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a b s t r a c t

The southeastern part of the Nanling metallogenic province, South China contains numerous economi-
cally important granite-hosted, hydrothermal vein-type uranium deposits. The Miao’ershan (MES) ura-
nium ore field is one of the most important uranium sources in China, hosts the largest Chanziping
carbonaceous-siliceous-pelitic rock-type uranium deposit and several representative granite-hosted ura-
nium deposits. The geology and geochemistry of these deposits have been extensively studied. However,
accurate and precise ages for the uranium mineralization are scarce because uranium minerals in these
deposits are usually fine-grained, and may have formed in several stages, thus hindering the understand-
ing of the uranium metallogenesis of this province.
The Menggongjie (MGJ) uranium deposit is one of the largest granite-hosted uranium deposits in the

MES ore field. Uranium mineralization in this deposit occurs at the central part of the MES granitic com-
plex, accompanied with silicification, fluorination, K-metasomatism and hematitization. The ore minerals
are dominated by uraninite, occurring in quartz or fluorite veinlets along fractures in altered granite. In-
situ SIMS U-Pb dating on the uraninite yields the U–Pb isotopic age of 1.9 ± 0.7 Ma, which is comparable
to the chemical U-Th-Pbtol uraninite age of 2.3 ± 0.1 Ma. Such ages agree well with the eruption ages of
the extension-related Quaternary volcanics (2.1–1.2 Ma) in South China, suggesting that the uranium
mineralization have formed at an extensional setting, possibly related to the Quaternary volcanic activ-
ities. Therefore, our robust, new dating results of the MGJ uranium deposit make it the youngest granite-
hosted uranium deposit reported so far in South China and the mineralization event represents a newly
identified mineralization epoch.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The Mesozoic South China is characterized by the widespread
magmatism and economically important granite-related W–Sn–C
u–U–REE mineralization. The South China uranium metallogenic
province accounts for the largest known source of uranium in
China. Previous studies have revealed that the granite-hosted ura-
nium ore deposits are important commercial uranium producers in
South China (Fig. 1) (e.g., Hu et al., 2004, 2008; Chen et al., 2012;
Luo et al., 2015a; Zhao et al., 2016), providing ca.30% of the ura-
nium sources in China during the past three decades. Similar
granite-hosted uranium deposits elsewhere in the world include
those in the Hercynian granites of the La Crouzille district of the
Massif Central, France (e.g., Cuney, 1978; Leroy, 1978; Turpin
et al., 1990), the Eastern Desert of Egypt (e.g., El-Naby, 2009;
Helmy et al., 2014), and the Moldanubian Zone of the Bohemian
Massif (e.g., Kribek et al., 1999; Dolníček et al., 2014).

Numerous mineral exploration and scientific studies have
shown that the uranium deposits are closely associated with their
host granitic bodies (e.g., Hu and Jin, 1990; Hu et al., 1993, 2008;
Min et al., 1999, 2005; Shi et al., 2010; Chen et al., 2012; Luo
et al., 2015a,b; Zhao et al., 2016). Generally, these U-bearing gran-
ites are rich in uranium (>12 ppm) with leachable uranium sources
such as the Guidong granitic complex (Chen et al., 2012; Luo et al.,
2015a) and Douzhashan granite (Luo et al., 2015b; Zhao et al.,
2016), which have been regarded as the main sources of uranium
mineralization. These granites were emplaced in the Triassic or
the Jurassic (e.g., Hu et al., 2004, 2008; Chen et al., 2012; Deng
et al., 2012; Zhao et al., 2014), whereas the uranium deposits are
considered to have formed from the circulation of meteoric fluids
during the Cretaceous to Tertiary crustal extension in South China

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jseaes.2017.01.021&domain=pdf
http://dx.doi.org/10.1016/j.jseaes.2017.01.021
mailto:huruizhong@vip.gyig.ac.cn
http://dx.doi.org/10.1016/j.jseaes.2017.01.021
http://www.sciencedirect.com/science/journal/13679120
http://www.elsevier.com/locate/jseaes


Fig. 1. Maps showing the tectonic units and distribution of uranium deposits in South China (Hu et al., 2008).
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(Hu et al., 2008; Luo et al., 2015a). Recently, the timing and petro-
genesis of these U-bearing granites in South China have attracted
attention for past decades (e.g., Hu and Jin, 1988; Deng et al.,
2012; Chen et al., 2012; Hu et al., 2012, 2013; Zhao et al., 2013,
2014). Although numerous studies have been carried out the ore-
forming ages of uranium deposits in South China (e.g., Xu et al.,
1988; Xu and Zhang, 1988; Fang et al., 2007; Hu et al., 2004,
2008; Shi et al., 2010; Tian et al., 2010; Chen et al., 2012; Hu
et al., 2013), these mineralization ages are yet to be verified by
direct dating of uranium minerals from these deposits. In addition,
these studies relied on bulk analytical techniques, which were not
able to discriminate between distinct generations of fine-grained
uranium minerals and alteration zones that may occur at a
micron-scale. Thus, the ages, geochemistry and sources of these
uranium deposits in the southeastern part of the Nanling metallo-
genic province, are still poorly understood. To date, a number of
geologic models have been proposed for granite-hosted uranium
deposits, including leaching of uranium from the host granite by
mixed oxidized meteoric and basin fluids (e.g., Turpin et al.,
1990; Dolníček et al., 2014), hot spot uranium metallogenesis
closely related to deep mantle plume tectonics (Li, 2006) and
mantle-degassing associated with mafic magmatism in an exten-
sional setting (e.g., Hu et al., 2008; Luo et al., 2015a). In particular,
ore-forming ages for the associated fluid events and the genetic
process of these granite-hosted uranium deposits in South China
are still lacking.

The Miao’ershan (MES) granitic batholith has a total outcrop
area of ca. 1633 k2, including an important granite-hosted uranium
ore district (Fig. 2).The Douzhashan granite, located in the middle
of the MES granitic complex (Fig. 2a), is one of important U-
bearing granites in South China, with extremely high uranium con-
centrations (up to 26 ppm) (Zhao et al., 2016). It hosts several
hydrothermal vein-type uranium deposits, including the Meng-
gongjie, Shazijiang, Baimaochong, and Shuanghuajiang deposits
(Fig. 2). However, only few studies have been done on these depos-
its since their discovery in 1980s (Xu et al., 1988; Xu and Zhang,
1988; Fang et al., 2007; Shi et al., 2010; Huang et al., 2012). Until
now, reliable ages for the uranium mineralization have not been
reported, thus hindering our understanding of the origin of the ura-
niummineralization in the MGJ deposit. In this study, we described
the main uranium mineralization in the MGJ uranium deposit,
South China, and obtained in-situ SIMS U–Pb and chemical
U-Th-Pb ages of uraninites. Our new results indicate that the
uranium mineralization in the MGJ deposit represents a newly
discovered Quaternary metallogenic event in South China.
2. Geological background

The South China Block in the southeastern part of the Eurasian
continent is made up of the Yangtze and Cathaysia Blocks, which
were welded together along the Jiangnan orogenic belt during
the Neoproterozoic (Zhao et al., 2011). It is bounded by the North
China Craton to the north, the Songpan-Ganzi Terrane of the Tibe-
tan Plateau to the northwest, and the Indochina Craton to the
south. South China underwent three major tectonic-magmatic



Fig. 2. The Miao’ershan-Yuechengling granitic batholith (a) and the uranium deposits in the Douzhashan and Xiangcaoping granites (b) (modified from Shi et al., 2010; Zhao
et al., 2014).
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events after its formation, and abundant igneous rocks, especially
granitoids and granite-related metal deposits, formed in response
to these events (e.g., Zhou et al., 2006; Li and Li, 2007; Hu and
Zhou, 2012). It is also well known for its large-scale mineralization
during the Mesozoic, making the region one of the most important
polymetallic metallogenic provinces in the world. Hu and Zhou
(2012) classified these deposits in South China into polymetallic
hydrothermal systems closely related to felsic intrusive rocks
(W-Sn-Mo granites, Cu porphyries, polymetallic and Fe skarns,
and polymetallic vein deposits) and low-temperature hydrother-
mal systems with no direct connection to igneous activities (MVT
deposits, epithermal Au and Sb deposits). These spectrums of
deposits formed in the Triassic (Indosinian), Jurassic-Cretaceous
(Early Yanshanian), and Cretaceous (Late Yanshanian).

South China is rich in granite-hosted vein-type uranium depos-
its, which have been a main source of uranium for China. The
Miaoer’shan-Yuechengling (MES-YCL) granitic belt is one of the
most important W-Sn-U-polymetallic metallogenic belts in the
Nanling region. The core unit of the MES-YCL anticlinorium con-
sists of Neoproterozoic-Silurian carbonaceous slates, pelitic schists,
felsic volcaniclastics, metasandstones and dolostones. The Miao’er-
shan (MES) granitic rocks intruded into the core of the MES-YCL
anticlinorium, forming a large batholith and extending from north-
ern Guangxi province to southern Hunan province, and represent
the most western part of the Nanling granite belt in South China.
Recently, Zhao et al. (2013) have revealed that the MES granitic
batholith is composed of Paleozoic granites and Triassic granites.
The Triassic granites include the Xiangcaoping and Douzhashan
granites in the center and the Yangqiaoling granite in the southern
part of the batholith.

The MES area is one of the most important uranium ore fields in
the Nanling uranium metallogenic province, and contains the lar-
gest Chanziping carbonaceous-siliceous-pelitic rock-type uranium
deposit, and Menggongjie, Shazijiang, and shuanghuajiang
granite-hosted uranium deposits (Fig. 2a). The Douzhashan granite
occurred in the middle part of the MES granitic plutons. The ore
bodies of the MGJ granite-hosted uranium deposit are distributed
along the contact between the Xiangcaoping and Douzhashan
granite, covering a mineralized area of only 32 km2 (Fig. 2b). The
Douzhashan granite pluton has higher uranium contents than coe-
val granites and has been regarded as the main source of uranium
for the granite-hosted deposit in the MES ore field (Min et al.,
2003; Hu et al., 2012; Luo et al., 2015b; Zhao et al., 2016). In addi-
tion to the MES granite-hosted uranium ore field, the Nanling ura-
nium metallogenic province are also well known for its
carbonaceous-siliceous-pelitic rock-type Quanzhou uranium ore
district in the late Paleozoic basin, located in the edge of the YCL
granitic batholith, such as the Guangzitian, Tuditang and Dajiaobei
deposits. These uranium deposits generally occur within the Douz-
hashan pluton, contact zones and faults (Fig. 2b).
3. Deposit geology

Several middle- and large-scale uranium deposits (e.g. Meng-
gongjie, Shazijiang, Shuanghuajiang and Baimaochong) have been
found within the Douzhashan pluton (Fig. 2b). The orebodies in
these deposits occur as veins controlled by NE- and NNE-
trending faults which cut through the Douzhashan and Xiangcaop-
ing granites, but uranium mineralization is spatially associated
with the Douzhashan granite. The Douzhashan granite pluton is
composed of medium- to coarse-grained two-mica granite with a
zircon U-Pb age of 203 ± 4 Ma and muscovite 39Ar-39Ar age of
207 ± 4 Ma (Zhao et al., 2014). It is the youngest pluton in the
MES complex, emplaced during the late Indosinian stage in a
post-collisional setting (Zhao et al., 2014). In contrast, the other
U-bearing granites in South China were emplaced during the early
Indosinian with a syn-collisional setting (e.g., Xiazhuang and Zhu-
guang granitic composite, Chen et al., 2012; Deng et al., 2012). In
addition to the intrusion ages of these granites in the MES ore field,
Luo et al. (2015b) obtained an age of 70.2 ± 1.6 Ma for the major
uranium mineralization in the Shazijiang granite-hosted uranium
deposit, which is nearly identical to that of the Chanziping
carbonaceous-siliceous-pelitic rock-type uranium deposit
(75 ± 4 Ma; Xu et al., 1988). Such a mineralization stage is more
widespread and refers to various different types of uranium depos-
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its, probably indicating a large-scale uranium metallogenesis in
South China during late Cretaceous (Luo et al., 2015b). Moreover,
Hu et al. (2013) reported a chemical age of �136 Ma for the sec-
ondary apatite from the Douzhashan granite, which was suggested
to be coeval with the Cretaceous crustal extension in south China.
In summary, previous studies have shown that the uraniumminer-
alization in the MES ore distinct mainly occurred at �136, 105 to
95, �75 Ma (Xu et al., 1988; Xu and Zhang, 1988; Fang et al.,
2007; Hu et al., 2008, 2013; Shi et al., 2010; Luo et al., 2015b),
which are far younger than the emplacement age of the Douzha-
shan granite.

The MGJ deposit contains uranium ores with an average grade
of �0.2–0.7% U. The largest ore body is �180 m in length and
�1.5 m in width. The ore bodies are structurally controlled and
confined to shear zones and fault planes within the Douzhashan
granitic pluton. The fault zones are filled with breccias cemented
by coarse- to medium- grained quartz, calcite and fluorite, and
have been mostly activated during late Indosinian (Early Jurassic)
to late Yanshanian (Late Cretaceous) (Fang et al., 2007). The ura-
niummineralization is present as discontinuous veinlets and irreg-
ular patches, associated with deep violet fluorite, smoky quartz,
hematitization and silicification of the host granites (Fig. 3a). The
ore minerals in the deposit are dominated by uraninite and sooty
pitchblende at depth with uranophane, autunite (Fig. 3b-d) and
secondary uranyl minerals at higher levels (Fig. 3a). The deposit
has a paragenetic sequence including an early uraninite-
microcrystalline quartz stage, followed by uraninite-pyrite and late
uraninite-hematite stages.
Fig. 3. (a) Image of outcrop showing uranium mineralization associated with quartz, flu
Abbreviations: Qtz = Quartz. Py = Pyrite. Fl = Fluorite. He = Hematite. Ua = Uranophane. U
4. Analytical methods

4.1. Electron microprobe (EMP) analysis

The chemical composition of the MGJ uraninite was determined
using a Cameca SX100 electron microprobe equipped with a PGT
energy-dispersive spectrometer and five wavelength-dispersive
spectrometers. EMP analyses were carried out at the Department
of Geological Sciences, University of Manitoba. The analytical con-
ditions were a 15 keV accelerating voltage, 20 nA beam current and
a 5 lm beam diameter. Diopside, UO2, titanite, fayalite, PbTe, anda-
lusite, ThO2, pyrite, albite, orthoclase, VP2O7 and apatite were used
as standards for the following elements: Si, Ca, U, Ti, Fe, Pb, Al, Th,
S, Na, K, V and P. Detection limits for these elements were
�0.01 wt.% (Table 1). U-Pb chemical ages of uranium mineral
grains were calculated from the U, Th and Pb contents determined
by electron microprobe data using the method described by
Bowles (1990) and the equation by Cameron-Schiman (1978).
The accuracy of Pb analyses by the electron microprobe is
�0.01%, which is equivalent to errors of 1 Ma for chemical ages.
Our error estimations are in good agreement with the data
reported by Bowles (1990).
4.2. Secondary ion mass spectrometry (SIMS) analysis

Polished thin sections from the MGJ uranium deposit were ana-
lyzed using a CAMECA 7f ion microprobe at the Department of
otite and hematite. (b–d) BSE image of main uranium minerals at the MGJ deposit.
r = Uraninite. Au = Autunite. We = Weeksite.



Table 1
Oxide concentrations (wt.%) of uraninite from the MGJ deposit.

Comment Na2O SiO2 UO2 CaO Fe2O3 PbO Al2O3 ThO2 SO2 K2O F MgO Cl P2O5 TiO2 V2O5 Total Age (Ma)

MQ2N-7 0.12 0.21 86.02 2.19 0.56 0.04 0.15 0.00 0.15 0.00 0.18 0.00 0.00 0.76 0.10 0.00 90.48 2.21
MQ3N-10 0.13 0.11 84.88 2.39 0.43 0.02 0.13 0.02 0.12 0.11 0.13 0.00 0.00 1.05 0.06 0.00 89.59 2.23
MQ3N-16 0.12 0.69 87.18 2.12 0.55 0.02 0.44 0.00 0.20 0.06 0.12 0.00 0.02 0.99 0.07 0.00 92.55 2.29
MQ3N-19 0.10 0.44 85.54 2.30 0.45 0.02 0.32 0.00 0.17 0.07 0.06 0.00 0.02 1.28 0.10 0.00 90.86 2.29
MQ3N-21 0.10 0.14 86.25 2.34 0.39 0.03 0.21 0.00 0.13 0.06 0.22 0.00 0.01 1.24 0.06 0.02 91.21 2.25

J.-C. Luo et al. / Journal of Asian Earth Sciences 137 (2017) 241–249 245
Geological Sciences, University of Manitoba. Prior to analysis, the
samples were cleaned with ethanol and polished with a 1 lm
diamond-cleaning compound to remove the carbon coating. Then
the cleaned polished sections were gold-coated to create a conduc-
tive surface on the sample. The samples selected for U–Pb
geochronology contain the least-altered, most homogeneous ura-
ninite grains.

The analytical protocol for U–Pb isotopic measurements is same
as that used by Luo et al. (2015a). During analyses by SIMS, a mass-
dependent bias (MDB) is commonly introduced to measurements.
This bias is known as instrumental mass fractionation (IMF) and
will typically favor the light isotope. Several processes contribute
to IMF, the most influential of which are related to sample chem-
istry. Therefore, accurate isotopic analyses by SIMS require calibra-
tion using a mineral standard with a chemical composition similar
to that of the mineral of interest. Lead isotopes measured by SIMS
exhibit negligible instrumental fractionation during sputtering
(Fayek et al., 2002a,b). We applied both medium mass resolution
(DM/M 1300) and a voltage offset of –50 V, which minimized the
mass interferences and matrix effects for uranium minerals with
a range of Pb contents. Therefore, a natural crystal of pegmatite
hosted uraninite (LAMNH) from the Scotty mine, Oxford County,
Maine, was used to standardize the U–Pb isotopic analyses. The
standard and minerals of interest were analyzed during the same
analytical session.

The measured values of the LAMNH standard by SIMS during an
analytical session was compared to the accepted isotopic composi-
tion, shown in Table 2 (Evins et al., 2001), to calculate a correction
factor (a) using Eq. (1):

aSIMS ¼ RSIMS=RTIMS ð1Þ
where RSIMS is the isotopic ratio measured directly by SIMS and
RTIMS is the accepted or true ratio measured by thermal ionization
mass spectrometry (TIMS) for standard. Where R = 206Pb/238U,
207Pb/235U, and 207Pb/206Pb. The correction factor is then applied
to the measurements of the unknown samples obtained during
the same analytical session using Eq. (2) (Fayek et al., 2002b;
Sharpe and Fayek, 2011):

Rcor ¼ RSIMS=a ð2Þ
Table 2
SIMS U-Pb data for uraninite from the MGJ uranium deposit corrected using LAMNH stan

Sample 206Pb/204Pb Possion% 207Pb/206Pb Possion% 235U/2

MQ-4 3.06E+01 4.14E+01 1.43E�01 9.34E+00 7.55E
MQ-6 4.93E+01 4.14E+01 1.06E�01 8.31E+00 7.57E
MQ-8 6.00E+01 5.04E+01 1.10E�01 8.05E+00 7.52E
MQ-9 2.57E+01 4.56E+01 1.27E�01 1.03E+01 7.49E
LAMNH-1 1.12E+05 3.54E+01 5.45E�02 2.38E�01 7.62E
LAMNH-2 9.87E+04 2.50E+01 5.39E�02 2.60E�01 7.60E
LAMNH-3 7.33E+04 2.18E+01 5.40E�02 2.59E�01 7.61E
LAMNH-4 8.48E+04 1.86E+01 5.43E�02 2.64E�01 7.57E
Average 9.21E+04 5.42E�02 7.60E
St. dev. 1.67E+04 2.68E�04 2.24E
% Error(1r) 0.18 0.00 0.00
FF(a) 1.84E+00 1.01E�00 1.05E
where R = 206Pb/238U, 207Pb/235U and 207Pb/206Pb. Rcor is the cor-
rected isotopic ratio for the samples and RSIMS is the measured
ratio for the samples.

The isotopic ratios (206Pb/238U and 207Pb/235U) were used to
estimate ages for uraninite using ISOPLOT (Ludwig, 1993). U–Pb
isotopic compositions of uraninites from the MGJ deposit and stan-
dard determined by SIMS are listed in Table 3.
5. Results

5.1. Chemical compositions of uraninite

The EMPA data for uraninite from the MGJ uranium deposit is
listed in Table 1. Uranium minerals from the MGJ deposit show a
limited compositional variation. The UO2 contents vary from
84.88 to 87.18 wt.% with an average value of 85.97 wt.%. The CaO
content ranges from 2.12 to 2.39 wt.% with an average value of
2.27 wt.%. In addition to UO2 and CaO, the uraninite contains minor
amounts of SiO2 (0.11–0.44 wt.%) and P2O5 (0.76–1.28 wt.%) and
trace PbO (0.02–0.04 wt.%), Na2O (<0.13 wt.%), Fe2O3 (<0.56 wt.%),
Al2O3 (<0.44 wt.%) and ThO2 (<0.02 wt.%). The low totals observed
can be explained by the presence of limited amount of water,
undetected REEs, as well as the hexavalent uranium as the U was
calculated as UO2.

The uraninite grains in the deposit contain extremely low ThO2,
which is in agreement with their hydrothermal origin because Th
has lower solubility in low to intermediate temperature (<300 �C)
fluids (Cuney, 2010). Magmatic uraninite grains generally have
CaO contents (up to 0.5 wt.%; Förster, 1999), much lower than
low-temperature, hydrothermal uraninites with CaO up to
2.28 wt.% (Janeczek and Ewing, 1992). In the MGJ deposit, the ura-
ninite grains contain high CaO contents (2.09–2.39 wt.%). Such
high CaO contents cannot explained by contamination by some
Ca-rich inclusions during the EMP analyses, as these grains are
homogeneous under the BSE images and do not contain any inclu-
sions of calcite or apatite. Therefore, the high CaO contents of the
uraninite in the MGJ deposit are consistent with their hydrother-
mal origin. It is commonly considered that the incorporation of
dard with Poisson% errors.

38U Possion% 207Pb/235U Possion% 206Pb/238U Possion%

�03 3.73E�01 1.85E�03 8.52E+00 9.48E�05 3.26E+00
�03 3.74E�01 2.22E�03 7.91E+00 1.58E�04 2.69E+00
�03 3.76E�01 2.60E�03 7.66E+00 1.79E�04 1.79E+00
�03 3.72E�01 1.47E�03 9.41E+00 8.86E�05 3.38E+00
�03 4.08E�01 3.06E�01 4.68E�01 4.28E�01 6.39E�02
�03 4.19E�01 2.81E�00 4.86E�01 3.95E�01 6.97E�02
�03 4.16E�01 2.61E�00 4.79E�01 3.67E�01 7.00E�02
�03 4.07E�01 2.59E�00 4.95E�01 3.61E�01 7.11E�02
�03 2.77E+00 3.38E�01
�05 2.22E�01 3.06E�02

0.08 0.08
+00 6.73E�01 6.98E+00



Table 3
Isotopic compositions of LAMNH standard measured by TIMS (Evins et al., 2001).

Standard TIMS sample 206Pb/204Pb 207Pb/206Pb 208Pb/206Pb 207Pb/235U 206Pb/238U

LAMNH MF-1a 4200 0.05388 0.00254 0.409 0.055
LAMNH MF-3 >50,000 0.05377 0.00264 0.411 0.055
LAMNH MF-3a >50,000 0.05377 0.00264 0.411 0.056

Fig. 5. SIMS uraninite U-Pb age from the MGJ uranium deposit.
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Ca in the uraninite structure compensates for the charge difference
due to the presence of U6+ (Janeczek and Ewing, 1992).

5.2. Chemical U-Pb age of uraninite

Chemical ages have previously been calculated to infer the for-
mation ages of uraninite (e.g., Bowles, 1990; Cross et al., 2011).
Based on the atomic percentage of Pb, U and Th, chemical ages
could be calculated using Cameron-Schiman’s equation given by
Cameron-Schiman (1978):

t ¼ Pb� 1010=ð1:612Uþ 4:95ThÞ ð3Þ
which yields the age in years. In this study, the point determina-
tions of uraninite grains cover a narrow interval of 2.2 to 2.3 Ma
(Table 1), and the statistical processing shows that these uraninites
are chronologically homogeneous with a weighted average of
2.3 ± 0.1 Ma (Fig. 4).

5.3. SIMS U–Pb age of uraninite

The SIMS U–Pb isotopic compositions of uraninites from the
MGJ deposit are listed in Table 2. The results show that these ura-
ninite grains have 235U/207Pb and 207Pb/204Pb varying from 385 to
680 and 3.26 to 6.60, respectively. We have calculated an SIMS
U-Pb age of 1.9 ± 0.7 Ma using ISOPLOT (Ludwig, 1993) (Fig. 5),
identical to the chemical age of 2.3 ± 0.1 Ma.

6. Discussion

6.1. Reliability of the uraninite U-Pb age

Although Bowles (1990) considered that many natural
uraninites generally have low common Pb contents, this should
not be assumed to be the case for all uraninites, such as the Xianshi
Fig. 4. Chemical Pb age (n = 5, 2r error bars shown) and the weighted mean age for
the MGJ uraninite using ISOPLOT (Ludwig, 1993).
uraninites with high common Pb from South China (Luo et al.,
2015a). In this study, uraninites analyzed do not contain any mea-
surable Th, and the range in uranium concentration is insufficient
to estimate concentrations of initial common Pb using the isochron
method of Suzuki and Adachi (1991). Therefore, our new EPMA
chemical U–Th–Pb age is best interpreted as a reconnaissance-
level age with control of determination the low common Pb con-
tent for the MGJ uraninite grains by SIMS U-Pb dating. This is the
first data set to show that the SIMS U–Pb dating may be applicable
for dating such young uraninite, 1.9 Ma. Additionally, such a young
age is observed within a single polished thin section (Fig. 3).

This study suggests that the chemical U-Pb age (2.3 ± 0.1 Ma)
for the MGJ deposit is undistinguishable from the precise ore-
forming age of 1.9 ± 0.7 Ma obtained by SIMS. This similarity indi-
cates that under specific circumstances (uraninite with low com-
mon Pb), chemical U-Pb ages can be reliable and used for dating
uraninite (e.g., Bowles, 1990; Förster, 1999; Cross et al., 2011;
Luo et al., 2015b). However, the limitations of the chemical U-Pb
dating must also be noted because this chemical U-Th-Pb age is
not required to determine the amount of common Pb.

Uranium mineralization in South China has occurred in more
than one episode, as revealed by multiple stages of uranium-
bearing veins (e.g., Luo et al., 2015a). Several U-Pb isotopic ages
of primary uranium minerals from different stages of uranium-
bearing veins have been previously reported (e.g., Xu et al., 1988;
Xu and Zhang, 1988; Fang et al., 2007; Hu et al., 2008 and reference
therein; Shi et al., 2010; Tian et al., 2010; Hu et al., 2013; Luo et al.,
2015a,b). Hu et al. (2008) have summarized that the timing of the
uranium mineralization ranges from Cretaceous to Tertiary
(145–25 Ma) in South China (Fig. 6), although their host rocks
range in age from Precambrian to Jurassic. They also indicated that
the uranium mineralization can be divided into six stages:
�135 Ma, 120 to 115 Ma, 90 to 85 Ma, 75 to 65 Ma, 50 to 40 Ma,
and �25 Ma (Fig. 6). Our new dating results of the MGJ deposit
demonstrate that the uranium mineralization in this deposit
(�1.9 Ma) represents the youngest episode of mineralization for
the granite-hosted uranium deposits in South China.



Fig. 6. Histogram showing the ages of uranium mineralization in South China. U-Pb
ages of pitchblende (uraninite) from the three types of uranium deposits in South
China, are mainly from Xu et al. (1988), Xu and Zhang (1988), Fang et al. (2007), Hu
R.-Z. et al. (2008) and reference therein, Shi et al. (2010), Tian et al. (2010), Hu H.
et al. (2013), Luo et al. (2015a,b). CSP = carbonaceous-siliceous-pelitic sedimentary
rocks.
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6.2. Implications for uranium metallogenesis

The major source of uranium for the MES uranium ore district is
generally assumed to be the Douzhashan host granite (e.g., Min
et al., 2003; Hu et al., 2012; Luo et al., 2015b; Zhao et al., 2016).
Zhao et al. (2016) showed that the Douzhashan granite has extre-
mely high uranium content up to 26 ppm, nine times higher than
the average value of upper continental crust (2.7 ppm, Rudnick
and Gao, 2003). Uranium occurs dominantly in tetravalent (U+4)
form in several types of minerals in granites, including uraninite
(UO2) and accessory minerals (e.g. monazite, thorite, zircon, apatite
and xenotime). Indeed, abundant uraninite and uranium-bearing
accessory minerals such as monazite, thorite, xenotime and zircon
were identified in the Douzhashan two-mica granite (Hu et al.,
2012; Zhao et al., 2016), whereas similar minerals are not observed
in the Xiangcaoping biotite granite. Moreover, previous studies
implied that uranium in uraninite and uranium-bearing accessory
minerals can be easily leached by CO2-rich fluids under the proper
P, T, and Eh–pH conditions (McLennan and Taylor, 1979; Friedrich
Fig. 7. The time sequence of the tectonic-magmatic-metallogenic events in the MES gra
deposit and eruption ages from Quaternary volcanics in South China. Zircon U-Pb age fo
from Fang et al. (2007). Ore-forming age of these uranium deposits in the MES uranium o
Fang et al. (2007), Hu R-Z. et al. (2008), Shi et al. (2010), Hu H.et al. (2013), Luo et al. (20
mainly based on the data from Li et al. (2007) and Fan et al. (2006).
et al., 1987; Hu and Jin, 1990; Min et al., 1999; Skirrow et al., 2009;
McGloin et al., 2015). In the MGJ deposit, such CO2-rich fluids are
well revealed by the fluid inclusion studies (Huang et al., 2012).
We thus propose that the uranium-rich Douzhashan granites can
be viable uranium source for the MGJ deposit. Such an interpreta-
tion is also supported by the fact that other large-scale uranium
deposits (Shazijiang, Shuanghuajiang and Baimaochong) dis-
tributed in the Douzhashan granite (Fig. 2).

Previous studies proposed that crustal extension is closely asso-
ciated with the intrusion of mafic dikes and the upward migration
of mantle-derived CO2 that mixed with CO2-poor meteoric water
(Jin and Hu, 1990; Hu et al., 1993, 2008, 2009; Chen et al., 2012).
It was considered that the CO2-rich fluids have leached uranium
from pre-existing uranium-rich granites and have precipitated
uranium-bearing minerals in faults and fractures to form the
granite-hosted uranium deposits (e.g., Jin and Hu, 1990; Hu et al.,
1993, 2008; Min et al., 1999, 2005; Chen et al., 2012; Luo et al.,
2015a,b; McGloin et al., 2015). In the MGJ deposit, our new dating
results indicate that the source of CO2-rich, ore-forming fluids are
likely sourced from the parent magmas of the synchronous Quater-
nary volcanic suite (2.1–1.2 Ma, Fan et al., 2006; Li et al., 2007).
Fluids might have migrated along the NNE-trending fracture sys-
tem that is synchronous with the spatially associated Quaternary
volcanism (Fan et al., 2006; Fang et al., 2007; Li et al., 2007;
Fig. 7). In addition, the active hot springs along the NNE-trending
fracture system are also likely the potential source of CO2-rich
hydrothermal fluids (Wang et al., 2015). The ascending CO2-rich
fluids may leach uranium from granitic source rocks, and transport

the uranium as soluble UO2ðCO3Þ2�2 and UO2ðCO3Þ4�3 complexes
(Cuney, 1978; Leroy, 1978; McLennan and Taylor, 1979; Hu and
Jin, 1990; Hu et al., 1993, 2008; Min et al., 1999). Precipitation of
uranium minerals along NNE-trending fracture zones could have
been triggered by a number of processes, including CO2 degassing,
decreasing P and T, changing Eh–pH conditions, and reduction of
U6+ to U4+ by oxidation of Fe-bearing minerals such as biotite in
the host granite, as evidenced by the close association of
uranium-bearing minerals and hematite in the MGJ deposit
(Fig. 3a).

This study provides a good example that uranium mineraliza-
tion can be present at least 200 Ma later than the intrusion age
of the hosting granites. Similar granite-hosted uranium deposits
elsewhere in the world have also been suggested to be linked to
nitic complex. The inset magnification Fig. a shows ore-forming age from the MGJ
r these granites are from Zhao et al. (2013) and (2014). Formation ages of faults are
re district are mainly based on the studies by Xu et al. (1988), Xu and Zhang (1988),
15b), and this study. Eruption ages for the Quaternary volcanics in South China are
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the emplacement of mafic dikes or crustal extension, rather than
the host granites. For example, uranium deposits that have ura-
nium sourced from Hercynian granites of the La Crouzille district
of the Massif Central, France were genetically related to the late
intrusion of lamprophyre dykes and the associated crustal stretch-
ing event (e.g., Cuney, 1978; Leroy, 1978; Turpin et al., 1990).
Therefore, our new findings that formation of the MGJ deposit is
temporally related to crustal extension or the eruption of Quater-
nary volcanos (2.1–1.2 Ma, Fan et al., 2006; Li et al., 2007), provid-
ing the new implications for regional metallogeny. It is proposed
that the MGJ deposit and other similar deposits in the region
may have formed from a similar model including initial uranium
leaching from host granites and later precipitation of uranium
minerals along faults to form vein-type uranium mineralization.
This study highlights that future exploration in this region should
pay more attention to the uranium-rich granites, associated faults
and Quaternary volcanic rocks.
7. Conclusions

This study report firstly a robust SIMS U-Pb age of 1.9 ± 0.7 Ma
for the MGJ uranium deposit in the MES uranium ore district. The
new, accurate SIMS U–Pb uraninite age is interpreted as a newly
identified mineralization epoch in South China, making the MGJ
deposit the youngest granite-hosted uranium deposit to the best
of our knowledge. Therefore, the uranium mineralization in the
deposit is likely genetically related to the Quaternary volcanic
activities in the region. Further mineral exploration in this region
will be benefited from these new findings.
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