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Numerous Triassic biotite granites and two-mica granites crop out in the interior of South China, and some of
them possess high U contents, which have been regarded as the sources for later hydrothermal mineralization.
Their petrogenesis is therefore crucial for constraining the possible origins of the U enrichment. Here we report
new LA-ICPMS zircon U\\Pb ages, mineral geochemistry of biotite and muscovite, whole rock geochemical
results and Sr\\Nd and zircon Hf isotope data from the Jintan pluton in Central Jiangxi Province, South China.
LA-ICPMS zircon U\\Pb dating indicates that both biotite granite (BG) and two-mica granite (TMG) in the Jintan
pluton crystallized at ~220 Ma. The TMG have higher U contents (7.85 to 48.90 ppm, average18.44 ppm) than
theBG (4.99 to 17.72 ppm, average 8.64 ppm). Both BG and TMG show negative whole-rock εNd(t)and zircon
εHf(t)values and contain some inherited zircons. The TMG are strongly peraluminous (A/CNK= 1.13–1.33), con-
tain abundant primarymuscovite, and display S-type affinity on plots of YvsRb and Th vsRb, suggesting that they
are S-type granites. The BG also display S-type granite affinities on plots of Yvs Rb and Th vsRb. The suites display
similar Sr\\Nd isotope compositions (BG initial 87 Sr/86 Sr values = 0.711389 to 0.714225 and εNd(t) =−9.91
to−9.16, TMG initial 87Sr/86 Sr values= 0.711832 and εNd(t) =−10.02) and are spatially associated, suggesting
that the BG should also be classified as S-type granites. The TMG have higher zircon εHf(t)values (−6.4 to−1.1)
than the BG (−8.7 to −3.7), indicating the TMG and BG might be derived from similar sediments but possibly
with some distinct characteristics in their sources. The BG exhibit linear covariations in chemical compositions
with relatively high total REE and light REE contents andMgO contents, while the TMG displays broader compo-
sitional variations but with relatively low total REE, light REE and MgO contents. Biotite geochemistry indicates
the TMG formed in amore reducedmagmatic system than the BG. The temperatures estimated by zircon satura-
tion thermometry indicate the BG had distinctly higher magmatic temperatures than the TMG. The TMG display
relatively high Al2O3/TiO2 ratios and low CaO/Na2O ratios than the BG but have higher Sr/Y and La/Yb ratios. The
geochemical and petrological data suggest the BG were derived from clay-poor psammite sources at deeper
levels with higher temperatures and higher oxygen fugacity, and underwent an extensive fractional crystalliza-
tion, while the TMG was derived from clay-rich pelitic sources at higher levels and lower temperatures and
oxygen fugacity with only limited fractional crystallization.We conclude that the combination of U-rich sources,
physical-chemical conditions such as low partial melting temperature or low degrees of partial melting, a re-
duced environment and low REE and LREE contents of magmas controlled the U enrichment in TMG.
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1. Introduction

Granite is themost important constituent of upper continental crust
and can form in various tectonic settings (Brown, 2013; Jiang and Zhu,
2017). Deciphering the origin of granites has great bearing on our
understanding of continental differentiation and their genetic links to
mineralization (Gao et al., 2018 and references therein). The Triassic
granites in the interior of South China have been regarded as the prod-
uct of intracontinental orogeny (Gao et al., 2017; Li and Li, 2007; Wang
et al., 2013; Zhao et al., 2016; Zhou et al., 2006) and some of the intru-
sions are closely related to polymet allic mineralization in the region
(Hu et al., 2017). Previous studies have shown that these granites are
dominantly S-type with only minor I-type and A-type granites being
present (Chen et al., 2007; Wang et al., 2013; Zhao et al., 2013a; Zhao
et al., 2017; Zhou et al., 2006). Gao et al. (2017) have recently
proposed that the granites can be categorized into five groups: cordier-
ite-bearing granites, amphibole-bearing granites, biotite granites,
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muscovite-bearing granites, and A-type granites. The cordierite-bearing
granites and muscovite-bearing granites have already been recognized
as S-type granite (Qi et al., 2007) while the amphibole-bearing granites
are I-types(Chen et al., 2007; Zhao et al., 2017). The biotite granites have
been characterized as either I-type granite or S-type granite (Zhou et al.,
2006). Overall, S-type granites are the volumetrically dominant type of
granite in South China. Biotite and muscovite-bearing granites usually
coexist with each other in a single pluton, which raises the question of
the genetic relationship between the two granite types.

Moreover, previous studies demonstrated that some of the Triassic
granites have high U contents and play an important role in the forma-
tion of hydrothermal uranium deposits (Chen, 2004; Chen et al., 2012;
Dong et al., 2010; Zhao et al., 2016). Although the deposits may be
hosted in either granites or volcanic rocks, most of the basement or
wall rocks in the vicinity of the deposits are U-rich Triassic granites
(Chen, 2004; Chen et al., 2012; Dong et al., 2010; Zhao et al., 2016). Nev-
ertheless, the primary U enrichment mechanism in Triassic granites is
still a matter of debate. For instance, Dong et al. (2010) concluded that
multi-stage metamorphism and re-melting resulted in uranium enrich-
ment in some granites. Zhao et al. (2011) and Zhao et al. (2016) sug-
gested that a distinct U-rich source may be the key factor in the
generation of peraluminous U-bearing granites in South China. Alterna-
tively, Chen et al. (2012) and Zhang et al. (2017) proposed that magma
differentiation, plus specific physical-chemical conditions (such as tem-
perature, volatile components and oxidation state) resulted in higher U
content. Interestingly, many of the U-rich Triassic granites are S-types
derived from sedimentary sources (Chen et al., 2012; Dong et al.,
2010; Zhao et al., 2013b, 2016) and it is therefore important to study
these rocks to better define uranium exploration criteria in South
China and worldwide.

The Jintan pluton is a Triassic S-type granite intrusion in the Central
Jiangxi Province, South China that contains both biotite and two-mica
granite (JGS, 1984; Zhao et al., 2013b). The Jintan granite is U-rich
and uranium mineralization has been discovered in the pluton
(Zhao et al., 2013b). Therefore, it is an excellent location to investigate
the relationship between biotite and muscovite-bearing granites, as
well as to understand the mechanism of U enrichment in the Triassic
granites of South China. This paper presents a study of zircon U\\Pb
ages and Hf isotopes, whole-rockmajor-trace elements and Sr\\Nd iso-
topes from the Jintan pluton andmajor element analyses of biotites and
muscovites in the biotite andmuscovite-bearing phases. The aim of the
study is to (1)better constrain the petrogenesis of Jintan pluton; (2)ex-
plore the relationship between biotite granite and two-mica granites in
the Jintan pluton; (3)provide important insights into the mechanism of
U enrichments in the Triassic granites of South China.
2. Geological setting and samples

The South China Block (SCB) consists of the Yangtze Block in the
northwest and the Cathaysia Block in the southeast (Fig. 1. Li et al.,
2012; Jiang et al., 2015). The two blocks amalgamated along the
Jiangshan-Shaoxing Fault (JSF) in the early to middle Neoproterozoic
(Li et al., 2008, 2009). The Cathaysia Block consists of a Proterozoic base-
ment and a Sinian-Mesozoic sedimentary and volcanic cover (Chen and
Jahn, 1998). The Yangtze Block consists of late Archean to Proterozoic
basement and Cambrian to Triassic marine sedimentary rocks and a
cover of Jurassic-Cretaceous and Cenozoic continental sedimentary
rocks (Chen and Jahn, 1998; Hu et al., 2017). The SCB was tectonically
active at different times in the Neoproterozoic, Early Paleozoic, and
Mesozoic according to sedimentary, metamorphic and magmatic re-
cords (Li, 1998). Granites emplaced during these periods arewidely dis-
tributed in South China, which makes the SCB one of the world's rare
examples of a large granite province dominated byMesozoic (including
Triassic, Jurassic and Cretaceous) magma activity (Wang et al., 2013;
Zhou et al., 2006). Extensive exposures of intrusive and extrusive
rocks and related deposits (such as W, Sn, U,etc.) occur throughout the
SCB(Hu et al., 2017).

The Jintan pluton is located geographically to the west of Xiajiang
County in the Central Jiangxi Province of South China and geologically
within the easternWugongshan tectonic belt. It crops out as an elliptical
shape with an outcrop area of 164 km2(JGS, 1984) and a northwestern
axial direction and intruded into Sinian to Cambrian metasedimentary
sequences (Fig. 2). The Jintan pluton is predominantly composed ofme-
dium- to coarse-grained biotite granite, with some medium grained
two-mica granites intruded into the biotite granite and crops out as
stocks in the east, southwest and northwest of the pluton (Fig. 2).
Restites and microgranular enclaves are not observed in the Jintan plu-
ton. As reported by Zhao et al. (2013b), the two-mica granite in the east
of the pluton formed at ~239Mawith equigranular texture andmassive
structure and contains a few garnets. But the two-mica granite located
in the southwest and northwest of the pluton has not been studied be-
fore. Our present study focuses on the biotite granite and two-mica
granite in the southwest and northwest parts of the pluton. The biotite
granite is porphyritic textured with megacrysts of K-feldspar. The main
mineral constituents include K-feldspar (30–35%), plagioclase
(25–30%), quartz (30–35%) and biotite (8–10%), with accessory apatite,
zircon, monazite, magnetite and ilmenite (Fig. 3). The two-mica granite
in the southwest and northwest of the pluton has medium-grained or
porphyritic texture with phenocrysts of K-feldspar. It consists primarily
of K-feldspar (30–35%), plagioclase (20–25%), quartz (35–40%), biotite
(3–5%) and muscovite (1–2%), but lacks garnet, and contains accessory
apatite, monazite and zircon (Fig. 3). Therefore, as mentioned above,
the rocks in Jintan pluton can be classified into three types of granite:
(1)biotite granite (BG) which is the main lithology of the pluton,
(2)two-mica granite (TMG) which located in the southwest and north-
west part of the pluton, and (3)garnet-bearingtwo-mica granite
(GTMG) which is located in the eastern part of the pluton (Fig. 2).
Some uranium deposits have been discovered in the GTMG(Zhao et
al., 2013b), but none have yet been found in the BG or TMG.

3. Analytical methods

Zircons were separated using conventional heavy liquid and mag-
netic techniques and purified by the handpicking under a binocular mi-
croscope, and then cast into an epoxy mount. The mount was then
polished to expose the grain centers and carbon-coated. The internal
structures of the zircons were examined using cathodoluminescence
(CL) images prior to U\\Pb isotopic analysis. Sample 08JX04–
1,08JX05–1, 08JX07–1 zircon U\\Pb dating were made at the
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(GIG-CAS), and sample 14JX08–1 zircon U\\Pb dating were done at
School of Resources and Environmental Engineering, Hefei University
of Technology. All Zircon U\\Pb analyses were performed using an
Agilent 7500a ICP-MS, equipped with a RESOlution M-50laser-ablation
system. Spot sizes of 32 μm with a laser frequency of 8 Hz were used.
U–Th–Pb ratios and U concentrations were determined relative to
TEMORA zircons (Black et al., 2003) and the standard NIST610 (Pearce
et al., 1997), respectively. Raw count rates were measured for 29 Si,
204 Pb, 206 Pb, 207 Pb, 208 Pb, 232 Th and 238U, and then calculated using
the ICP-MS DataCal 6.7 (Liu et al., 2008). The detailed analytical tech-
niques are described in Tu et al. (2011).

In situ zircon Hf isotopic analyses were carried out on the dated sites
using a Neptune MC-ICPMS, equipped with a 193 nm laser, at the
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(GIG-CAS). The detailed description of the two instruments can be
found in Zhang et al. (2014). Spot sizes of 44 μm with a laser repetition
rate of 8 Hz and energy density of 5 J/cm2 were used to obtain a signal
intensity of ~ 5 V at 180Hf mass. The detailed analytical technique and
data correction procedures are described in Wu et al. (2006). The
mean βYb(172 Yb/173Yb) value obtained from zircon itself was applied
for the interference correction of 176 Yb and 176 Lu on 176Hf (Wu et al.,



Fig. 1. Distribution of Mesozoic igneous rocks in southeastern China(modified after Li et al., 2012; Jiang etal., 2015). JSF, Jiangshan-Shaoxing Fault; CNMB, Changle-Nan'ao Metamorphic
Belt.
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2006). The ratios 176 Yb/172 Yb = 0.5886 and 176 Lu/175 Lu = 0.02655
were used for the elemental fractionation correction. Due to the ex-
tremely low 176 Lu/177 Hf in zircon (normally ﹤0.002 in the studied
samples), the isobaric interference of 176 Lu on 176Hf is negligible
(Kinny and Maas, 2003). No relationship between 176 Yb/177Hf and
176Hf/177 Hf ratios was observed in the studied samples, indicating
that the correction of 176 Yb interference on 176 Hf is precise for
obtaining accurate 176Hf/177Hf values. During analysis of the unknown
samples, the zircon standard (GJ-1) andMud Tank gave 176Hf/177Hf ra-
tios of 0.282002 ± 25 (2σ; n = 9) and 0.252496 ± 18 (2σ; n = 9),
respectively, which are identical with the preferred mean values mea-
sured using the LA-MC-ICPMS method (Gerdes and Zeh, 2006;
Woodhead et al., 2004). The uncertainties of calibrated isotope ratios,
including those from the sample, standards, and reference values, are
given at ±2σ. The measured 176 Lu/177 Hf ratios and the 176 Lu decay
constant of 1.865 × 10−11 yr−1 (Scherer et al., 2001) were used to
calculate initial 176 Hf/177Hf ratios. The chondritic values of
176Hf/177Hf = 0.0332 and 176 Lu/177Hf = 0.282772 (Blichert-Toft and
Albarède, 1997) were used for the calculation of εHf values.

Whole rock geochemical and Sr\\Nd isotopic analyses were carried
out at the GIG-CAS. Major element oxides were analyzed using a Rigaku
RIX 2000 X-ray fluorescence spectrometer (XRF), and analytical uncer-
tainties are mostly between 1% and 5% (Li et al., 2006). Trace elements
were obtained by inductively coupled plasma-mass spectrometry
(ICP-MS) after acid digestion of samples in high-pressure Teflon vessels,
and detailed procedures are same as those described by Li et al. (2006).
The USGS andChineseNational standards AGV-2, GSR-1, GSR-2,MRG-1,
BCR-1,W-2 andG-2were chosen for calibrating element concentrations
of the analyzed samples. Analytical precision of REE and other incom-
patible element analyses is typically 1–5%. Sr and Nd isotopic ratios



Fig. 2. Geological sketch map of the Jintan pluton showing sample locations (modified from the Jiangxi Bureau of Geology and Mineral Resources, 1984; Zhao et al., 2013b).
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were measured on a subset of whole-rock samples using a Micro mass
Isoprobe multicollector ICP-MS (MC-ICP-MS). Detailed procedures of
sample preparation and chemical separation are the same as those de-
scribed by Liang et al. (2003) and Wei et al. (2002). The procedure
blanks were in the range of 200–500 pg for Sr and ≤ 50 pg for Nd. REEs
were separated using the cation exchange columns, and the Nd frac-
tions were further separated by HDEHP-coated Kef columns. Measured
143Nd/144Nd ratios were normalized to 146Nd/144Nd= 0.7219. Refer-
ence standards were analyzed along with samples and gave 87Sr/86 Sr
Fig. 3. Photomicrographs of rocks in the Jintan pluton. (a)biotite granite; (b)two-mica gr
= 0.710273 ± 18 (2σ) for NBS987 and 143Nd/144 Nd = 0.512094 ±
11 (2σ) for Shin Etsu JNdi-1, which are comparable to the recom-
mended values of NBS987 (87 Sr/86 Sr = 0.710248; McArthur, 1994)
and Shin Etsu JNdi-1(143Nd/144 Nd = 0.512115 ± 7; Tanaka et al.,
2000).

Mineral compositions were obtained using the electron probe
micro-analysis (EPMA) technique (i.e., JEOLJXA-8100 Superprobe) at
GIG-CAS. The operating conditions were: 15 kV accelerating voltage,
20 nA beam current, 5 μm beam diameter for mica and 1 μm for zircon,
anite. Q= quartz, Bi = biotite, Pl = plagioclase, Kf= K-feldspar, Mus=muscovite.
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and ZAF correction procedure for data reduction. The crystals of
Wavelength Dispersive X-rays Spectrometers (WDS) are as the follow-
ing: TAP (Si, Mg, Rb, Al, Na, Hf), LIF (Fe, Mn, Ti), LDE1 (F), and PETH
(K, Cs, Ca, P, U, Th, Zr, Y). A variable peak counting time of 7–60 s was
used, depending on the intensity of characteristic X-ray line and desired
precision. The detection limits for all elements are lower than 300 ppm,
depending on the element concentrations. For micas, the following nat-
ural and synthetic standards were used: Orthoclase (Si, K), pollucite
(Rb, Cs), apatite (F, P), magnetite (Fe), tugtupite (Na, Cl), rhodonite
(Mn), kaersutite (Ti) and pyrope garnet (Mg, Al, Ca). Chemical formulae
of micas were calculated based on 24 anions (O, F, OH), and Fe3+ was
calculated after the method by Lin and Peng (1994).

4. Results

4.1. Chemical characteristics of biotite and muscovite

The biotite andmuscovite compositions of the granite samples from
the BG and TMG are listed in Supplemental Table1 and Supplemental
Table2, respectively.

The Fe2+ /(Fe2++Mg) values of biotite vary from 0.51 to 0.61 for
the TMG and from 0.43 to 0.52 for BG. The narrow range of biotite
Fe2+ /(Fe2++Mg) ratios rule out the possibility of modification by
late-stage fluids (Chen et al., 2012 and references therein). Biotites from
the TMG are characterized by higher Ti, Al, and Mn, and lower Mg com-
pared to those from BG. On the Mg–(AlVI + Fe3++Ti)–(Fe2++Mn)
ternary diagram (Fig. 4), most biotites from the two granite types plot
in the siderophyllite field. Those from BG plot closer to the eastonite
field than those from the TMG.

Representative euhedral muscovites in the TMG were selected for
analysis. The results reveal that they have TiO2 contents higher than
0.4 wt% with a range from 0.46 wt% to 0.87 wt%. The muscovites have
high Al2O3 (32.20–34.71 wt%) and Na2O (0.38–0.74 wt%), but low
FeOT +MgO (4.16–5.77 wt%) andMnO (﹤0.06wt%). They have compo-
sitions similar to high TiO2muscovite reported byMiller (1981) and can
be regarded as primary muscovites, based on the Ti-Mg-Na ternary dia-
gram (Fig. 5).

4.2. Zircon U\\Pb dating

Three BG samples (08JX04–1, 08JX05–1 and 14JX08–1) and one
TMG sample (08JX07–1) were selected for zircon U\\Pb dating
(Supplemental Table 3). Zircon grains from all four samples exhibit sim-
ilar morphologies. They are all euhedral prismatic grains and mostly
100-350 μm in length with length/width ratios of ~1:1 to 3.5:1 and CL
images show strong oscillatory zoning, implying a magmatic origin
Mg

VI 3+Al +Fe +Ti 2+Fe +Mn

phlogopite

Eastonite

Muscovite

Siderophyllite

Annite

BG

TMG

Fig. 4.Mg–(AlVI + Fe3++Ti)–(Fe2++Mn) ternary diagramof biotite (after Foster, 1960).
(Hoskin and Schaltegger, 2003). The age calculations and plotting of
concordia diagrams were performed using Isoplot v. 3.23 (Ludwig,
2003).

4.2.1. Biotite granite
Sample 08JX04–1(location: N27°32′18″, E115°04′03″) is a fresh

sample of medium-grainedBG, a total of 17 spot analyses of seventeen
zircon grains were performed for it. As illustrated in Fig. 6, the U\\Pb
isotope data from seventeen spots are concordant within the analytical
errors. Their U and Th contents vary from 129 ppm to 888 ppm and
from 118 ppm to 265 ppm, respectively, with Th/U ratios varying from
0.16 to 1.01. Their 206 Pb/238U ages vary from 217.3 Ma to 227.5 Ma,
producing a weighted average age of 220.6 ± 2.1 Ma (n = 17,
MSWD= 0.35) (Fig. 6), which can be regarded as the emplacement
age of the BG.

Sample 08JX05–1(location: N27°32′07″, E115°04′54″) is a fresh
sample of coarse-grainedBG from which a total of 18 spot analyses of
eighteen zircon grains were obtained. The U and Th contents vary
from 159 ppm to 1569 ppm and from 63 ppm to 925 ppm, respectively,
with Th/U ratios from 0.09 to 2.33. One inherited or captured zircon
grain exhibited a Meso-proterozoic age (08JX05–1-05). This analysis
was omitted when calculating the crystallization age of this sample.
The remaining 17 spots have 206 Pb/238U ages ranging from 214.5
Mato 225.4 Ma, producing a weighted average age of 219.8 ± 2.4 Ma
(n = 17, MSWD= 0.51) (Fig. 6), which is consistent with the results
of sample 08JX04–1, within the analytical errors.

Sample 14JX08–1(location:N27°33′59.12″, E115°05′59.20″) is also a
fresh sample of coarse-grainedBG, a total of 22 spot analyses on twenty-
two zircon grains were undertaken. The U and Th contents vary from
152 ppm to 1155 ppm and from 84 ppm to 187 ppm, respectively,
with Th/U ratios from 0.10 to 0.92. Their 206 Pb/238 U age range
from216.3 Ma to 226.9 Ma, producing a weighted average age of
220.6 ± 1.3 Ma (n = 22, MSWD = 1.4) (Fig. 6), which is consistent
with the results of samples 08JX04–1 and 08JX05–1 within the analyti-
cal errors.

4.2.2. Two-mica granite
Sample 08JX07–1(location: N27°35′54″, E115°00′30″) is a fresh

sample of TMG, a total of 12 spot analyses were conducted on twelve
zircon grains. The results show U and Th contents in the range of 237
ppm to 4601 ppm and from 159 ppm to 1893 ppm, respectively, with
Th/U ratios from 0.13 to 2.22. One inherited or captured zircon grain
exhibited a Late Paleozoic age (266 ± 7 Ma for 08JX07–1-03). The
Mg Na

Primary muscovite

Secondary muscovite

Fig. 5. Compositions of muscovites from TMG in terms of Ti, Mg and Na (atomic
proportions). Fields of primary muscovite and secondary muscovite are after Miller etal.
(1981).



Fig. 6. LA–ICPMS zirconU\\Pb condordia diagrams andweightedmean 206Pb/238U for the BG(08JX04–1, 08JX05–1 and 14JX08–1) and TMG(08JX07–1) from Jintan pluton. The red circles
in sample 08JX05–1 and 08JX07–1 were excluded from the crystallization age calculations. Inset pictures show typical zircon grains in CL images with U\\Pb and Hf analytical sites and
results indicated.
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remaining 11 spots have indistinguishable 206 Pb/238U ages, within the
analytical errors, ranging from215Ma to 224 Ma, producing aweighted
average age of 219.0 ± 2.4 Ma (n=11, MSWD= 0.40) (Fig. 6), which
can be regarded as the crystallization age of TMG.

4.3. Whole-rock major and trace element data

The whole rock major and trace element data of the rocks in the
Jintan pluton are presented in Supplemental Table 4; previously re-
ported data of GTMG fromZhao et al. (2013b) are also included for com-
parison. Zircon saturation temperature was estimated using the
thermometer given by Miller et al. (2003).

All of the BG,TMG and GTMG samples fall into the granite field and
along the subalkalic trend on the total alkalis versus SiO2 diagram (Fig.
7). BG has K2O/Na2O ratios of 1.34–1.89, showingweakly peraluminous
to strongly peraluminous character with A/CNK ratios from 1.05 to 1.15
(Fig. 7). The TMGhas K2O/Na2O ratios of 0.90–1.86 and exhibits strongly
peraluminous features with A/CNK ratios from 1.13 to 1.24, while the
GTMG has K2O/Na2O ratios of 1.33–1.67 with A/CNK ratios vary from
1.20 to 1.33 (except sample 09XJ-1, which has exceptionally high K2O/
Na2O ratios of 3.43 and A/CNK ratios of 1.47 due to alteration as
reflected by its high L.O·I value). BG and TMG have different evolution-
ary trends but the TMG and GTMG have trends that are similar to some
extent on Harker diagrams (Fig. 8). With increasing SiO2 for the BG, the
Al2O3, TiO2, Fe2O3, MgO and CaO contents decrease, whereas Na2O, K2O
and P2O5 remains relatively constant, while the Al2O3, TiO2, Fe2O3, MgO,
CaO, Na2O, K2O and P2O5 are variable and scatter with increasing SiO2

contents for the TMG. All samples fall into the high-Kcalc-alkaline series
field (Fig. 8g).

The BG have higher Zr, Sr, Ba and Eu contents but lower U contents
than the TMG. The elements Sr, Ba and Eu are clearly negatively
correlated with SiO2 for the BG but for the TMG these elements display
significant variation over a narrow range of SiO2 contents (Fig. 8j, k, l).
The BG have higher overall Sr/Y ratios and La/Yb ratios compared to
the TMG(Fig. 8o). On the primitive mantle-normalized trace element
spider diagram (Fig. 9a), all samples exhibit significant negative anom-
alies of Ba, Nb, Sr and Ti and positive anomalies of Rb, Th, U and Pb. The
difference is that TMG shows similar feature with BG, but the GTMG
have more negative anomalies and more positive anomalies than BG
(Fig. 9a). All of the BG,TMG and GTMG samples have generally consis-
tent Chondrite-normalizedREE patterns (Fig. 9b), with enrichment in
light rare earth elements (LREEs) (Fig. 9b). BG have (La/Yb)N ratios of



Fig. 7. Chemical classification of rocks in the Jintan pluton. (a)Total alkalis vs silica diagram (Middlemost, 1994); (b)A/NK vs A/CNK diagram (Maniar and Piccoli, 1989).
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8.5 to 17.8. Compared with BG,TMG and GTMG have relatively low con-
tents of LREEs andmore variable contents of HREEswith (La/Yb)N ratios
of 5.3 to 11.7 and 3.2 to 6.5, respectively. BG showmoderately negative
Eu anomaly with Eu/Eu* = 0.27–0.59, and TMG and GTMG shows
stronger negative Eu anomaly than BG with Eu/Eu* = 0.25–0.37 and
Eu/Eu* = 0.20–0.24, respectively.

4.4. Whole-rock Sr\\Nd isotopes

The results of Sr\\Nd isotopes are presented in Supplemental Table
5. The BG has 87 Rb/86 Sr ratios (3.52 to 7.61) and 87 Sr/86 Sr ratios
(0.722833 to 0.735200). Calculated (87 Sr/86 Sr)i vary from 0.711389 to
0.714225. The samples have 147 Sm/144Nd ratios of 0.1037–0.1146 and
143Nd/144 Nd ratios of 0.512004 to 0.512051. The εNd(t)values vary
from −9.91 to −9.16. The two-stage Nd isotopic model ages vary
from 1.74 to 1.80 Ga.

A TMG sample has high 87Rb/86 Sr ratios of 6.83 and 87Sr/86 Sr ratios
of 0.733211. Calculated (87 Sr/86 Sr)i is 0.711832. The sample has a
147 Sm/144Nd ratio of 0.1171 and 143Nd/144Nd ratio of 0.512010. The
εNd(t)value is−10.02with two-stage Nd isotopic model age of 1.81 Ga.

4.5. In-situ zircon Hf isotopes

Two dated BG samples (08JX04–1, 08JX05–1) and one dated TMG
sample (08JX07–1) were analyzed for zircon Hf isotopes. Most analyses
were conducted on the dated zircons, and the results are listed in Sup-
plemental Table 6.

Zircons from the sample 08JX04–1 yield εHf(t)values of −8.7 to
−4.1, with two-stage Hf model ages (TDM2) of 1518–1809 Ma. The zir-
cons from the sample 08JX05–1 exhibit εHf(t)values of −8.5 to −3.8
and Paleoproterozoic TDM2 ages of 1496–1795 Ma. The zircons εHf(t)
values of sample 08JX07–1 ranges from −6.4 to −1.1, corresponding
to TDM2 ages of 1327–1662Ma.

5. Discussion

5.1. Geochronology of the Jintan pluton

The BG in the Jintan plutonwere previously considered to have been
intruded between ~250Ma and ~ 257 Ma on the basis of biotite K\\Ar
dating (JGS, 1984), but Luo et al. (2010) and Zhao et al. (2013b) dated
the intrusive phase using LA-ICPMS zircon U\\Pb dating and obtained
ages of 222.1 ± 1.6 Ma and 226 ± 2 Ma, respectively. The GTMG in
the Jintan pluton gave an age of 239 ± 1Ma, based on LA-ICPMS zircon
U\\Pb dating (Zhao et al., 2013b). The age of TMG in the Jintan pluton
had not been constrained previously but were required to establish
the unit's possible genetic relationship to the BG.
The results of our LA-ICPMS zircon U\\Pb dating indicate that both
BG and TMG formed at ~220Ma. Since the external uncertainty of LA-
ICPMS dating is about ±4% in 2SD (Klötzli et al., 2009; Li et al., 2015),
the analytical results for the Triassic Jintan granite samples have an ex-
ternal uncertainty of about ±9Ma (2SE). Therefore, new dating results
for the Jintan BG are indistinguishable from zircon U\\Pb ages of Luo et
al. (2010) and Zhao et al. (2013b). As a consequence, it is evident that
there are two stages of intrusions in the Jintan pluton. The GTMG
formed in the Early Triassic period (~239 Ma, Zhao et al., 2013b),
while the BG and TMG formed during the Late Triassic period (~220Ma).
5.2. Petrogenetic type: S-type or I-type?

Granites have commonly been divided into I-, S-, M- and A-types ac-
cording to the nature of their protolith and their petrographical and
geochemical features (Chappell, 1999; Whalen, 1985). Both BG and
TMG in the Jintan pluton have negative whole-rock εNd(t)and zircon
εHf(t)values, and contain some inherited zircons (Fig. 6), therefore
they cannot belong to the M-type granite which formed from juvenile
mantle-derived materials (Whalen, 1985). The studied Jintan pluton
granites lack alkali mafic minerals. Although some biotites do occur,
they show euhedral and tabular textures (Fig. 3) and thus are not late-
crystallized minerals, indicating the original melts were not anhydrous.
They also have low Zr + Nb+ Ce+ Y contents (192 to 364 ppm for the
BG, 191 to 297 ppm for the TMG). Those characteristics are not consis-
tent with a classification as A-type granites.

Mineralogical and geochemical features are commonly used to dis-
tinguish I-type granite from S-type granite. S-type granites generally
contain relatively abundant Al-rich minerals, such as cordierite, musco-
vite, garnet and tourmaline, while I-type granites generally contain
amphibole (Li et al., 2007a, 2007b; Wu et al., 2007; Zhao et al., 2016).
Most S-type granites are strongly peraluminous with A/CNK﹥1.1,
whereas most I-type granites are met aluminous with A/CNK﹤1
(Chappell, 1999; Zhao et al., 2016). The TMG in the Jintan pluton are
strongly peraluminous with A/CNK= 1.13 to 1.33 (Fig. 7) and contain
abundant primary muscovites (Fig. 5), consistent with their
peraluminous character (Huang et al., 2015; Miller, 1981). Thus, the
TMG can unambiguously be assigned an S-type granite classification.

In the absence of characteristic minerals for either I- or S-type gran-
ites, the geochemical features of the BG become critical for their classi-
fication. As illustrated in the Fig. 10, on the plots of Yvs Rb and Th vs
Rb, all of the Jintan granite samples plot on the S-type granite trend
line, demonstrating S-type affinity. Moreover, given the close spatial as-
sociation with the TMG, their similar ages (Figs.2, 6) and consistent
Sr\\Nd isotope signatures (Fig. 11), the two granite types must have
similar magma sources. Therefore, the BG should also be classified as
S-type granite.



Fig. 8. Harker-type major and trace element plots for the Jintan granites. Symbols are the same as those in Fig. 7.
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5.3. Sources of the granites

S-type granites are commonly considered to be derived from partial
melting of supracrustal metasedimentary rocks (Sylvester, 1998). As
discussed above, both BG and TMG in the Jintan granite are
peraluminous (A/CNK﹥1) S-type granites. On a εNd(t)vs t diagram,
both theBG and TMGplot in thefield of theparametamorphic basement
of the Cathaysia Block (Fig. 11a). On the εHf(t)vs t diagram (Fig. 12), all
samples plot between the evolution lines of the upper and lower crust.
They plot higher than the Luxi biotite granites and Xiazhuang
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Fig. 10. Plots of Y(a)and Th (b)against Rb for the Jintan granites (after Li et al., 2007b). Symbols are the same as those in Fig. 7.

Fig. 9. (a)primitive mantle-normalized trace element spidergram and (b)chondrite-normalized REE diagram for the Jintan granite. Normalization values are from Sun and McDonough
(1989).

70 J. Tao et al. / Lithos 320–321 (2018) 62–74
U-bearingtwo-mica granites in southern Jiangxi Province, suggesting
that their parental magma lacked a significant mantle contribution
(Chen et al., 2012) and were derived predominately from
crustal materials that were probably different from the sources of
the Luxi and Xiazhuang plutons. Specifically, the BG and TMG
have Paleoproterozoic two-stage whole rock Nd isotopic model
ages that are consistent with their two-stage zircon Hf isotopic
model ages. All the above geochemical and isotopic data indicate
that the Jintan granite formed through partial melting of
metasedimentary crust.

The outcropping Mesoproterozoic basement represented by
Zhoutan Group in central Jiangxi Province is mainly composed of
schists, granulites and amphibolites (Zhao et al., 2011). It is suggested
that the schists and granulites were of sedimentary origin, whereas
Fig. 11.Whole rock εNd(t) vs t diagrams of granites in Jintan pluton. Data of Proterozoic basem
Zhoutan Group are from Hu and Zhang (1998) and Hu and Zhang (1999). Data of orthometam
rocks in the Taoxi Group are from Shen et al. (2003). Data of Daguzhai Uranium-bearing gran
respectively.
the precursor to the amphibolites was basaltic (Hu and Zhang, 1998).
The parametamorphic rocks in Central Jiangxi Province have Meso- to
Palaeoproterozoic Nd isotopic model ages (Hu and Zhang, 1999; Zhao
et al., 2011) and on the εNd(t)vs t diagram (Fig. 11b), most Jintan pluton
samples are similar to the Jurassic Daguzhai U-bearingtwo-mica granite,
plotting in the range of parametamorphic rocks of theMesoproterozoic
Zhoutan Group. They are distinct from the Baimianshi U-richtwo-mica
granite in Southern Jiangxi Province that is considered to be derived
from the partial melting of the Taoxi Group (Dong et al., 2010), which
is likely to also be the source of the Luxi andXiazhuang granite in South-
ern Jiangxi Province. A source in the Zhoutan Group would also explain
why the Jintan granites have higher εHf(t)values than the Luxi and
Xiazhuang granites in the southern Jiangxi Province (Fig. 12). As a re-
sult, we conclude that the Jintan granite is dominantly derived from
ent of Cathaysia Block are from Shen et al. (1993). Data of parametamorphic rocks in the
orphic rocks in the Zhoutan Group are from Hu et al. (1999). Data of parametamorphic

ites and Baimianshi two-mica granite are from Zhao et al. (2011) and Dong et al. (2010),



Fig. 12. Plot of t vs. zircon εHf (t)values of the granites in Jintan pluton. The data of Luxi and
Xiazhuang pluton come from Chen et al., 2012.
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the partial melting of parametamorphic rocks of the Zhoutan Group.
Limited partial melting of orthometamorphic rocks might also be in-
volved as a few samples display higher εNd(t)values than the range ex-
hibited by the Zhoutan Group (Fig. 11b).

It is noteworthy that zircon εHf(t)from the TMG extend to slightly
higher values than those of the BG(Fig. 12) and that the BG and TMG ex-
hibit different evolutionary trends on Harker diagrams (Fig. 8). These
observations imply that the BG and TMG were derived from the partial
melting of sediments with different characteristics. As illustrated in Fig.
13, the BG have relatively low Al2O3/TiO2 ratios and high CaO/Na2O ra-
tios (﹥0.3), which is similar to the strongly peraluminous granites in the
Lachlan Fold Belt (LFB) in southeastern Australia(Sylvester, 1998), indi-
cating a derivation from partial melting of clay-poorpsammite-derived
sources at high temperature (Jung and Pfander, 2007; Sylvester,
1998). In contrast, the TMG have large variations in Al2O3/TiO2 ratios
and CaO/Na2O ratios, which is similar to the European Hercynides
(Fig. 13, Sylvester, 1998). Their highly variable CaO/Na2O ratios are sim-
ilar to the Baimianshi U-richtwo-mica granites (Dong et al., 2010),
Douzashan U-bearingtwo-mica granite (Zhao et al., 2016) and
Xiazhuang U-bearingtwo-mica granite (Chen et al., 2012), all of which
are regarded as Triassic partial melts of clay-rich pelitic rocks in South
China(Chen et al., 2012; Dong et al., 2010; Zhao et al., 2016). The
Fig. 13. Plot of Al2O3/TiO2vs. CaO/Na2O for the Jintan granites (after Sylvester, 1998). The data of
of Xiangcaoping biotite granite,Yangqiaoling biotite granite and Douzashan two-mica granite co
2010
geochemical similarities therefore suggest that the Jintan TMG were
also derived by partial melting of clay-rich pelitic rocks.

Biotite is an excellent indicator of the oxidation state of the pa-
rental magma from which it crystallized (Wones and Eugster,
1965). The Fe2+ /(Fe2+ + Mg2+ ) ratio of the biotite trisoctahedron
provides an index of the redox degree (Speer, 1984). In the BG, this
ratio ranges from 0.51 to 0.61, which is distinctly higher than those
of the TMG (0.43–0.52) and suggests that the two magmas had dif-
ferent oxygen fugacities. On the Fe2+ –Fe3+ –Mg ternary diagram
(Fig. 14a), all samples lie above the NNO buffer, similar to the Luxi
and Xiazhuang S-type granite (Chen et al., 2012). As shown in Fig.
14b, the log(ƒO2) values are estimated to be −14.3 to −11.6 for the
BG and from −15.8 to −12.8 for the TMG, respectively. The TMG
magmatic system is more reduced than the BG magmatic system, in-
dicating the greater involvement of clay-rich carbonaceous pelitic
rocks in the origin of TMG than in the BG(Zhao et al., 2011, 2016).

5.4. Partial melting vs Fractional crystallization

As the TMG are spatially associated with coeval BG, it raises the pos-
sibility that the TMG are highly fractionated derivatives of the BG, re-
sembling the coexisted biotite granites and two-mica granites of
Mesozoic granitic plutons in South China reported by Jiang and Zhu
(2017) and Chen et al. (2012). Based on this premise, the TMG should
have absolutely higher SiO2 than BG with little compositional overlap,
and the linear covariation on TMG element plots should be observed
(Chen et al., 2012; Garcia-Arias and Stevens, 2017; Jiang and Zhu,
2017). As illustrated in Fig. 8, however, the TMGdisplay significant com-
positional overlap with the BG and compositional variations within the
TMG do not formwell-defined trends, whichmakes the fractional crys-
tallization scenario much less plausible.

Elements such as Li, Be, B and F will concentrate in the final, intersti-
tial liquid fractions in any crystallizing granitic system (Clemens and
Stevens, 2012). The highest Rb/Sr ratio of TMG is up to 11.52, which
could be an extremely fractional crystallization in this hypothesis. How-
ever, the lack ofminerals such as tourmaline and beryl in the TMG likely
implies that the TMGmagmatic systemwas not rich in Li, Be and B. Ad-
ditionally, the F contents of TMG biotites (0.335%–0.766%) overlap with
those of BG biotites (0.395%–0.804%), indicating that the TMG and BG
magmatic systems had similar F contents (Chen et al., 2012). This obser-
vation does not support the view that the TMG are highly fractionated
products of the BG. In contrast, as the composition of source rocks exerts
thefirst-order control on the composition of graniticmelts in closed sys-
tems (Gao et al., 2016), the consistent F contents of biotites from the
TMG and BG suggest that the source rocks of the two granite types
Luxi biotite granite and Xiazhuang two-mica granite come from Chen et al., 2012; the data
me from Zhao et al., 2016; the data of Baimianshi two-mica granite come from Dong et al.,



Fig. 14. (a)Mg2+–Fe3+–Fe2+ and (b)T–log(ƒO2) diagrams for biotite of the Jintan granite (Wones and Eugster, 1965). QFM: Quartz–Fayalite–Magnetite buffer; NNO: Ni–NiO buffer; HM:
Magnetite–Hematite buffer. Symbols are the same as those in Fig. 4.
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had similar F contents. Alternatively, the compositional differences be-
tween the TMG and BG can be explained by partial melting of heteroge-
neous source rocks under differing conditions (Clemens and Stevens,
2012; Gao et al., 2016) andwe prefer this scenario to account for the co-
eval TMG and BG in the Jintan pluton.

Notably, the TMG have whole-rock εNd(t)values similar to the BG
(Fig. 11), but higher zircon εHf(t)values than the BG(Fig. 12). This
Nd\\Hf isotope decoupling, as in the case for the Douzashan two-mica
granite and Xiangcaoping biotite granite (Zhao et al., 2016), further in-
dicates that the TMG and BGwere likely derived from similar sediments
but under different melting conditions. In this scenario, the systematic
differences in both major and trace elements between the BG and
TMG(Figs.8, 9) relate to melting temperatures, and thus the extents of
partialmelting (Zhao et al., 2015). Themagmatic temperature estimates
obtained via zircon saturation thermometry (Miller et al., 2003) for the
BG are in the range of 715 to 822 °C, distinctly higher than the 683 to
785 °C range obtained for the TMG and demonstrating that the extent
of partial melting for the BG magma was higher than that of the TMG
magma.

The La/Yb and Sr/Y ratio of intermediate-felsic magmatic rocks in-
trinsically reflect the mineral assemblages (plagioclase + garnet) in
the magma source region (Chapman et al., 2015; Chiaradia, 2015;
Profeta et al., 2015). Thus, these ratios can be regarded as broadly
reflecting the variable depths of magma production (Tang et al.,
2017). Both the BG and TMG lack heavy REE (HREE) and Y depletions
(Fig. 9), implying garnet was absent in the sources. The BG have higher
Sr/Y and La/Yb ratios (Fig. 8o) and greater MgO contents (Fig. 8d) than
the TMG, indicating that the BG parental magmas were generated at
deeper levels and from more mafic sources than the TMG. Thicker
crust not only favours evolution of magmas at deeper average levels
but also leads to a more extensive magmatic differentiation at those
levels (Chiaradia, 2015). Such an interpretation is also consistent with
the trends on Harker diagrams where the BG exhibit linear covariations
signaling extensive fractional crystallization, whereas the TMG display
scatter over generally more restricted element concentrations and
pointing to a limited fractional crystallization (Fig. 8). The negative cor-
relations between Sr, Ba, Eu and SiO2 and negative anomalies of Ba, Nb,
Sr and Ti for the BG imply some degree of fractionation of plagioclase
and/or K-feldspar, biotite, Ti-bearing phases (such as ilmenite and
titanite) and apatite (Li et al., 2007a), and the scatter of major elements
and negative anomalies of Ba, Nb, Sr and Ti for the TMG are likely to
mainly reflect minor heterogeneities in the original melts.

In summary, we conclude that both the BG and TMG were derived
from the partial melting of parametamorphic rocks of the
Mesoproterozoic Zhoutan Group in Central Jiangxi Province. BGwas de-
rived from relatively mafic, clay-poor psammite metasedimentary
sources at deeper levels and higher temperatures and underwent ex-
tensive fractional crystallization, while TMG was derived from more
felsic, clay-rich pelitic metasedimentary sources at higher levels and
lower temperatures, followed by limited fractional crystallization.

6. Implication for the enrichment of U in granite

Previous exploration and scientific studies have indicated that gran-
ite-hosted uranium deposits in South China were closely related to U-
rich granites (U﹥10 ppm; Zhang and Zhang, 1991). Those granites
have been regarded as the uranium sources for later hydrothermalmin-
eralization events (Chen, 2004; Chen et al., 2012; Hu et al., 2008; Zhang
et al., 2017; Zhao et al., 2011, 2016). Although both the TMG and BG in
the Jintan pluton formed at ~220Ma, the TMGhas relatively highU con-
tents ranging from 7.85 ppm to 48.90 ppm with an average of 18.44
ppm whereas the BG shows relatively low U contents ranging from
4.99 ppm to 17.72 ppm with an average of 8.64 ppm (Supplemental
Table 4). Interestingly, the U contents of the TMG are similar to that of
the Douzashan uranium-bearing TMG (7.98–26.09 ppm with average
17.14 ppm, Zhao et al., 2016) and Xiazhuang uranium-bearing TMG
(8.29–49.02 ppm with average 20.39 ppm, Chen et al., 2012).

Previous studies revealed that most of the Triassic U-rich granites
contain muscovite and are strongly peraluminous S-types with
metasedimentary sources. As discussed above, we suggest that the
TMGandBG in Jintanplutonwere likely derived fromparametamorphic
rocks of Zhoutan Group from slightly different sources and under differ-
ent melting conditions. Previous studies indicated that
parametamorphic rocks in the Zhoutan Group have relatively high U
contents (Hu and Zhang, 1998; Zhao et al., 2011). Therefore, the funda-
mental question is: why are the TMGs rich in U, whereas BGs are not?
Notably, the samples with low CaO/Na2O ratios exhibit higher U con-
tents (Fig. 8n), indicating source factors play an important role in the
generation of the U-rich granites (Zhao et al., 2011, 2013b, 2016). The
clay-rich carbonaceous metasedimentary sources of the TMG generally
have highU contents,whichwas syngenetically deposited and absorbed
onto organic material or clayminerals under anoxic conditions (Zhao et
al., 2016). Therefore, lower degree partial melting of clay-rich carbona-
ceous pelitic rocks resulted inmelts with extremely high U contents be-
cause the element usually behaves as an incompatible element in
magmas (Hu et al., 2008). Substitution between U and other incompat-
ible trace elements (such as Th, Zr, Ce and Y)bonded with O2– could
have promoted the formation of U-bearing accessory REE minerals,
such as monazite, zircon and allanite. The TMG, however, have lower
total and light REE contents than the BG(Fig. 9) and were generated
from melts formed at lower temperatures in a more reduced environ-
ment and at lower pressure conditions. These physical-chemical



73J. Tao et al. / Lithos 320–321 (2018) 62–74
conditions inhibit the formation of U-bearing accessory REEminerals in
the residual magma (Chen et al., 2012; Zhang et al., 2017; Zhao et al.,
2016), hence, U is retained and enriched in themelts during the process
of magma evolution.

It is suggested that fractional crystallization plays an important role
in producing U-rich granites (Cuney, 2009), as documented in the
XiazhuangU-bearing granite (Chen et al., 2012). However, as illustrated
in Fig. 8m, the U contents of the fractionated samples with higher Rb/Sr
values are identical or a little higher than that of sampleswith lower Rb/
Sr values, indicating fractional crystallization is not the main mecha-
nism for enrichment of U in the TMG in Jintan pluton, and this observa-
tion is similar to that made for the Douzashan uranium-bearing granite
(Zhao et al., 2016).

In summary, we argue that the combination of a U-rich source,
physical-chemical conditions such as low partial melting tempera-
ture or low degree of partial melting, reduced conditions and the
low REE and LREE contents of melts for the TMG in Jintan pluton
favored a high U content for the magma system, thus resulting in
U-rich granite. It is worth noting that the Early Triassic GTMG also
has higher U content (11.14–14.11 ppm with average 12.87 ppm)
than the BG(Zhao et al., 2013b) and that uranium ores occur as
veins or lenses of pitchblende along and adjacent to the E-W strik-
ing faults within the GTMG in the east of the pluton (Zhao et al.,
2013b). No significant uranium mineralization has been discovered
in the Late Triassic TMG in the southwest and northwest of the plu-
ton. We consider it possible that the later magmatism represented
by the BG and TMG might be conducive to generating uranium
mineralization in the GTMG, though confirming this supposition re-
quires further investigation.
7. Conclusions

La-ICPMS zircon U\\Pb dating results indicate that both BG and
TMG in the Jintan pluton formed at ~220Ma. Both can be classified
as S-type granites and were likely derived from the partial melting
of parametamorphic rocks in the Zhoutan Group. The BG had clay-
poor psammite sources at deeper levels at relatively higher temper-
atures, and underwent an extensive fractional crystallization, while
the TMG derived from the clay-rich pelitic rocks sources at rela-
tively higher levels and lower temperatures accompanied by only
limited fractional crystallization. We suggest that the combination
of differing metasedimentary sources and physical-chemical condi-
tions were responsible for the different U contents in the two
types of granite.
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