulse of magmatism and 
hydrothermal ore deposits in the Nanling Range W-Sn metal-
logenic belt in South China, which is one of the world’s larg-
est W-Sn provinces (Fig. 15a; Hu and Zhou, 2012). Although 
previous researchers have shown that 160 to 150 Ma was the 
most important period of W-Sn mineralization in the Nanling 
Range (Yuan et al., 2008, 2011; Hu and Zhou, 2012; Hu et 
al., 2012; Mao, J.W., et al., 2013; Zhang et al., 2015, 2017), 
another important period of mineralization at 147 to 135 Ma 
was also present in this belt (Mao et al., 2004; Zhang et al., 
2006; Zeng et al., 2009; Fu et al., 2011; Qi et al., 2012; Li et 
al., 2018; Xiong et al., 2020). Ages of 148 to 135 Ma were also 
obtained on W-Sn mineralization in the Southeastern Coastal 
W-Sn metallogenic belt (Liu et al., 2017, 2018; Qiu, Z.W., et 
al., 2017; Yan, Q.H., et al., 2018) and in the Middle-Lower 
Yangtze River porphyry Cu belt (Mao et al., 2011; Mao, Z.H., 
et al., 2013; Pan et al., 2017). All of the above-mentioned 
mineralization ages were reliably and precisely constrained 
by cassiterite U-Pb, molybdenite Re-Os, and muscovite Ar-Ar 
dating (Fig. 15b). Thus, we infer that they are all related to an 
Early Cretaceous geodynamic setting (Hu et al., 2017).

Based on a synthesis of structural, petrological, geochro-
nological, and geochemical data it is now clear that South 
China experienced a tectonic transition from contraction 
to large-scale extension at ca. 148 to 135 Ma in response to 
rollback of the subducted Paleo-Pacific plate beneath South 
China (Hu and Zhou, 2012; Li et al., 2014; Dong et al., 2015). 
The evidence presented herein suggests that the Early Cre-
taceous Carlin-type gold mineralization in the Youjiang basin 
was a direct consequence of this dynamic setting, which is 
analogous to that of Eocene Carlin-type gold deposits in Ne-
vada (Cline et al., 2005; Ressel and Henry, 2006; Muntean et 
al., 2011). Another episode of gold mineralization in the You-
jiang basin has potentially been revealed by hydrothermal 
rutile U-Pb of 213.6 ± 5.4 Ma at the medium-sized Zhesang 
deposit in the southern margin of the basin (Pi et al., 2017), 
which temporally coincides with mafic magmatism in Badu 
and Funing districts (Pi et al., 2016; this study), indicating 
a postcollisional extension setting. However, mineralization 
characteristics and scale of this gold mineralization event 
need further study.

Conclusions
The genesis and geodynamic setting of Carlin-type gold de-
posits in the Youjiang basin have been contentious because of 
the uncertain age of mineralization. The Badu disseminated 
gold deposit, with as much as 70% of the ore hosted in dol-
erite that is unaffected by diagenesis and older hydrothermal 
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events, provides a unique opportunity for geochronologic 
study that is absent in most Carlin-type gold deposits. 

1. Geologic, mineralogical, and geochemical investigations 
suggest that Badu has alteration types, mineral paragen-
esis, element associations, and residence of gold similar to 
those of sedimentary rock-hosted Carlin-type gold deposits 
in the basin.

2. In situ SIMS U-Pb dating on magmatic zircon from the 
least altered dolerite yielded a robust emplacement age of 
212.2 ± 1.9 Ma (2σ, MSWD = 0.55), providing a maximum 
constraint on the age of gold mineralization. Zircon U-Th/
He dating, conducted on Badu and four other representa-
tive sedimentary rock-hosted Carlin-type gold deposits in 
the Youjian basin, yielded nearly consistent mean U-Th/
He ages of 146 to 130 Ma, which place a lower limit on, or 
reveal the actual age of, gold mineralization. 

3. At Badu, hydrothermal rutile and monazite, closely asso-
ciated with ore-stage ankerite, sericite, and gold-bearing 
pyrite, were identified in mineralized dolerite. In situ SIMS 
U-Th-Pb dating on rutile and monazite yielded robust ages 
of 141.7 ± 5.8 Ma (2σ, MSWD = 1.04) and 143.5 ± 1.4 Ma 
(2σ, MSWD = 1.5), respectively, which are comparable to 
hydrothermal apatite Th-Pb age of 141 ± 3 Ma from Chen 
et al. (2019) and represent the age of gold mineralization. 

4. Carlin-type gold mineralization in the Youjiang basin 
might have formed during the transition from contraction 
to extension of South China resulting from slab rollback, 
which is analogous to Carlin-type gold deposit in the west-
ern United States. 
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