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Zircon U–Pb geochronological, geochemical and petrological analyses have been carried out on the Xitian
granite emplaced in the middle part of Shi-Hang zone, which is closely related to the economically impor-
tant Xitian tungsten–tin deposit in Hunan Province, Southeast China. LA-ICP-MS zircon U–Pb dating of
two representative samples yielded weighted means 206Pb/238U age of 151.7 ± 1.2 Ma and
151.8 ± 1.4 Ma. These granites are comprised mainly of K-feldspar, quartz, plagioclase, Fe-rich biotite
and minor fluorite, and are characterized by enrichments in Rb, Th, REEs (total REE = 159–351 ppm),
and HFSEs (e.g., Zr and Y) but depletions in Ba, Sr, P, Eu and Ti. They are metaluminous to weakly per-
aluminous and show a clear A-type granite geochemical signature with high SiO2 (73.44–78.45 wt.%),
total alkalis (Na2O + K2O = 2.89–8.98 wt.%), Fe2O3

⁄/MgO ratios and low P2O5, CaO, MgO and TiO2 contents.
In-situ zircon Hf isotope analysis suggests their eHf(t) values ranging from –7.43 to –14.69. Sr–Nd isotope
data show their eNd(t) values in the range of –9.2 to –7.3, with corresponding TDM2 ages of 1.72–1.56 Ga.
These characteristics indicate that the Xitian granite originated from partial melting of metamorphic
basement rocks with a certain amount of mantle-derived materials. Combined with previous geochemi-
cal and isotopic data, it is derived that mantle–crust interaction was gradually enhanced from the early to
late stages of magmatism. The ore-forming materials and fluids of the Xitian W–Sn deposit are mainly
produced by the Early Yanshanian granitic magmatism, which is also responsible for the Late Jurassic
(ca. 152 Ma) A-type granitic rocks that host the W–Sn polymetallic deposits distributed along the
Shi-Hang zone, implying a significant Mesozoic extensional event in Southeast China likely caused by
the subduction of the Paleo-Pacific plate.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

South China Block (SCB) was formed by the amalgamation
between Cathaysia and Yangtze Blocks at ca. 1.0–0.9 Ga during
the assembly of Neoproterozoic Rodinia supercontinent (Li and
McCulloch, 1996; Li et al., 2007b, 2009; Ye et al., 2007). In
Mesozoic era, the SCB was geologically characterized by wide-
spread igneous rocks which consist predominantly of granites
and rhyolites and subordinate mafic intrusive and volcanic rocks
(Li et al., 2007a). A large number of geochemical, petrological and
tectonic analyses were performed on these igneous in the past dec-
ades, but geodynamic background and tectonic setting in which
they were generated have been a topic of debate (e.g. Faure and
Natalin, 1992; Lapierre et al., 1997; Martin et al., 1994; Zhang,
2013; Zhou and Li, 2000). It is widely accepted that the active
continental margin of eastern Asia is related to the subduction of
the Paleo-Pacific plate beneath the Eurasia plate (e.g. Jahn et al.,
1976; Lapierre et al., 1997; Martin et al., 1994). An alternative
intraplate extension and/or rifting regime caused by super mantle
plume (Zhang, 2013; Zhang et al., 2009) or collision between the
Indochina and South China blocks during Early Mesozoic (Gilder
et al., 1991) has been proposed to account for the development
of subordinate rifting-related alkaline basalts and syenites (Li
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et al., 2004a; Wang et al., 2004a), bimodal volcanic and intrusive
rocks (Chen et al., 1999; Wang et al., 2005), and mafic dykes in
SE China hinterland (Li and McCulloch, 1998). In addition, a flat-
slab subduction and slab-foundering model has been proposed
by Li et al. (2007a) to interpret the development of the broad
Mesozoic magmatic province in the SCB.

The Late-Mesozoic Xitian granites were exposed at the south-
central of ‘‘Shi-Hang zone’’ which was proposed by Gilder et al.
(1996) for a granitic belt with relative higher eNd(t) values and
younger TDM2 of Nd model ages from Hangzhou City (Zhejiang
Province) through central Jiangxi and southern Hunan Provinces
to Shiwandashan (Guangxi Province) in South China (Fig. 1). Due
to their close relationship with the giant Xitian W–Sn polymetallic
deposit, Xitian granites have received a number of studies, most of
which focused on the geological characteristics, prospecting poten-
tial and ore-controlling factors of the Xitian skarn tin-polymetallic
orefield (Fu et al., 2012; Liu et al., 2008; Wu et al., 2012; Zhou et al.,
2013). However, detailed petrogenesis and geodynamic setting of
the granites, which are important to ore-forming potential evalua-
tion, are not well understood. In this study, we present new
geochronological, petrological and geochemical data for the
Xitian granites, and combine them with previous data in order to
(1) discuss their petrogenetic characteristics, (2) constrain their
geodynamic background, and (3) explore the relationship between
granitic magmatism and tungsten–tin mineralization.
Fig. 1. Schematic geological map showing distribution of Mesozoic granitoids (mod
2. Geological setting

The SCB is bordered by the North China Craton through the
Qinling-Dabie-Sulu orogenic belt to the north, the Three River oro-
genic belts and the Songpan-Gantze Block to the west, the
Indochina Block through Red River-Ailaoshan Fault to the south-
west, and the Philippine Sea Plate in the east. The SCB consists of
the Yangtze Block in the northwest and the Cathysia Block in the
southeast. The southeastern margin of the SCB used to be consid-
ered as a passive margin until Late Paleozoic to Early Mesozoic
when the Pale-Pacific plate was subducted beneath the SCB along
the Taiwan–Mariana Islands (Hsü et al., 1990; Li et al., 2006a,
2012). A large number of Late Mesozoic volcanic–intrusive com-
plexes were exposed in SE China from the Early to Late
Yanshanian in three major episodes: 180–160 Ma, 160–135 Ma
and 135–90 Ma (Zhou and Li, 2000; Li et al., 2010a; Jiang and Li,
2014). Different types of granitoids including I-, A- and S-type
granites during Late Mesozoic were generated, and the A-type
granites mainly distributed along the regional and local fault zones
(Wong et al., 2009).

Abundant Cretaceous–Tertiary NE-trending red-bed basins such
as the Shiwandashan basin and Gan-Hang basin emerged concur-
rently with the latest phase of the regional magmatic activity,
and consist mainly of red-colored clastic rocks and basalt inter-
layer (Gilder et al., 1996; Fig. 1). Bimodal volcanic activity took
ified after Zhou et al., 2006). The cited geochronological data are from Table 7.



Fig. 2. The simplified geological map of the Xitian W–Sn polymetallic deposit.
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place in the Gan-Hang basin during the Early Cretaceous, and plen-
tiful granite porphyry dikes intruded into the Early Cretaceous red-
bed basins (Jiang et al., 2006). The basaltic rocks with average
thickness around 10 m are interbedded with the Early Cretaceous
red mudstone. Gilder et al. (1996) called this NNE-trending zone
of extensional basins as the ‘‘Shi-Hang zone’’, and divided it into
the south part in the southern Hunan-northern Guangxi provinces
(named as Xiang-Gui Belt) and the north part in western Zhejiang-
eastern Jiangxi provinces (called as Gan-Hang Belt) (Fig. 1). The
Xiang-Gui Belt contains lots of granitic complexes such as the
Qianlishan, Qitianling, Xishan, Jinjiling, Huashan, Guposhan and
Kunlunguan granites, while the Gan-Hang Belt includes the
Doushui, Shangyou, Yanbei, Zudong, Xiangshan, Dexing, Lingshan
granites, etc. (Fig. 1; Chen and Jahn, 1998; Chen et al., 1999). The
granites in this zone are high in Sm (>8 � 10�6), Nd (>45 � 10�6)
and eNd(t) values (>–8), but low in TDM model ages (<1.5 Ga) and
initial 87Sr/86Sr values (<0.710), and they were dated mainly from
164 to 151 Ma (Zhou et al., 2013).

Xitian is located in Zhuzhou City, Hunan Province, Southeast
China (Fig. 1). Xitian granites are located in the geographical inter-
section of Hunan and Jiangxi Provinces and belong to the Xiang-
Gui Belt. Tectonically, they lie on the borderline between the
Yangtze and Cathaysia Blocks, and extend in NE-direction along
the southern side of the Chenzhou-Linwu ultracrustal fault. The
Xitian granites intruded into Devonian strata with an outcrop area
of ca. 230 km2, and the surrounding rock is composed of skarn,
chert, schist and slate with width of 300–1200 m. The Xitian grani-
tic batholith consists of Indosinian granites (c5

1), Early Yanshanian
granites (c5

2) and Late Yanshanian granites (c5
3). The Indosinian

granites have the largest outcrop area and distribute as batholith
or stock. The Early Yanshanian granites were exposed scarcely on
the surface, but connected with each other below the surface and
intruded into the Indosinian granites as stock or apophysis. A
few Late Yanshanian granites intruded into the surface and exist
as boss and apophysis.
3. Sampling and petrography

Among the Xitian granitic batholith, the Indosinian granite is
composed mainly of fine- to medium-grained porphyritic biotite
monzonitic granite with granitic texture and massive structure.
They are characterized by 10–15% phenocrysts consisting of almost
K-feldspar and matrixes containing 30–35% quartz, 30–40% K-feld-
spar, 25–30% plagioclase, 3–9% biotite and ca. 0.2% fluorite.
Accessory minerals are magnetite, ilmenite, tourmaline, apatite
and zircon. The Early Yanshanian granite is made up largely of
fine-grained porphyritic biotite monzogranites and has porphyritic
or granitic texture and massive structure. The phenocrysts (ca. 5%)
are K-feldspar and the matrixes comprise 28–30% quartz, 28–38%
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K-feldspar, 25–30% plagioclase, 5–12% biotite, and minor mus-
covite (61%) and fluorite (60.1%). Accessory minerals involve mag-
netite, tourmaline, apatite, topaz and zircon. The major rock type of
the Late Yanshanian granite is fine-grained two-mica granite with
granitic texture and massive structure, and consists of 35–40%
quartz, 30–36% K-feldspar, 20–25% plagioclase, 3–5% muscovite,
2–3% biotite, ca. 2% topaz, and minor zoisite (ca. 0.1%) and fluorite
(60.1%). Accessory minerals contain magnetite, apatite and zircon.

Forty-three samples of Early Yanshanian granite, including 36
samples of fine- to medium-grained granite and 7 of coarse-
grained granite were collected from the Xitian deposit (Fig. 2).
All the samples are gray, and most of them are fresh or only weakly
altered, as observed from hand specimens and under the micro-
scope, and all of them were crushed for chemical analyses.
Among these samples, two representative samples (ZK10C02-13
and ZK14B04-02) were chosen for in situ zircon U-Pb dating and
thirty were cut for thin sections. The granite samples in this study
have massive structure and porphyraceus texture with ca. 5% phe-
nocryst consisted dominantly of K-feldspar with 0.001–4.5 mm in
size (Fig. 3). The matrixes contain 25–35% K-feldspar, 20–35% pla-
gioclase, 20–30% quartz, 5–10% biotite and ca. 1% muscovite. The
biotites exhibit high Fe/(Fe + Mg) ratios and thus belong to sidero-
phyllite (Table 1 and Fig. 4). Accessory minerals are composed of
magnetite, tourmaline, apatite and zircon. Local sericitization of
plagioclase and intrusion of quartz veins into the granitic host
rocks can be observed (Fig. 3), probably resulted from late-stage
of hydrothermal activity.

4. Analytical methods

4.1. Mineral composition analyses

Mineral composition and back-scattered-electron image analy-
ses on biotite were carried out at the State Key Laboratory of
Isotope Geochemistry, Guangzhou Institute of Geochemistry,
Fig. 3. Dill hole samples (a) biotite granite and (b) biotite monzogranite, and (c), (d) s
feldspar. Pl: plagioclase. Qtz: quartz. Bt: biotite.
Chinese Academy of Sciences (SKLIG GIG CAS) with a JEOL JXA-
8100 Superprobe. Operating conditions were as follows: 15 kV
accelerating voltage, 20 nA beam current, 1–2 lm beam diameter,
10 s counting time and ZAF correction procedure for data reduc-
tion. The analytical procedures were similar to those described
by Huang et al. (2007).

4.2. Zircon U–Pb geochronology and Hf isotopic composition

Representative samples ZK10C02-13 and ZK10B04-02, which
are from the borehole ZK10C02 and ZK10B04, respectively, were
selected for zircon U–Pb dating and Hf isotopic measurement.
Zircon grains were separated from crushed rock samples by con-
ventional magnetic and heavy liquid separation, and then hand-
picked under a binocular microscope. Randomly selected zircon
grains were mounted on adhesive tape, then enclosed in epoxy
resin and polished to section the crystals in about half for analysis.
The transmitted and reflected light as well as cathodolumines-
cence (CL) images were taken of the zircon grains to revel their
internal structure and morphology and select spots for U–Pb dating
analysis. CL images for the zircon grains analyzed were performed
at the Scanning Electron Microscope (SEM) of Institute of Geology
and Geophysics, Chinese Academy of Sciences. U–Pb dating was
conducted by LA-ICP-MS at the SKLIG GIG CAS. LA-ICP-MS laser
ablation sampling adopted the approach of single point erosion.
Fragments of the standard TEM zircon grains (TEMORA 1,
417 Ma; Black et al., 2003) were incorporated in each mount as
reference to correct for inter-element fractionation. Zircon
Temora was chosen as the standards in zircon U–Pb dating and
in U and Th content correction. Trace-element concentrations were
obtained by normalizing count rates for each analyzed element to
those for Si, and assuming SiO2 to be stoichiometric in zircon (Tu
et al., 2011). In order to ensure the reliability of the measured
results and then to monitor the stability of the instrument, the
standard sample Temora should be measured twice after every five
how the photomicrographs of representative samples from Xitian granite. Kfs: K-



Table 1
Representative electron microprobe analytical results of biotite from Xitian granite (wt.%).

Sample SiO2 TiO2 Al2O3 FeO Fe2O3 MnO MgO CaO Na2O K2O Cr2O3 Total Si AlIV AlVI Ti Fe3 Fe2 Mn Mg Ca Na K Cr Fe/(Fe + Mg) Mg/(Fe + Mg)

ZK10C02-20-1 46.47 0.409 26.97 7.80 1.18 0.491 0.650 – 0.168 9.77 – 93.78 6.81 1.19 3.47 0.045 0.130 0.957 0.061 0.142 0 0.048 1.828 0 0.87 0.13
ZK10C02-20-2 42.05 0.550 21.75 13.74 1.92 0.706 0.761 0.007 0.142 9.84 0.06 91.34 6.66 1.34 2.71 0.065 0.229 1.820 0.095 0.180 0. 1 0.044 1.988 0.008 0.91 0.09
ZK10C02-20-3 40.41 1.090 21.19 15.91 2.14 0.717 0.938 – 0.125 9.76 0.011 92.07 6.45 1.55 2.44 0.131 0.257 2.124 0.097 0.223 0 0.039 1.989 0.001 0.90 0.10
ZK10C02-20-4 40.22 0.926 21.34 16.70 2.21 0.688 1.218 0.061 0.153 9.71 – 93.00 6.39 1.61 2.38 0.111 0.264 2.218 0.093 0.288 0. 0.047 1.966 0 0.89 0.11
ZK10C02-20-5 39.60 1.487 21.02 17.78 2.31 0.771 1.217 0.063 0.074 9.72 0.016 93.83 6.29 1.72 2.21 0.178 0.276 2.360 0.104 0.288 0. 1 0.023 1.969 0.002 0.89 0.11
ZK10C02-20-6 44.78 0.455 25.98 9.97 1.47 0.476 1.078 – 0.208 9.85 0.021 94.13 6.66 1.34 3.21 0.051 0.164 1.239 0.060 0.239 0 0.060 1.867 0.002 0.84 0.16
ZK10C02-30-1 43.04 0.517 25.04 12.38 1.77 0.952 0.132 – 0.113 10.14 0.007 93.92 6.55 1.45 3.04 0.059 0.203 1.576 0.123 0.030 0 0.033 1.970 0.001 0.98 0.02
ZK10C02-30-2 44.70 0.296 27.04 10.19 1.50 0.715 0.186 0.009 0.197 10.20 – 94.88 6.61 1.39 3.32 0.033 0.167 1.261 0.090 0.041 0. 1 0.057 1.925 0 0.97 0.03
ZK10C02-30-3 38.50 0.857 22.69 18.13 2.33 1.141 0.201 0.045 0.186 9.65 0.077 93.57 6.15 1.85 2.42 0.103 0.279 2.423 0.154 0.048 0. 8 0.058 1.967 0.01 0.98 0.02
ZK10C02-30-4 46.02 0.195 27.82 8.40 1.26 0.681 0.128 – 0.191 10.45 0.042 95.06 6.72 1.29 3.50 0.021 0.138 1.025 0.084 0.028 0 0.054 1.944 0.005 0.97 0.03
ZK10C02-33-1 46.08 0.276 25.62 10.37 1.53 0.767 0.181 0.026 0.145 10.34 0.021 95.18 6.80 1.21 3.24 0.031 0.169 1.279 0.096 0.040 0. 4 0.041 1.945 0.002 0.97 0.03
ZK10C02-33-2 45.42 0.331 26.06 9.85 1.46 0.731 0.189 0.024 0.152 10.08 0.016 94.16 6.75 1.25 3.31 0.037 0.163 1.224 0.092 0.042 0. 4 0.044 1.910 0.002 0.97 0.03
ZK10C02-33-3 45.96 0.231 27.72 8.00 1.20 0.242 0.262 – 0.194 10.33 – 94.02 6.75 1.25 3.54 0.026 0.133 0.981 0.030 0.057 0 0.055 1.934 0 0.95 0.05
ZK10C02-33-4 43.01 0.525 26.06 9.47 1.40 0.608 0.302 0.081 0.269 10.02 – 91.60 6.59 1.41 3.30 0.061 0.161 1.213 0.079 0.069 0. 3 0.080 1.958 0 0.95 0.05
ZK14B04-02-1 46.45 0.314 25.87 9.52 1.41 0.614 0.558 – 0.122 10.35 – 95.07 6.82 1.19 3.29 0.035 0.156 1.169 0.076 0.122 0 0.035 1.938 0 0.91 0.09
ZK14B04-02-2 47.44 0.137 28.34 7.33 1.11 0.367 0.577 – 0.111 10.77 0.045 96.10 6.79 1.21 3.56 0.015 0.119 0.876 0.044 0.123 0 0.031 1.965 0.005 0.88 0.12
ZK14B04-02-3 46.26 0.071 26.68 9.49 1.41 0.633 0.598 – 0.109 10.35 0.005 95.46 6.76 1.24 3.35 0.008 0.154 1.159 0.078 0.130 0 0.031 1.928 0.001 0.90 0.10
ZK14B04-02-4 48.94 0.340 29.41 5.96 0.91 0.317 0.517 – 0.112 10.71 – 97.12 6.85 1.15 3.69 0.036 0.096 0.698 0.038 0.108 0 0.030 1.911 0 0.87 0.13
ZK14B04-12-1 37.93 0.214 22.32 20.02 2.46 0.808 0.134 0.062 0.073 9.61 0.016 93.39 6.13 1.87 2.38 0.026 0.298 2.706 0.111 0.032 0. 1 0.023 1.980 0.002 0.99 0.01
ZK14B04-12-2 39.63 0.174 23.02 20.35 2.54 0.810 0.166 – 0.070 9.73 – 96.23 6.19 1.81 2.42 0.020 0.298 2.657 0.107 0.039 0 0.021 1.938 0 0.99 0.01
ZK14B04-12-3 40.16 0.359 23.53 18.82 2.42 0.803 0.159 – 0.132 9.95 0.02 96.11 6.23 1.77 2.52 0.042 0.282 2.440 0.105 0.037 0 0.040 1.968 0.002 0.99 0.01
ZK14B04-12-4 39.78 0.413 22.96 19.44 2.47 0.739 0.120 – 0.145 9.81 0.02 95.64 6.22 1.78 2.45 0.049 0.290 2.542 0.098 0.028 0 0.044 1.957 0.002 0.99 0.01
ZK15001-1-1 37.27 1.120 20.44 23.83 2.62 1.131 0.433 – 0.154 9.47 0.011 96.22 5.99 2.01 1.86 0.135 0.317 3.204 0.154 0.104 0 0.048 1.943 0.001 0.97 0.03
ZK15001-1-2 37.61 1.269 20.90 23.91 2.66 1.085 0.432 – 0.055 9.64 0.038 97.33 5.97 2.03 1.88 0.152 0.318 3.174 0.146 0.102 0 0.017 1.953 0.005 0.97 0.03
ZK15001-1-3 36.75 1.500 20.86 24.98 2.66 1.119 0.390 – 0.122 9.42 0.042 97.57 5.86 2.14 1.78 0.180 0.319 3.331 0.151 0.093 0 0.038 1.917 0.005 0.97 0.03
ZK15001-1-4 36.53 1.426 20.72 24.80 2.67 1.130 0.424 – 0.116 9.13 0.042 96.72 5.87 2.13 1.79 0.172 0.323 3.332 0.154 0.102 0 0.036 1.871 0.005 0.97 0.03
ZK55A02-1-1 50.11 0.162 26.76 3.15 0.49 0.021 4.565 0.01 0.119 10.66 – 96.00 7.00 1.00 3.40 0.017 0.051 0.368 0.002 0.950 0. 1 0.032 1.899 0 0.28 0.72
ZK55A02-1-2 48.86 0.455 26.63 3.49 0.54 0.006 5.271 0.002 0.165 10.49 0.064 95.92 6.86 1.14 3.26 0.048 0.057 0.409 0.001 1.103 0 0.045 1.879 0.007 0.27 0.73
ZK55A02-1-3 50.29 0.168 28.57 2.48 0.39 0.175 3.989 – 0.056 10.17 – 96.24 6.95 1.05 3.60 0.017 0.040 0.286 0.020 0.822 0 0.015 1.792 0 0.26 0.74
ZK55A02-1-4 49.23 0.210 27.65 3.12 0.49 0.084 4.180 0.001 0.107 10.63 0.005 95.65 6.90 1.10 3.47 0.022 0.051 0.365 0.010 0.874 0 0.029 1.901 0.001 0.29 0.71
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Fig. 4. Chemical classification diagram of biotite (after Eby and Kochhar, 1990).

Table 2
LA-ICP-MS zircon U–Pb isotopic analyses of the representative Xitian granite.

Spot 232Th (ppm) 238U (ppm) Th/U 207Pb/206Pb 207Pb/235U

Ratios r Ratios r

ZK10C02-13(113�4503500E, 26�4902800N)
1.1 300 717 0.42 0.0501 0.0061 0.1588 0.0138
2.1 365 848 0.43 0.0539 0.0044 0.1699 0.0143
3.1 283 510 0.56 0.0482 0.0035 0.1473 0.0146
4.1 334 557 0.6 0.0466 0.0044 0.1556 0.0137
5.1 257 467 0.55 0.0469 0.0047 0.1538 0.0150
6.1 327 575 0.57 0.0517 0.0035 0.1636 0.0118
7.1 209 399 0.52 0.0516 0.0055 0.1650 0.0174
8.1 272 479 0.57 0.0506 0.0045 0.1704 0.0151
9.1 785 2155 0.36 0.0508 0.0036 0.1636 0.0127

10.1 244 454 0.54 0.0474 0.0047 0.1543 0.0148
11.1 192 354 0.54 0.0520 0.0077 0.1655 0.0245
12.1 1092 5124 0.21 0.0464 0.0032 0.1539 0.0137
13.1 289 519 0.56 0.0509 0.0041 0.1664 0.0146
14.1 222 421 0.53 0.0472 0.0044 0.1501 0.0140
15.1 255 621 0.41 0.0477 0.0029 0.1572 0.0132
16.1 211 378 0.56 0.0483 0.0045 0.1549 0.0143
17.1 281 494 0.57 0.0469 0.0067 0.1536 0.0225
18.1 230 420 0.55 0.0508 0.0044 0.1641 0.0133
19.1 1257 7047 0.18 0.0499 0.0020 0.1404 0.0151
20.1 221 420 0.53 0.0470 0.0042 0.1555 0.0141
21.1 371 766 0.48 0.0503 0.0034 0.1626 0.0106
22.1 259 468 0.55 0.0489 0.0053 0.1564 0.0161
23.1 230 432 0.53 0.0506 0.0052 0.1582 0.0158

ZK14B04-02(113�4505100E, 26�4901700N)
1.1 303 658 0.46 0.0477 0.0029 0.1550 0.0097
2.1 480 875 0.55 0.0467 0.0023 0.1515 0.0078
3.1 287 566 0.51 0.0465 0.0047 0.1587 0.0182
4.1 345 1273 0.27 0.0475 0.0027 0.1549 0.0085
5.1 383 837 0.46 0.0461 0.0036 0.1563 0.0120
6.1 325 713 0.46 0.0473 0.0037 0.1552 0.0116
7.1 155 291 0.53 0.0467 0.0052 0.1592 0.0187
8.1 175 335 0.52 0.0482 0.0035 0.1611 0.0124
9.1 363 716 0.51 0.0515 0.0036 0.1738 0.0123

10.1 208 378 0.55 0.0524 0.0050 0.1740 0.0155
11.1 192 255 0.75 0.0522 0.0059 0.1666 0.0182
12.1 387 483 0.80 0.0510 0.0039 0.1661 0.0127
13.1 143 205 0.70 0.0475 0.0065 0.1537 0.0235
14.1 236 509 0.46 0.0498 0.0035 0.1646 0.0120
15.1 97 180 0.54 0.0501 0.0061 0.1558 0.0179
16.1 237 747 0.32 0.0461 0.0030 0.1557 0.0119
17.1 91 162 0.56 0.0506 0.0089 0.1560 0.0247
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points. Pb isotopic data, U–Pb ages and U–Th contents of the zir-
cons analysis-spots were processed with the help of
ICPMSDataCal (Liu et al., 2010). Common Pb correction was applied
using the method of Andersen (2002) by assuming zero-age Pb
loss, which has negligible effect on the age results. Detailed ana-
lytical data in which individual analyses are shown with 1r error
and uncertainties in weighted mean ages are quoted at the 95%
confidence level (2r) are given in Table 2. Concordia diagrams
and weighted mean calculations were made using Isoplot/
Ex_ver3 (Ludwig, 2001).

In situ zircon Hf isotopic measurements on the sample
ZK14B04-02 were performed on a Neptune Plus multi-collection
inductively coupled plasma mass spectrometry. Details of Hf iso-
topic analytical method followed Wu et al. (2006). Normalizing fac-
tor used to correct the mass fractionation of Hf during the
measurements is 0.7325 for 179Hf/177Hf. The reference value of
176Hf/177Hf of standard Penglai Zircon is 0.282906 ± 0.000010 (2s)
(Li et al., 2010c). Analyses of standard Penglai zircon over the mea-
surement period provided 176Hf/177Hf = 0.282926 ± 0.000016 (2s)
(n = 6). Initial 176Hf/177Hf values were calculated based on Lu decay
constant of 1.865E�11 (Scherer et al., 2001). The model ages were
206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Ratios r Age (Ma) r Age (Ma) r Age (Ma) r

0.0237 0.0005 198 259 150 12 151 3
0.0242 0.0004 369 185 159 12 154 3
0.0236 0.0006 109 167 146 10 151 4
0.0237 0.0005 33 206 147 12 151 3
0.0236 0.0005 56 278 145 13 150 3
0.0237 0.0004 272 156 154 10 151 3
0.0238 0.0004 333 49 155 15 151 2
0.0240 0.0005 220 6 160 13 153 3
0.0240 0.0008 232 165 154 11 153 5
0.0234 0.0005 78 222 146 13 149 3
0.0238 0.0008 283 307 155 21 152 5
0.0236 0.0008 20 169 145 12 150 5
0.0236 0.0005 239 187 156 13 150 3
0.0237 0.0005 61 272 142 12 151 3
0.0242 0.0005 87 146 148 12 154 3
0.0238 0.0005 122 198 146 13 152 3
0.0235 0.0005 43 311 145 20 150 3
0.0236 0.0005 235 193 154 12 150 3
0.0243 0.0003 191 90 133 13 155 2
0.0237 0.0005 50 200 147 12 151 3
0.0236 0.0005 209 156 153 9 151 3
0.0236 0.0006 146 237 148 14 150 4
0.0239 0.0005 233 222 149 14 152 3

0.0235 0.0004 87 146 146 9 149 2
0.0235 0.0004 32 119 143 7 150 2
0.0244 0.0005 33 217 150 16 155 3
0.0235 0.0005 76 135 146 8 150 3
0.0242 0.0004 400 �217 147 11 154 3
0.0237 0.0005 65 174 146 10 151 3
0.0241 0.0005 35 248 150 16 153 3
0.0239 0.0005 109 167 152 11 152 3
0.0244 0.0004 261 158 163 11 155 3
0.0244 0.0005 302 214 163 13 155 3
0.0235 0.0005 295 257 156 16 150 3
0.0237 0.0005 243 178 156 11 151 3
0.0237 0.0006 76 296 145 21 151 4
0.0238 0.0005 187 165 155 11 152 3
0.0239 0.0006 198 259 147 16 152 4
0.0237 0.0004 400 �250 147 10 151 3
0.0230 0.0008 220 363 147 22 149 3



Table 3
Zircon Hf isotope analyses for the Xitian granite.

Grain no. 176Yb/177Hf 2s 176Lu/177Hf 2s 176Hf/177Hf 2s 176Hf/177Hfi eHf(t) 2r TDM1 (Ma) TDM2 (Ma) fLu/Hf

ZK14B04-02(113�4505100E, 26�4901700N)
1.1 0.025492 0.000082 0.000657 0.000003 0.282452 0.000015 0.282450 �8.11 0.53 1122 1371 �0.98
5.1 0.047723 0.001950 0.001229 0.000054 0.282436 0.000017 0.282432 �8.63 0.60 1162 1401 �0.96
6.1 0.031403 0.000442 0.000874 0.000006 0.282462 0.000017 0.282460 �7.73 0.60 1114 1354 �0.97
7.1 0.027740 0.000549 0.000752 0.000020 0.282461 0.000017 0.282459 �7.70 0.59 1112 1354 �0.98
8.1 0.029599 0.000691 0.000830 0.000030 0.282444 0.000024 0.282442 �8.33 0.85 1138 1385 �0.97
9.1 0.048912 0.000645 0.001259 0.000030 0.282438 0.000018 0.282434 �8.54 0.64 1160 1397 �0.96

10.1 0.030425 0.000450 0.000846 0.000023 0.282370 0.000021 0.282367 �10.92 0.72 1243 1514 �0.97
11.1 0.032385 0.001098 0.000864 0.000030 0.282471 0.000019 0.282469 �7.43 0.68 1101 1338 �0.97
12.1 0.054171 0.000576 0.001463 0.000029 0.282448 0.000020 0.282444 �8.30 0.68 1152 1382 �0.96
13.1 0.035361 0.000309 0.000895 0.000013 0.282444 0.000015 0.282442 �8.36 0.53 1140 1385 �0.97
14.1 0.052787 0.001871 0.001385 0.000057 0.282400 0.000021 0.282396 �9.97 0.72 1217 1464 �0.96
15.1 0.027140 0.000553 0.000791 0.000023 0.282368 0.000036 0.282366 �11.02 1.27 1242 1516 �0.98
16.1 0.032559 0.000326 0.000951 0.000015 0.282266 0.000035 0.282263 �14.69 1.22 1391 1695 �0.97
17.1 0.022403 0.000163 0.000604 0.000008 0.282460 0.000013 0.282458 �7.83 0.47 1109 1357 �0.98

Table 4
Major element contents (%) of Xitian granite.

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total

ZK10C02-01 74.39 0.03 13.72 0.69 0.04 0.42 1.93 0.27 3.54 0.01 4.67 99.72
ZK10C02-02 78.45 0.10 12.84 1.61 0.06 0.28 0.33 0.01 2.87 0.02 3.00 99.57
ZK10C02-03 74.27 0.10 12.81 2.07 0.10 0.11 1.45 0.14 5.87 0.02 2.59 99.53
ZK10C02-04 73.44 0.09 12.64 1.66 0.08 0.19 0.85 3.48 5.49 0.02 1.57 99.50
ZK10C02-05 74.98 0.09 12.86 1.59 0.09 0.14 0.88 2.09 5.28 0.02 1.48 99.50
ZK10C02-06 75.41 0.11 12.48 1.78 0.09 0.23 0.83 1.39 5.21 0.02 1.96 99.51
ZK10C02-07 75.84 0.10 12.88 1.52 0.07 0.17 0.94 0.10 5.55 0.02 2.35 99.54
ZK10C02-08 76.29 0.12 12.41 1.76 0.06 0.16 0.85 0.12 5.67 0.02 2.03 99.49
ZK10C02-09 75.21 0.10 12.59 1.71 0.06 0.20 1.23 0.11 5.61 0.02 2.71 99.53
ZK10C02-10 75.18 0.04 13.33 0.92 0.04 0.20 0.57 2.36 5.18 0.01 1.67 99.50
ZK10C02-11 75.98 0.14 11.20 1.83 0.08 <0.001 0.86 3.19 5.22 0.03 1.20 99.71
ZK10C02-12 74.90 0.13 12.70 1.87 0.08 0.13 0.81 2.34 5.12 0.02 1.38 99.48
ZK10C02-13 76.37 0.11 12.94 1.62 0.06 0.38 0.57 0.05 5.23 0.02 2.17 99.51
ZK10C02-14 75.08 0.11 12.72 1.53 0.05 0.05 0.74 3.10 5.07 0.02 0.99 99.46
ZK10C02-15 74.29 0.12 12.49 1.66 0.05 0.09 0.81 3.93 4.91 0.02 1.11 99.48
ZK10C02-16 75.41 0.12 12.59 1.70 0.05 0.06 0.84 3.12 4.63 0.02 0.94 99.48
ZK10C02-17 74.64 0.12 13.08 1.63 0.05 0.07 0.75 2.93 5.25 0.02 0.94 99.48
ZK10C02-18 75.88 0.10 12.38 1.56 0.05 0.05 0.78 2.96 4.74 0.02 0.96 99.48
ZK10C02-19 75.31 0.12 12.78 1.58 0.05 0.09 0.80 2.85 4.84 0.02 1.04 99.48
ZK10C02-20 75.22 0.13 12.52 1.81 0.06 0.14 0.86 2.42 4.92 0.02 1.37 99.48
ZK10C02-21 74.97 0.14 12.59 1.66 0.05 0.42 0.96 2.49 5.16 0.01 1.29 99.48
ZK10C02-22 75.76 0.15 13.09 1.48 0.05 0.28 0.86 0.16 5.04 0.02 2.75 99.55
ZK10C02-23 77.51 0.15 12.00 1.41 0.04 0.11 0.92 0.06 4.83 0.02 2.42 99.53
ZK10C02-24 75.37 0.16 12.40 1.75 0.04 0.19 0.92 2.66 4.88 0.02 1.12 99.48
ZK10C02-25 76.95 0.19 13.57 1.23 0.03 0.14 0.25 0.07 3.88 0.02 3.07 99.54
ZK10C02-26 75.53 0.17 13.90 0.96 0.02 0.23 0.84 0.06 4.48 0.02 3.32 99.57
ZK10C02-27 74.54 0.06 13.48 1.57 0.05 0.18 0.91 0.15 5.07 0.02 3.34 99.56
ZK10C02-28 78.39 0.04 12.82 0.97 0.03 0.16 0.77 0.02 3.93 0.02 2.34 99.53
ZK10C02-29 73.58 0.05 13.56 1.16 0.04 0.20 0.82 1.90 5.67 0.02 2.37 99.52
ZK10C02-30 73.54 0.06 12.84 1.39 0.08 0.20 2.22 0.10 5.85 0.01 3.28 99.57
ZK10C02-31 74.98 0.06 13.13 1.21 0.05 <0.001 0.88 3.23 4.78 0.03 1.11 99.48
ZK10C02-32 74.83 0.05 12.86 1.47 0.05 0.13 0.70 4.24 4.24 0.02 1.02 99.49
ZK10C02-33 76.12 0.05 12.56 1.35 0.05 0.38 0.70 2.97 4.71 0.02 0.94 99.47
ZK10C02-34 76.09 0.04 12.92 1.01 0.03 0.05 0.67 3.97 4.04 0.02 0.69 99.48
ZK10C02-35 75.58 0.05 12.68 1.13 0.04 0.09 0.71 3.42 4.39 0.02 1.47 99.48
ZK10C02-36 76.68 0.09 12.35 1.44 0.04 0.06 0.82 2.04 4.95 0.02 0.88 99.47
ZK14B04-02 74.93 0.10 12.52 1.87 0.06 0.17 0.86 2.36 5.00 0.03 1.61 99.51
ZK14B04-05 75.20 0.12 12.74 1.64 0.04 0.06 0.79 2.92 5.15 0.02 0.79 99.47
ZK14B04-07 75.51 0.07 12.90 1.09 0.03 0.03 0.65 2.87 5.53 0.02 0.78 99.47
ZK14B04-09 76.68 0.08 12.23 1.31 0.03 0.07 0.66 2.84 4.60 0.02 0.95 99.48
ZK14B04-12 73.96 0.03 13.84 1.29 0.02 0.13 0.88 3.91 4.19 0.02 1.21 99.48
ZK14B02-01 74.69 0.12 12.87 1.40 0.04 0.21 0.91 2.48 5.24 0.02 1.50 99.48
ZK14B02-03 76.38 0.13 12.33 1.25 0.04 0.11 1.06 0.72 5.49 0.03 1.98 99.51
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computed under the assumption that the 176Lu/177Hf of average
crust is 0.015, and the 176Hf/177Hf and 176Lu/177Hf ratios of chon-
drite and depleted mantle at the present are, respectively,
0.282772 and 0.0332, and 0.28325 and 0.0384 (BlichertToft and
Albarede, 1997). The analytical results of Hf isotopic compositions
are listed in Table 3.
4.3. Major and trace element analyses

Major and trace element analyses were carried out on represen-
tative samples collected from the Xitian composite granite.
Selected relatively fresh rocks were first split into small chips
and ultrasonically cleaned in distilled water, then crushed to very



Table 5
Trace element concentrations (ppm) of Xitian granite.

Sample ZK10C02-
01

ZK10C02-
03

ZK10C02-
07

ZK10C02-
12

ZK10C02-
15

ZK10C02-
17

ZK10C02-
19

ZK10C02-
20

ZK10C02-
22

ZK10C02-
25

ZK10C02-
27

ZK10C02-
30

ZK10C02-
33

ZK10C02-
36

ZK14B04-
02

ZK14B04-
07

ZK14B04-
12

ZK14B02-
01

Sc 8.4 9.2 7.8 8.1 8.3 8.3 9.0 8.5 8.4 8.1 9.9 8.7 8.9 9.0 9.6 8.0 10.8 8.5
Ti 65.2 411 431 602 585 506 565 596 681 882 234 234 190 184.3 422.4 294.1 37 535.8
V 21.6 32.0 25.9 26.9 27.3 20.5 24.3 30.0 26.3 27.9 18.7 25.4 24.3 23.1 28.5 25.7 24.6 25.4
Cr 162 260 180 191 186 154 179 233 167 161 176 210 214 205 233 207 197 187
Mn 335 836 585 591 416 435 398 444 368 199 381 681 426 325 470 235 180 275
Co 0.60 1.47 0.98 1.35 1.25 1.08 1.15 1.40 1.23 1.28 0.73 0.99 1.01 0.95 1.26 0.91 0.90 1.09
Ni 10.76 13.59 11.78 12.21 12.39 10.90 11.72 13.16 11.53 11.26 11.06 14.01 12.66 11.86 13.07 12.67 12.74 11.9
Cu 19.2 61.0 139 145 19.3 40.0 12.9 203 63.8 6.2 2.98 123 177 126 11.8 6.4 7.4 3.8
Zn 15.3 438 254 676 101.3 92.9 50.7 89.8 119 39.8 31.9 47.7 63.9 37.3 44.8 33.3 24.8 28.7
Ga 16.1 15.6 14.9 14.1 14.5 15.1 14.9 14.3 15.0 15.2 17.7 16.2 15.6 15.4 16.8 16.0 20.7 16.5
Ge 2.16 2.72 2.78 3.45 2.72 2.88 2.69 2.83 2.36 2.21 2.19 2.43 2.72 2.70 2.78 2.46 3.06 2.23
Rb 572 1083 940 904 793 852 814 801 833 662 1070 1119 946 825 882 790 682 727
Sr 26.9 23.5 10.8 14.6 13.0 11.2 11.2 15.1 12.0 14.7 10.9 20.7 6.7 7.0 16.3 14.1 13.5 21.4
Y 121 94.8 70.5 77.7 81.9 97.4 106 98.1 74.8 78.9 140 147 139 193 128 116 37.1 88.1
Zr 88.7 145 120 136 176 132 159 158 211 219 86.2 132 105 116 139 86.8 38.4 155
Nb 24.4 26.5 29.43 28.4 29.0 29.5 34.7 28.5 28.5 30.1 46.2 38.0 30.3 45.8 24.7 23.7 52.5 30.4
Cs 56.0 67.4 67.5 69.2 73.1 70.9 67.7 64.8 70.6 66.4 91.3 69.6 46.5 36.2 61.9 43.2 29.4 54.3
Ba 14.6 29.6 25.4 25.3 29.3 34.8 25.1 31.6 31.8 37.1 20.2 27.4 15.0 8.8 81.9 55.7 31.5 88.6
La 14.1 34.9 36.4 49.2 49.4 47.2 44.8 51.0 57.2 61.2 11.7 18.8 13.2 12.5 53.2 38.9 21.7 50.9
Ce 42.9 98.2 98.4 128 128 126 122 134 148 154 33.5 52.5 37.5 35.3 136.1 100.4 62.3 129.9
Pr 7.10 11.22 11.02 14.09 14.06 14.01 13.61 14.84 16.11 16.38 5.58 7.87 5.78 5.64 14.90 11.04 8.26 14.39
Nd 32.0 41.8 40.5 51.5 51.8 51.4 50.8 54.1 58.3 58.9 26.5 33.2 25.1 25.6 54.3 40.5 27.5 53.7
Sm 14.2 10.8 9.7 11.7 11.8 12.3 12.6 12.4 12.6 12.1 12.1 12.1 9.9 11.2 13.0 10.7 9.5 13.0
Eu 0.02 0.10 0.14 0.17 0.20 0.18 0.16 0.18 0.24 0.28 0.08 0.08 0.07 0.07 0.18 0.17 0.01 0.26
Gd 14.4 10.1 9.0 10.5 10.7 11.4 12.0 11.3 11.2 10.4 14.3 13.0 11.0 13.8 12.6 11.1 7.6 12.1
Tb 3.55 2.05 1.78 2.02 2.08 2.29 2.38 2.18 2.02 1.94 3.19 2.97 2.61 3.38 2.59 2.42 1.89 2.33
Dy 25.0 13.4 11.5 13.0 13.4 15.0 15.7 14.0 12.4 12.6 21.0 20.5 18.8 24.8 17.7 16.7 12.7 14.4
Ho 5.37 2.91 2.48 2.80 2.88 3.24 3.40 3.00 2.61 2.72 4.31 4.60 4.25 5.68 3.99 3.70 2.51 3.00
Er 16.40 8.69 7.39 8.35 8.59 9.61 10.05 8.89 7.56 8.32 11.79 13.70 13.04 17.75 11.95 10.97 7.87 8.69
Tm 2.78 1.40 1.17 1.30 1.35 1.49 1.56 1.38 1.16 1.32 1.75 2.16 2.11 2.88 1.81 1.71 1.49 1.32
Yb 19.76 9.61 8.12 8.85 9.16 10.04 10.64 9.35 7.60 9.00 11.35 14.77 14.72 20.06 11.83 11.48 11.52 8.92
Lu 2.95 1.46 1.22 1.32 1.39 1.50 1.59 1.41 1.13 1.36 1.65 2.24 2.26 3.09 1.73 1.69 1.72 1.36
Hf 8.31 6.88 5.52 5.98 7.31 6.03 6.99 6.84 7.46 7.68 6.03 7.93 6.77 7.78 6.50 4.36 5.48 6.83
Ta 16.61 9.29 12.20 8.12 8.44 7.84 9.23 7.58 6.71 7.13 11.58 12.64 13.12 16.36 6.39 7.69 45.81 8.74
Pb 52.4 55.8 60.2 210 59.7 55.6 51.8 46.9 52.8 61.4 57.9 64.0 175 16.1 47.5 60.41 69.26 49.66
Th 25.0 43.0 82.1 84.5 89.1 87.1 88.2 90.3 101 88.1 31.3 46.0 34.5 43.7 52.44 36.65 18.33 53.53
U 23.8 29.9 31.0 28.9 30.6 32.2 32.4 30.8 31.5 28.2 32.7 39.8 33.9 44.7 34.51 33.31 20.91 30.96

RREE 200 247 239 303 305 306 301 318 338 351 159 199 160 182 336 262 177 314
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fine powders of 200 – mesh after drying and handpicking to
remove visible alteration. Major element oxides were analyzed
using the standard X-ray fluorescence (XRF) method given by Li
et al. (2006b). Trace elements were determined using the induc-
tively coupled plasma mass spectrometry (ICP-MS) method on a
Perkin–Elmer Sciex ELAN 6000 instrument at the SKLIG GIG-CAS.
The analytical procedures are the same as those described by Li
et al. (2006b). Analytical precision for most trace elements is better
than 3%. Geochemical results are listed in Tables 4 and 5.

4.4. Sr–Nd isotope analyses

Whole rock Rb–Sr and Sm–Nd isotope compositions were deter-
mined for 13 representative granite samples. Sr and Nd isotopic
compositions were analyzed on a Micromass Isoprobe multi-col-
lector ICP-MS at SKLIG GIG-CAS, and the analytical procedures fol-
low those Li et al. (2006b). Sr and REE were separated using cation
columns, and Nd fractions were further separated by passing
through cation columns followed by HDEHP-coated Kef columns.
Measured 87Sr/86Sr and 143Nd/144Nd ratios were normalized to
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively. The
reported 87Sr/86Sr and 143Nd/144Nd ratios were adjusted to the
NBS SRM 987 standard 87Sr/86Sr = 0.710250 and the Shin Etsu
JNdi-1 standard 143Nd/144Nd = 0.512115, respectively. The results,
along with the calculated initial 87Sr/86Sr (ISr) and eNd(T) values,
are listed in Table 6.

5. Results

5.1. Zircon U–Pb geochronology

Most of the zircon grains from two samples (ZK10C02-13 and
ZK14B04-02) are euhedral and prismatic with aspect ratios of
1:1–3:1 and lengths of 100–300 lm. They are transparent and light
yellow in color under the optical microscope. Ubiquitous simple
internal oscillatory zoning and little inherited cores are displayed
in CL images (Fig. 5b and d), which is typical for magmatic zircon
in A-type granite (e.g. Wong et al., 2009). LA-ICP-MS zircon U–Pb
isotopic data for these rocks are presented in Table 2. Zircon U–
Pb concordia diagrams are shown in Fig. 5.

Twenty-three spot analyses of zircons from sample ZK10C02-13
yielded a single 206Pb/238U age population of 149.4–154.7 Ma with
a weighted mean of 151.7 ± 1.2 Ma (MSWD = 0.30) (Table 2 and
Fig. 5a), which represents the crystallization age of the granite.
These zircons have highly variable abundance of Th (192–
1257 ppm) and U (354–7047 ppm) contents, but their Th/U ratios
change within a narrow range of 0.41–0.60 (except for the ratios
of three sample varying from 0.18 to 0.36). Seventeen spot analyses
of zircons from sample ZK14B04-02 yielded a single 206Pb/238U age
population of 148.9–155.5 Ma with a weighted mean of
Table 6
Sr–Nd isotopic compositions of the of Xitian granite.

Sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr ± 2r (87Sr/86Sr)i

ZK10C02-01 572 26.9 62.05753 0.817083 ± 13 0.68326
ZK10C02-07 940 10.8 262.28846 1.156539 ± 16 0.59092
ZK10C02-12 904 14.6 185.75187 1.063792 ± 17 0.66323
ZK10C02-17 852 11.2 228.02762 1.107928 ± 18 0.61620
ZK10C02-20 801 15.1 158.07017 0.981477 ± 14 0.64060
ZK10C02-25 662 14.7 133.38406 0.928352 ± 13 0.64071
ZK10C02-30 1119 20.7 160.31538 0.983268 ± 17 0.63755
ZK10C02-33 946 6.7 436.55843 1.433913 ± 30 0.49249
ZK10C02-36 825 7.0 359.56898 1.307626 ± 19 0.53223
ZK14B04-02 882 16.3 161.16039 0.988169 ± 15 0.64040
ZK14B04-07 790 14.1 166.77728 0.999358 ± 15 0.63947
ZK14B04-12 682 13.5 150.29545 0.973005 ± 18 0.64868
ZK14B02-01 727 21.4 100.03186 0.889120 ± 13 0.67326
151.8 ± 1.4 Ma (MSWD = 0.63) (Table 2 and Fig. 5c), representing
the formation age of the granites. These zircons have Th and U
contents of 91–480 ppm and 162–1273 ppm, respectively, and
their Th/U ratios range from 0.27 to 0.80. All the analyses are plot-
ted on the concordia curve as a coherent group. Our zircon U–Pb
dating results indicate that the Xitian granite was formed at ca.
152 Ma.

5.2. Hf isotopic composition

The analytical results on Hf isotopes for zircons from sample
ZK14B04-02 are shown in Table 3. The initial 176Hf/177Hf ratios
range from 0.282263 to 0.282469 with an average value of
0.282420. They have eHf(t) values of �14.69 to �7.43 (Fig. 6) with
two stage model ages varying from 1338 to 1695 Ma.

5.3. Major and trace-element geochemistry

The results on major and trace-element compositions for a total
of 43 Xitian granite samples are given in Tables 4 and 5. The Xitian
granite is characterized by high SiO2 (73.44–78.45 wt.%), moderate
Al2O3 (11.20–13.90 wt.%) and highly variable Na2O (0.01–
4.24 wt.%) contents. Some samples have low Na2O that may be
due to hydrothermal alteration or the intense interactions between
melts and fluids (Andersen et al., 1990). In the A/CNK (molar Al2O3/
(CaO + Na2O + K2O)) versus A/NK (molar Al2O3/(Na2O + K2O)) dia-
gram (Fig. 7), most of the samples plot in the area of metaluminous
to weak peraluminous, except some samples which show strong
peraluminous as a consequence of low Na2O contents. These gran-
ites have moderate K2O (2.87–5.87 wt.%), with all the samples plot-
ting in the calc-alkaline and alkaline fields of K2O versus SiO2

diagram (Peccerillo and Taylor, 1976) (Fig. 7). Additionally, they
also have low Fe2O3 (0.69–2.07 wt.%), MgO (0.003–0.42 wt.%),
CaO (0.25–2.22 wt.%), TiO2 (0.03–0.19 wt.%) and P2O5 (0.004–
0.04 wt.%) contents. Major element variations are also shown in
Harker diagrams, in which most of the samples give a similar varia-
tion trend without a compositional gap (Fig. 8).

The Xitian granites exhibit enriched REEs (except Eu) with total
REE ranging from 159 to 351 ppm. Most of the granite samples are
characterized by slightly enriched light REE (LREE) ((La/
Yb)N = 1.35–5.40) and flat heavy REE (HREE) with strong negative
Eu anomalies (dEu = 0.004–0.08) (Fig. 9). All of the samples have
low Sr (6.71–26.94 ppm), high Nb (23.70–52.47 ppm) and extre-
mely high Rb (662–1119 ppm) contents, and are enrichment in
high-field strength elements (HFSEs) (e.g. Nb, Ta, Zr and Hf).

5.4. Sr–Nd isotope compositions

The results on Sr–Nd isotopic analyses for the Xitian granite are
given in Table 6. Initial Sr–Nd isotopic compositions were
Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd ± 2r eNd(t) TDM2 (Ga)

14.2 32.0 0.2685 0.512255 ± 9 �8.87 1.69
9.7 40.5 0.1454 0.512213 ± 9 �7.30 1.56

11.7 51.5 0.1374 0.512180 ± 8 �7.79 1.60
12.3 51.4 0.1450 0.512137 ± 9 �8.78 1.68
12.4 54.1 0.1383 0.512136 ± 8 �8.67 1.68
12.1 58.9 0.1240 0.512117 ± 10 �8.76 1.68
12.1 33.2 0.2204 0.512213 ± 10 �8.76 1.68

9.9 25.1 0.2379 0.512221 ± 8 �8.93 1.70
11.2 25.6 0.2649 0.512265 ± 9 �8.60 1.67
13.0 54.3 0.1442 0.512113 ± 8 �9.23 1.72
10.7 40.5 0.1596 0.512142 ± 10 �8.96 1.70

9.5 27.5 0.2091 0.512178 ± 9 �9.22 1.72
13.0 53.7 0.1460 0.512121 ± 8 �9.11 1.71



Fig. 5. Zircon U–Pb concordia diagrams and representative cathodeluminescence (CL) images for the Xitian granite.

Fig. 6. Evolution of eHf(t) versus age (Ma) of the Xitian granite. Data of the
Xiangshan volcanic-intrusive complex, Dexing porphyrite, Tongshanling granite,
Baijuhuajian granite, Yangmeiwan granite and Daqiaowu granitic porphyry are
from Yang et al. (2011), Zhou et al. (2012a), Jiang et al. (2009), Wong et al. (2009)
and Yang et al. (2012), respectively. DM: depleted mantle; CHUR: Bulk Earth
(chondritic uniform reservoir).
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calculated at t = 152 Ma. They have eNd(t) values ranging from
�9.23 to �7.30 and (143Nd/144Nd)i from 0.511926 to 0.512069.
The corresponding two-stage depleted mantle Nd model ages
(TDM2) are in the range of 1562–1722 Ma.
6. Discussion

6.1. Origin of granitic rocks: an A-type affinity

As currently known only on Earth, granitic rock plays an extre-
mely important role in the evolution of the Earth’s crust and its for-
mation and evolution must be accompanied by migration and/or
enrichment of elements, which is likely to form important ore
deposits. Traditionally, granitic rocks can be divided into S-, I- and
M- types granites based on their different sources (Chappell and
White, 2001; Collins et al., 1982; Whalen et al., 1987). The term of
‘‘A-type granite’’ was first proposed by Loiselle and Wones (1979)
to define a series of granitic rocks that distribute in extensional tec-
tonic environments such as anorogenic backgrounds or rift zones.
Subsequently, Eby (1992) divided A-type granites into two sub-
classes: A1 and A2 types. A-type granites have some common geo-
chemical characters such as high TiO2/MgO, K2O/Na2O, and Fe/Mg
ratios. They also possess high K2O and SiO2 contents and low CaO,
Ba and Sr contents and enriched F, Nb, Ta, Zr, Ga, Y and REEs (except
Eu) (Douce, 1997; Loiselle and Wones, 1979; Whalen et al., 1987),
but low levels of elements compatible in mafic silicates (Cr, Ni, Co



Fig. 7. Plot of (a) A/NK versus A/CNK and (b) K2O versus SiO2. A/NK = Al2O3/(Na2O + K2O) (molar ratio), A/CNK = Al2O3/(CaO + Na2O + K2O) (molar ratio).

Fig. 8. Harker diagrams for the Xitian granite samples.
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and Sc) and feldspars (Sr, Ba and Eu) (Loiselle and Wones, 1979).
Petrographically, A-type granites generally involve Fe-rich biotite
or/and alkali hornblendes and are lack of inherited zircon grains
(Williams, 1992), whereas S-type granites contain abundance of
Al-rich minerals such as muscovite, garnet, and cordierite. The feld-
spar in A-type granites is mostly alkali feldspar, into which micro-
graphic intergrowths of quartz are usually observed. Mafic
minerals commonly crystallize late in the solidification history,
representatively existing as interstitial clots or grains (Whalen
et al., 1987). Besides, A-type granites usually exhibit mineralization
by Sn, W, Mo, Bi, Nb and F (Collins et al., 1982).

The Xitian granites in this study have moderate to high total
alkalis (K2O + Na2O = 2.89–8.98 wt.%) and low Al2O3 (<13.90 wt.%)
contents. With respect to I-type granites, most of the Xitian gran-
ites have higher A/CNK (0.90–1.27) and Fe⁄ values [FeOt/
(FeOt + MgO) = 0.60–1.00]. Compared with S-type granites, they
are characterized by extremely low P2O5 (0.004–0.04 wt.%) abun-
dances and absence of phosphate minerals. Additionally, they have



Fig. 9. Chondrite-normalized REE patterns and primitive mantle-normalized incompatible trace element spidergrams for the Xitian granite. The normalized values for the
chondrite and primitive mantle are from Sun and McDonough (1989).
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enriched HFSE (e.g., Nb) and REE, and obviously depleted Si, Ba, P,
Ti and Eu, similar to the trace-element compositions of A-type
granites (Li et al., 2007c; Fig. 9). Most of the Xitian granites have
significantly lower Sr contents (<30 ppm) than typical calc-alkaline
I-type granites. According to Douce (1997), Sr contents is an impor-
tant sign to discriminate A-type granites from calc-alkaline gran-
ites because the Sr contents in the former are only around 33–
50% of those in the latter at the same SiO2 level. Therefore, the
extraordinary low Sr contents is also likely indicative of the
Xitian granites as A-type. Their low La/Nb (0.25–2.15), Nb/Ta
(1.15–4.25) and Zr/Hf (7.00–28.46) ratios are consistent with those
in typical A-type granites (e.g. Eby, 1992; King et al., 1997; Martin
et al., 1994). Moreover, the Xitian granites show Fe-rich biotite and
enrichment in alkalis (Table 1 and Fig. 3b, d, Fig. 4). All lithological
and geochemical characters of the Xitian granite indicate that they
have an affinity of A-type rather than S- and I-types granite (Bonin,
2007; King et al., 1997). Their high Ce/Nb and Y/Nb ratios (Fig. 10c)
further suggest that they belong to the A2-type granites (Eby,
1992). Most of the samples fall into the area of ‘‘within-plate gran-
ite’’ in the diagrams of Pearce et al. (1984) (Figures not shown) and
plot in the field of ‘‘A-type granites’’ in the discrimination diagrams
of Whalen et al. (1987) and Eby and Kochhar (1990) (Fig. 10), fur-
ther verifying their A-type affinity.

Numerous A-type granites have been identified along the Shi-
Hang zone in the past decade, such as the Jiuyishan (Huang
et al., 2011), Qianlishan (Jiang et al., 2006), Xiangshan (Jiang
et al., 2005), Qitianling (Li et al., 2010b), Damaoshan (Jiang et al.,
2011), Baijuhuajian (Wong et al., 2009), Tongshan (Jiang et al.,
2011) and Yangmeiwan granites (Yang et al., 2012), Daqiaowu
granitic porphyry (Yang et al., 2012), and Huashan-Guposhan
intrusive belt (Zhu et al., 2006a), etc. These A-type granites,
together with the Xitian A-type granite recognized in this study,
indicate that the Shi-Hang Zone is an important magmatic zone
composed mainly of A-type granites.

6.2. Petrogenesis of the Xitian granite

It is widely accepted that no general petrogenetic model can be
responsible for all A-type granites due to their widespread dis-
tribution, the diversity of tectonic settings in which they formed,
the complexity of associated rocks, and the large geochemical dif-
ferences in major and trace element and Sr–Nd isotopic com-
positions between different A-type granitic intrusions (e.g.
Anderson et al., 2003; Collins et al., 1982; Martin, 2006; Su et al.,
2007; Whalen et al., 1987). To date, several mechanisms have been
proposed for explaining the origin of A-type granitic magma: (1)
efficient fractional crystallization of a mantle-derived mafic
magma, with or without accompanying assimilation (Anderson
et al., 2003; Han et al., 1997; Turner et al., 1992); (2) partial or
complete melting of an alkali-metasomatized crust (Martin,
2006); (3) melting of deep crust materials such as granulitic resi-
due from which hydrous felsic melts were previously extracted
(Collins et al., 1982; Whalen et al., 1987); and (4) melting of tona-
litic I-type granites (e.g., Skjerlie and Johnston, 1993). Of primary



Fig. 10. (a) 10,000 Ga/Al versus Zr + Nb + Ce + Y (Whalen et al., 1987), (b) FeO⁄/MgO versus SiO2 (Eby and Kochhar, 1990), (c) Ce/Nb versus Y/Nb (Eby, 1992), and (d) Nb–Y–
3Ga (Eby, 1992) discrimination diagrams for Xitian granite.

Fig. 11. Evolution of eNd(t) versus age (Ma) of igneous rocks from Shi-Hang Zone.
The cited eNd(t) and age data are from Table 7. Data of basement rocks of South
China Block are from Wang et al. (2013), Chen and Jahn (1998) and references
therein. DM: depleted mantle. CHUR: Bulk Earth (chondritic uniform reservoir).
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concern is whether mantle-derived materials could be involved in
the formation of A-type granites.

As shown in the primitive mantle-normalized trace element
spidergram, Xitian granites show negative Eu, Ba and Sr anomalies
(Fig. 9b), together with decreases in Sr and Ba with increasing SiO2

(Figures not shown), indicative of plagioclase fractionation during
the evolution of the Xitian granites. They also have pronounced
negative anomalies in P and Ti (Fig. 9b), which could be attributed
to the fractionation of apatite and ilmenite. There are moderate
correlations between some of the major oxides (e.g., Al2O3 and
CaO) and SiO2 (Fig. 8), also support that magmas are fractionated
to some degree during their evolution. They show high HFSEs
and REEs (except Eu) concentration, suggestive of dark-colored
minerals such as hornblende and biotite involved in their source.
Intense fractional crystallization of granitic melt (including REE
accessories) and its interaction with volatile-rich (e.g., F and Cl)
fluid may be the main factors resulting in the tetrad effects of
REE (Monecke et al., 2002; Zhao et al., 2002). Non-CHARAC
(CHarge-And-RAdius-Controlled) trace element features such as
high K/Ba, low Zr/Hf and K/Rb also indicate increasingly intense
melt-rocks/fluids interactions (Bau, 1996; Chen et al., 2014; Jahn
et al., 2001).

Nd isotopes are scarcely remobilised by hydrothermal alter-
ation, thus they can be used as a powerful tool for revealing the
genesis of A-type granites (Poitrasson et al., 1995). The Xitian A-
type granites in this study have moderate to high negative eNd(t)
values (–9.23 to –7.30), distinguishable from those of coeval mafic
rocks (Fig. 11), indicating that they were unlikely formed by
fractional crystallization from coeval mantle-derived mafic mag-
mas. Instead, their Nd isotopic compositions show a close relation-
ship to the granitoids from Precambrian basement rocks of the SCB
(e.g. Chen and Jahn, 1998; Zhang et al., 2006; Zheng et al., 2006)
(Fig. 11). These characters suggest that they mainly sourced from
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remelting of ancient granitoids. This conclusion is further sup-
ported by their low eHf(t) values (�14.69 to �7.43) (Fig. 6) and high
K2O contents. Together with the extensively exist of mafic enclaves
in the Xitian granites which were considered to be the product of
mantle–crust interaction (Liu et al., 2008), this suggests that man-
tle-derived components were inputted into their sources. Like the
Xitian granites, lots of other A-type granites (e.g., the Baijuhuajian,
Damaoshan, Tongshan, Yangmeiwan and Daqiaowu granites) along
the Shi-Hang zone also contain mafic enclaves that were supposed
to represent the process of mantle–crust interaction (Jiang et al.,
2005; Zhao et al., 2010; Zhu et al., 2006b), indicating that they
may have a similar petrogenesis. The gradual increase eHf(t) and
eNd(t) values indicate that more mantle components were involved
in the sources from the early to late stages of magmatism (Figs. 6
and 11).

6.3. Tectonic significance

A-type granites are generally considered to form in extensional
or post-orogenic tectonic environments, such as back-arc exten-
sion, post-collisional extension or within-plate settings, regardless
of the origin of the magma source (e.g. Eby, 1992; Turner et al.,
1992; Whalen et al., 1987). In terms of tectonic setting, Eby
(1992) divided the A-type granites into two groups: (1) the A1-type
granites formed in anorogenic settings (e.g., hotspots, plumes or
continental rift zones), and (2) the A2-type granitoids emplaced
in a variety of tectonic settings and their magmas are generated
from crust that have been through a cycle of subduction-zone or
continent–continent collision magmatism. As for the Xitian gran-
ites, we propose they could be formed in a back-arc extensional
tectonic environment based on the following regional geological
data: (1) The Shi-Hang zone exhibits NNE-trending, which is well
consistent with the suture zone of subduction of the Paleo-Pacific
plate beneath the SCB, but obviously different from the WE-trend-
ing Indosinian collision zone; (2) The Xiangshan volcanic complex
from the Shi-Hang zone has also an A-type affinity and its
quenched mafic enclaves are high-Mg potassic rocks with boninitic
affinity (Jiang et al., 2005), indicating a back-arc extensional
environment; (3) Contemporaneous bimodal magmatism occurred
Table 7
Synthesis of the ages and Sr–Nd isotopic compositions of the igneous rocks along Shi-Han

Pluton (87Sr/86Sr)i eNd(t) Age

Xihunshan granite 0.7163–0.7169 �10.7 to �11.4 150
Jiufeng granite 0.7161–0.7165 �10.0 to �10.5 154
Xitian granite 0.5909–0.6832 �8.9 to �7.3 151
Qianlishan granite 0.7072–0.7182 �5.0 to �11.5 152
Qitianling granite 0.7083–0.7108 �6.8 to �5.0 155
Xishan granite 0.7161–0.7182 �7.0 to �9.1 156
Jinjiling granite 0.7142–0.7272 �6.3 to �7.1 156
Huashan granite 0.7063–0.7071 �3.2 to �2.7 162
Guposhan granite 0.7066–0.7074 �3.1 to �1.7 162
Tongshanling granodiorite 0.7085–0.7104 �6.6 to �2.3 164
Baoshan granodiorite 0.7095–0.7103 �5.9 to �7.0 158
Shuikoushan granodiorite 0.7088–0.7102 �6.0 to �6.5 163
Niumao granodiorite 0.7047–0.7051 �0.5 to �1.3 163
Tong’an monzonite 0.7051 �0.4 160
Mafic enclaves in Huashan-Guposhan granite 0.7047–0.7057 �0.5 to 1.9 162
Ningyuan alkali basalt 0.7035–0.7040 +5 to +6 175
Daoxian high-Mg basalt 0.7054 �1.6 to �1.9 150
Dexing granodiorite 0.7044–0.7047 �1.14 to +1.80 171
Xiangshan 0.7085–0.7151 �6.86 to �8.73 137
Daqiaowu 0.7088–0.7097 �4.41 to �6.47 136
Yangmeiwan 0.7073 �3.57 to �4.51 136
Tongshan 0.7080–0.7089 �2.2 to �5.6 129
Baijuhuajian 0.7917 �2.6 126
Damaoshan 0.70803 �1.7 to �5.4 126
in the Shi-Hang zone such as the Qianlishan, Jinjiling, Xishan and
Tongshanling, implying a continental arc to intra-arc rifting setting
due to slab rollback (Jiang et al., 2009 and references therein); and
(4) Evidences such as radiating dike swarm, voluminous basalts
and crustal doming for a Mesozoic mantle plume are lacking so
far (Gilder et al., 1991; Li et al., 2007a), combine with the Xitian
granites have an affinity of A2-type granites (Fig. 10c–d), ruling
out an origin related to hotspot, plume or continental rift zone
located in anorogenic settings. Consequently, it is herein proposed
that the formation of the �152 Ma Xitian granites were related to
back-arc extension which was caused by the subduction of Paleo-
Pacific plate beneath the Eurasian plate.

According to Li et al. (2010a), four distinct episodes of A-type
granitic rocks, 195–170 Ma, 170–150 Ma, 137–122 Ma and 110–
90 Ma, and two ‘‘magmatic quiescence’’ of ca. 150–140 Ma and
ca. 120–110 Ma were distinguished in SE China. A prevalent point
of view is that the formation of the Late Mesozoic igneous rocks in
SE China was related to subduction of the Paleo-Pacific plate and
underplating of mafic magmas (Faure and Natalin, 1992; Martin
et al., 1994; Yang et al., 2012; Zhou and Li, 2000; Zhou et al.,
2013; Li et al., 2012; Meng et al., 2012; Huang et al., 2013; Zhu
et al., 2014). In the Early-Middle Jurassic (180–160 Ma), the
Paleo-Pacific plate was subducted beneath the SCB with a very
low angle (Tatsumi and Eggins, 1995) along the eastern flank of
the Central Range in Taiwan. Due to temperature and pressure
increases, sediments and hydrous minerals (e.g., talc, chlorite,
and serpentine, etc.) on the subducting Pale-Pacific plate dehy-
drated to release fluids, which fluxed the overlying mantle wedge
to produce basaltic magmas. Such magmas then underplated and
heated the lower continental crust where they finally triggered
intracrustal melting to generate the 180–160 Ma plutons in SE
China. Around or above the melt zone, a large amount of the source
region dehydrated to provide source materials for A-type magmas
and ultimately formed a series of ca. 160 Ma A-type granites along
the Shi-Hang Zone (e.g. Jiang et al., 2005).

The dip angle of the subducted Paleo-Pacific plate increased
during 160–135 Ma (Maruyama and Seno, 1986; Xia and Zhao,
2014), giving rise to oceanward migration of the active magmatic
zone, and this is the most likely reason why the A-type plutons
g zone.

(Ma) Method Reference

–153 SHRIMP zircon c Lv et al. (2011), Shen et al. (1994)
± 1 Single-grain zircon U–Pb Li (1991), Yin et al. (2010)
± 2 LA-ICPMS zircon U–Pb This study
± 2 SHRIMP zircon U–Pb Li et al. (2004b)
± 1 SHRIMP zircon U–Pb Zhao et al. (2006)
± 2 SHRIMP zircon U–Pb Fu et al. (2004)
± 2 SHRIMP zircon U–Pb Fu et al. (2004), Jiang et al. (2009)
± 1 SHRIMP zircon U–Pb Zhu et al. (2006a,b)
± 3 SHRIMP zircon U–Pb Zhu et al. (2006a,b)
± 2 SHRIMP zircon U–Pb Wang et al. (2003), Jiang et al. (2009)
± 2 SHRIMP zircon U–Pb Wang et al. (2003), Lu et al. (2006)
± 2 SHRIMP zircon U–Pb Wang et al. (2003), Ma et al. (2006)
± 4 SHRIMP zircon U–Pb Zhu et al. (2005)
± 4 SHRIMP zircon U–Pb Zhu et al. (2005)
± 2 SHRIMP zircon U–Pb Zhu et al. (2006a,b)

Total rock 40Ar/39Ar Li et al. (2004a), Jiang et al. (2009)
Total rock 40Ar/39Ar Li et al. (2004a), Jiang et al. (2009)

–154 SHRIMP zircon U–Pb Zhou et al. (2012a), Wang et al. (2004b)
–135 SHRIMP/LA-ICPMS zircon U–Pb Yang et al. (2011)
–133 SHRIMP/LA-ICPMS zircon U–Pb Yang et al. (2012)
± 2 SHRIMP zircon U–Pb Yang et al. (2012)
± 2 SHRIMP zircon U–Pb Jiang et al. (2011)
± 3 SHRIMP zircon U–Pb Wong et al. (2009)
–122 SHRIMP zircon U–Pb Jiang et al. (2011)



Fig. 12. Metallogenic model of the Xitian W–Sn polymetallic deposit (modified from Wu et al., 2012). Indosinian granite emplaced into Devonian carbonatite, forming
fracture zones and massive skarn which was further superimposed by mineralization of the Yanshanian granite modified by the fluid released in the process of mantle–crust
interaction. The superimposed processes finally formed the skarn, greisen, quartz vein and W–Sn polymetallic deposits of the fracture zone type.

136 Y. Zhou et al. / Journal of Asian Earth Sciences 105 (2015) 122–139
commonly become younger toward the coast in SE China (e.g.
Wong et al., 2009; Sun et al., 2015). Rollback of the Paleo-Pacific
plate led to back-arc extension and finally formed the ca. 150 Ma
A-type granites along the Shi-Hang Zone. With ongoing back-arc
extension during slab rollback, the crust and lithospheric mantle
became progressively thinned. Our element geochemical data,
along with previous data, indicate that the mantle–crust interac-
tion in the formation of the A-type granitic magma along the
Shi-Hang zone were gradually intensified from the early to late
phases of magmatism, resulting in higher eNd(t) values in the late
stages of magmatism (Table 7 and Figs. 6 and 11). This also
explains why a series of localized extensional red-bed basins
developed throughout the Late Mesozoic (e.g. Gilder et al., 1996;
Zhou et al., 2006). Therefore, it is most likely that the Shi-Hang
zone is part of a back-arc extensional zone in SE China, which,
together with its resulting upwelling of asthenosphere, led to par-
tial melting of the phlogopite-bearing spinel harzburgitic litho-
spheric mantle, generating the high-Mg potassic rocks that
resulted in mafic enclaves (Jiang et al., 2005). This is further sup-
ported by the Daoxian high-Mg basalts (Li et al., 2004a) and the
existence of mafic enclaves hosted by most of the A-type granites
along the Shi-Hang zone (Jiang et al., 2005; Zhao et al., 2010;
Zhu et al., 2006b; this study).

6.4. The relationship between granitic magmatism and tungsten–tin
mineralization

Previous studies suggested that tungsten–tin mineralization
was mainly related to S-type granitoids (Heinrich, 1990; Tanelli,
1982). In recent years, a growing number of studies show that
W–Sn mineralization is also closely associated with the A-type gra-
nitiods (e.g., Bastos Neto et al., 2009; Botelho and Moura, 1998;
Haapala and Lukkari, 2005; Zhou et al., 2012b). Yanshanian is an
important metallogenic period in SE China, forming two styles of
ore systems, i.e., W–Sn polymetallic deposits and skarn and por-
phyry copper deposits (Mao et al., 2009). The Xitian granites
located at the middle part of Shi-Hang Zone are composed of the
Indosinian and Yanshanian granites. Most of the deposits veins
are spread in the outer contact zone of the Indosinian granites
(Fig. 12), but the following several geological characteristics indi-
cate that the Yanshanian granites have a close relationship with
the giant Xitian W–Sn polymetallic deposit.

(1) Drilling data indicate that thick Yanshanian granite dis-
tributed under the Indosinian granite (Fu et al., 2012), and
previous studies showed that the metallogeny age of the
Xitian tungsten–tin deposits was constrained at 157–
150 Ma (Fu et al., 2012; Liu et al., 2008; Ma et al., 2008),
close to the age of buried Early Yanshanian granite body
determined in this study (ca. 152 Ma). This suggests that
the tungsten–tin mineralization age is consistent with the
granitic magmatism.

(2) The Sn and W contents of the Early Yanshanian granite are
6–10 and 10–20 times of their Clark values, respectively,
whereas the Indosinian granite has much lower Sn and W
contents (Fu et al., 2012; Yao et al., 2013), indicating that
the Early Yanshanian granite is closely tied to the W–Sn
mineralization. They could provide ore-forming materials
for the mineralization.

(3) The Early Yanshanian granite is characterized by high Si
(73.44–78.45 wt.%) and Rb (662–1119 ppm) contents, low
Ti, P, Sr and Ba contents (Fig. 9 and Table 5), low Rb/Sr and
Nb/Ta ratios (1.15–4.25) (Table 5), and REE patterns with pro-
nounced tetrad effect (Fig. 9). These features suggest an
intense fluid-magma interaction which is extremely favor-
able to W–Sn mineralization (Bastos Neto et al., 2009;
Green, 1995; Jahn et al., 2001; Lehmann and Harmanto,
1990). In contrast to the Early Yanshanian granite, the
Indosinian granite is an intermediate to acidic igneous rock
and has higher Ti, P, Sr and Ba contents, but lower Si, Rb
and Nb/Ta values and right-dipped REE patterns (Yao et al.,
2013), different from those of W–Sn mineralized granite.



Y. Zhou et al. / Journal of Asian Earth Sciences 105 (2015) 122–139 137
Previous studies on fluid inclusions in fluorite and quartz
showed that the fluids were mainly from mantle fluid (Yang
et al., 2007). Country-rocks of the Xitian granite mainly
include Devonian argillaceous limestone and dolomitic lime-
stone, which were controlled by NE or NNE compress-shear
fractures and NNW tensional and torsional fractures. These
conditions are convenient for formation of ore skarn and
migration and storage of ore-forming materials. Therefore,
we propose that fluids from country-rocks and/or ground
water heated by granitic magma in the late stage play an
important role in activating and enriching metallogenic
materials during mineralization.

In conclusion, the intrusions of the Indosinian granite only
resulted in preliminary enrichment of ore-forming materials, but
low grade tin and tungsten do not achieve the industrial grade.
The ore-forming materials and fluids were dominantly produced
by the Early Yanshanian granitic magmatism to form the Xitian
W–Sn orebody. Therefore, the Xitian tungsten–tin mineralization
shows a close relationship to the Early Yanshanian granitic activity.
Considering the discussion above and other geological, geophysical
and drilling data, a metallogenic model of the Xitian W–Sn poly-
metallic orefield is proposed in Fig. 12. The emplacement of the
Indosinian granite not only caused the development of a fracture
zone, but also formed massive skarn which was subsequently
superimposed by mineralization of the Yanshanian granite. The
intrusion of the Yanshanian granite formed greisen, quartz vein
and a fracture alternation type W–Sn polymetallic orebody.
7. Conclusions

Geochemical data indicate that the Xitian granite in the east-
ern Hunan Province is a metaluminous to weak peraluminous
granite with typical geochemical signatures of A-type granites,
such as high Fe⁄ values, K2O/Na2O ratios and extremely low
P2O5 contents, enrichments in incompatible elements (HFSEs
and REEs except Eu) but depletions in Ba, Sr and Eu.
Involvement of Fe-rich biotite and alkali feldspar in the Xitian
granite also suggests an A-type affinity.

Zircon U�Pb dating shows that the Early Yanshanian granite
from Xitian area was formed at ca. 152 Ma. Geochemical and iso-
topic data imply that they were generated by partial melting of
metamorphic basement rocks with input of variable proportion
of mantle-derived materials. They were most likely formed in a
back-arc extensional tectonic environment caused by the subduc-
tion of the Paleo-Pacific plate. The mantle–crust interaction in
the formation of the A-type granite along the Shi-Hang Zone were
gradually intensified from the early to late stages of magmatism.
The Early Yanshanian granite from Xitian has a close relationship
to the W–Sn mineralization and provides ore-forming materials
and fluids for the giant Xitian W–Sn deposit.
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