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Mesozoic granitic intrusions are abundant in the South China Block (SCB). Understanding the generation of these granitic
intrusions is important to better constrain tectonic regimes and mineralization processes. We studied the Weishan pluton,
one of the largest Mesozoic composite granitic complexes in Hunan Province, to probe the relationship between multiple
magma processes and tectonic events induced by plate interactions. The samples can be classified into three groups. Group 1
is highly fractionated and weakly peralumious, with flatter REE patterns and more negative Eu, Ba, Sr, P, and Ti anomalies
compared with other groups. Group 2 is peralumnious-metaluminous while Group 3 is peraluminous, but with higher MgO,
FeO, εNd(t), and lower initial 87Sr/86Sr in Group 2 than in Group 3. Whole-rock and biotite compositions from all groups
define a good linear trend, with Group 1 and Group 2 samples defining two mixing end-members. Single-grain mica Rb-Sr
isochron and LA-ICP-MS zircon U-Pb ages show that Group 1 formed at ca. 240–230 Ma, Group 2 at 220–215 Ma, and
Group 3 during two episodes at 210–205 Ma and 185 Ma. Integrated geochemical studies suggest that precursor magmas of
the three groups were emplaced under oxidizing conditions at relatively low temperatures (<830°C). These magmas were
mainly derived by partial melting of Palaeoproterozoic psammites but subsequently differentiated by fractional crystal-
lization, crustal contamination, and remelting. Considering regional tectonothermal events, it is proposed that the oldest
Group 1 granitic melts were derived by low-degree partial melting of thickened Palaeoproterozoic psammitic materials
during prograde metamorphism due to the collision of the Indochina Block (ICB) and the SCB. The slightly younger Group
2 granitic melts were generated by further partial melting in response to stress relaxation in the post-collision stage and
conductive heating from underplating mafic magma. The youngest Group 3 melts represent remobilized buoyant magma
pulses supplied from a mushy Group 2 magma source accompanying regional reheating, possibly associated with the uplift
of the SCB following its deep subduction during the Dabie orogeny and the subduction of the Palaeo-Pacific oceanic plate
beneath the Eurasia plate, respectively.
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1. Introduction

It is generally assumed that the South China Block (SCB)
experienced successively two important tectonic events in
the Mesozoic, including (1) an early Mesozoic compres-
sional and metamorphic event related to the Indochina
Block (ICB)-SCB collision (Indosinian orogeny) (Wong
1929; Lepvrier et al. 1997; Carter et al. 2001; Wang et al.
2007) and (2) a late Mesozoic extensional and regional
compressional deformation event related to the westward
subduction of the Palaeo-Pacific plate (Yanshanian oro-
geny) (Wong 1929; Ren and Chen 1989; Zhou et al.
2006; Li and Li 2007). As a major register of the
Indosinian orogeny on the SCB, early Mesozoic grani-
toids, which are known as Indosinian granitoids, are
exposed mainly as dispersed plutons in Hunan, Jiangxi,
and Guangxi Provinces (Figure 1), with a total outcrop

area of around 14,300 km2 (Zhou et al. 2006). The gran-
itoids were later often intruded by late Mesozoic
(Yanshanian) granites with strongly peraluminous compo-
sition and fine-grained texture, thus forming a series of
composite intrusive complexes (HNGBMR 1988; Zhou
et al. 2006). The petrogenesis of these composite com-
plexes and their tectonic settings remain poorly con-
strained (Hsü et al. 1990; Gilder et al. 1996; Guo et al.
1997; Wang et al. 2005a; Ding et al. 2006; Li et al. 2006;
Wang et al. 2006; Zhou et al. 2006; Li and Li 2007; Dai
et al. 2008; Metcalfe 2009; Chen et al. 2011), and even
whether they were derived from different sources or not is
still highly debated (Chen et al. 2006; Chen et al. 2007a,
2007b; Wang et al. 2007; Ding et al. 2012).

Mesozoic granitic complexes, in particular, the
Indosinian granites, are widely distributed in Hunan
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Province with an outcrop area of around 8000 km2

(HNGBMR 1988). In this article, we present new single-
grain mica Rb-Sr isochron ages, LA-ICP-MS zircon U-Pb
ages, and mineralogical, geochemical, and Sr-Nd isotopic
data for Indosinian-Yanshanian granites of the Weishan
pluton, one of the largest Mesozoic composite granitic
complexes in Hunan Province. These results add important
constraints to the relationship of tectonic and magmatic
evolution among the multistage granitoids, as well as the
Mesozoic tectonic evolution of the SCB.

2. Geological background and petrography

Mesozoic intrusive and volcanic rocks in the southeastern
SCB are found mostly in Zhejiang, Fujian, Guangdong,
Jiangxi, and Hunan Provinces, with a total outcrop area of
around 218,000 km2 (Zhou et al. 2006). Therein,
Indosinian rocks are mainly exposed in the SCB interior
with systematically increasing ages outward from the Late
Triassic to the Middle Triassic, and finally to the Early
Triassic (Figure 1(b)). Yanshanian rocks are distributed
closer to the coast, with systematically decreasing ages
outward from the Early Jurassic to the Late Cretaceous
(Zhou and Li 2000; Zhou et al. 2006; Wang et al. 2011).

The Indosinian rocks (245–205 Ma) predominantly
crop out as granitoids in the SCB, except for a few
melanite-bearing pyroxene syenites and aegirite-augite-
bearing syenites in Fujian Province (254–242 Ma) (Wang
et al. 2005a) (Figure 1(b)) and rare alkali basalt (212–206
Ma) in Ningyuan, southern Hunan Province (Liu et al.
2010). In addition, mafic xenoliths in late Mesozoic
basalts in Daoxian and Ningyuan, southern Hunan
Province (Guo et al. 1997; Jiang et al. 2009; Liu et al.
2012), record Indosinian mafic magmatism in the lower
continental crust (233–220 Ma), whereas the host magma
was attributed to a depleted mantle source (Guo et al.
1997; Dai et al. 2008). The early Indosinian granitoids,
accounting for about 40% of the Indosinian granitoids
(Zhou et al. 2006), vary from metaluminous (A/
CNK <1.0) biotite granites and granodiorites with or with-
out hornblende and epidote to peraluminous (A/
CNK >1.0) biotite monzogranite and granite with or with-
out muscovite, garnet, tourmaline, and cordierite
(HNGBMR 1988; Deng et al. 2004; Qiu et al. 2004;
Zhang et al. 2004; Wang et al. 2007; Sun et al. 2010;
Cao et al. 2011; Han et al. 2011). In comparison, the late
Indosinian granitoids consist of weakly peraluminous (A/
CNK = 1.0–1.1) biotite monzogranite and granite and
strongly peraluminous (A/CNK >1.1) two-mica

Figure 1. Major distributions of Indosinian granitoids in South China. (a) Distributions of principal continental blocks of present-day
Southeast Asia and boundaries on the blocks, modified after Li et al. (2006). Abbr. as follows: SCB, South China Block; NCB, North
China Block; ICB, Indochina Block; S-G, Songpan-Garze Fold Belt; Q-S, Qiangtang-Sibumasu Block. (b) Distributions of Zircon U-Pb
ages and plutons for Indosinian granitoids, modified after Zhou et al. (2006). U-Pb age data are from (Xu et al. 2003; Deng et al. 2004;
Qiu et al. 2004; Zhang et al. 2004; Sun et al. 2005; Wang et al. 2005a; Chen et al. 2006, 2007a, 2007b; Ding et al. 2006; Wang et al.
2007; Sun et al. 2010; Cao et al. 2011; Han et al. 2011).

1190 X. Ding et al.



monzogranite, with or without tourmaline and garnet
(HNGBMR 1988; Sun et al. 2005; Chen et al. 2006,
2007a, 2007b; Ding et al. 2006; Wang et al. 2006; Wang
et al. 2007). Most of the Indosinian granitoids show mas-
sive textures of coarse to medium grain size, except for
some early Indosinian granitoids in Guangxi and
Guangdong Provinces located close to the Ailaoshan–
Red River suture, which show gneissic or mylonitized
textures (HNGBMR 1988; Shao et al. 1995; Deng et al.
2004; Zhou et al. 2006). Indosinian peraluminous grani-
toids are considered on the basis of petrological observa-
tions to have been emplaced at a relatively shallow depth
of 5–13 km (Zhou et al. 2006). A similar conclusion is
reached by their position on a CIPW-normative Qz-Ab-Or
diagram (Chen et al. 2007a; Wang et al. 2007).

The Weishan granitic pluton is situated in the joint
region of Ningxiang, Shaoshan, Xiangxiang, and Anhua
Counties, Hunan Province. It crops out over an area of
around 1240 km2, and is one of the largest granitic bath-
oliths in Hunan Province (HNGBMR 1988). The pluton
intruded into Neoproterozoic to Devonian strata and was
overlain by Upper Cretaceous strata. Intrusive contacts are
commonly sharp, but contact metamorphism is not promi-
nent (Figure 2). Various isotopic dating methods, includ-
ing mica K-Ar, whole-rock Rb-Sr, zircon U-Pb, and
monazite U-Th-Pb, have previously been applied to the
study of the Weishan pluton. The results revealed an age

span ranging from 163 to 257 Ma (HNGBMR 1988; Ding
et al. 2006; Wang et al. 2007).

The most common mineral assemblage of the
Weishan pluton consists of plagioclase, K-feldspar,
quartz, biotite, and muscovite, making up two series of
granites (i.e. biotite and two-mica granitoids). Biotite
granitoids, mainly located in Xinpu, Yueshanwan,
Tangshi, and Qingshanqiao (Figure 2), make up about
60% of the pluton and include biotite granite, biotite
monzogranite, hornblende-biotite monzogranite, and
hornblende-biotite granodiorite of medium to fine grain
size and porphyritic or granitic texture. Their major
mineral assemblage is quartz (20–45%), K-feldspar
(20–30%), plagioclase (An = 22–37, 30–35%), and bio-
tite (5–10%). A few euhedral grains of hornblende
(<1%), allanite, and epidote occur occasionally in the
margin of the pluton. Two-mica granitoids are mainly
characterized by medium- to fine-grained biotite and
magmatic-derived muscovite, distributed in Xiangzikou,
Yueshanwan, and Xinpu (Figure 2). Their major mineral
assemblage is K-feldspar (30–40%), plagioclase
(An = 5–38, 20–30%), quartz (15–30%), muscovite
(3–10%), and biotite (±5%). Tourmaline is occasionally
observed in the inner part of two-mica granitoids. Field
relationships clearly show that the emplacement and
crystallization of biotite granitic magmas occurred before
two-mica granitic magmas (Figure 2).

Figure 2. Geological simplified map of the Weishan granitoids, showing its multi-stage magmatism, modified after HNGBMR (1988).

International Geology Review 1191



3. Analytical methods

3.1. Single-grain mica Rb-Sr isochron dating

Biotite grains from the Xinpu biotite granite (HWS32b)
and Qingshanqiao biotite monzogranite (HWS42) and
muscovite grains from the Xiangzikou tourmaline two-
mica granite (W03) were collected for Rb-Sr dating.
Single biotite or muscovite grains were carefully chosen
from 50-mesh-size fractions by handpicking under a bino-
cular microscope and weighted using an ultra-microba-
lance. Chemical separation of Rb and Sr was performed
at the Laboratory for Radiogenic Isotope Geochemistry
(LRIG), Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing. Mica samples were rinsed
in analysis-grade alcohol and then in weak HCl solution to
eliminate contamination, and spiked with a mixed solution
of 87Rb-84Sr (98%) tracers. The samples were dissolved
with 2 ml HF and 0.2 ml HNO3 at about 195°C for 48 h.
After the samples were taken to dryness, 0.1 ml of 3 mol
HNO3 was added to the vessels. The samples were heated
again, to convert fluorides to more soluble nitrates.
Separation and purification of Rb and Sr were conducted
on Teflon columns with about 0.1 ml Sr-Spec resin.
Isotopic ratios of Rb and Sr were measured on an
IsoProbe-T mass spectrometer at the Institute of Geology
and Geophysics, Chinese Academy of Sciences. Sr was
loaded with 1 μl 2 mol HNO3 and 1 μl purified Ta-HF
emitter solution onto a single W filament, and Rb was
loaded with 1 μl 2 mol HNO3 onto a single Ta filament.
Sr isotopic ratios of samples were measured using the
static Faraday multicollector mode, with simultaneous
monitoring of 85Rb by the Daly receiver to control isobaric
interference of rubidium. Correction for mass fractionation
of Sr isotopic ratios was based on 88Sr/86Sr = 8.37521
using a power law. Internal precision of 87Sr/86Sr was
better than 0.002% for measurement of 120 scans, with
six seconds integration time per scan. During the analysis,
NBS-987 Sr standard solution was used to monitor the
stability of the instrument. The detailed chemical proce-
dure and analytical conditions are described in Li et al.
(2005). Uncertainty in regard to the 87Sr/86Sr ratios is
expressed as 2σ precision of the measurement. A 2%
uncertainty is assigned to the 87Rb/86Sr ratio, and a
0.005% uncertainty for the 87Sr/86Sr ratio is used as the
error estimate for external precision. Age errors are quoted
at the 95% confidence level. Data regression of isochrons
and age calculations were performed by Isoplot 2.49a
(Ludwig 1991).

3.2. Zircon U-Pb dating

Zircons for U-Pb dating were collected from the
Yueshanwan two-mica monzogranite (HWS36), Tangshi
biotite granite (HWS40), and Xiangzikou two-mica mon-
zogranite (HWS41, HWS48, and W03), and separated

using elution, magnetic, and conventional heavy liquid
methods, following which more than 50 zircons for each
sample were selected under a binocular microscope,
mounted in epoxy, and polished to near half-section to
expose their internal structures. Cathodoluminescent (CL)
imaging to reveal the microstructure of the zircons was
carried out on a Cameca electron microprobe at the
Institute of Geology and Geophysics, Chinese Academy
of Sciences. The analytical voltage and current for the CL
was 50 kV and 15 nA. Except for sample W03, laser
ablation ICP-MS (LA-ICP-MS) zircon U-Pb dating was
carried out at the State Key Laboratory of Continental
Dynamics, Northwest University, Xi’an. LA-ICP-MS is a
combination of the GeoLas 200 M laser ablation system
equipped with a 193 nm ArF-excimer laser and ICP-MS,
which is an ELAN610DRC from Perkin Elmer/SCIEX
(ON, Canada) with a dynamic reaction cell. Helium was
used as the carrier gas to enhance the transport efficiency
of the ablated material. The instrument was optimized via
a NIST SRM 610 for maximum sensitivity, signal stability,
minimum oxide/element ratios, and background. All mea-
surements were performed using zircon TEM (417 Ma) for
making isotopic fractionation corrections and zircon
91,500 (1064 Ma) as the external standard for age calcula-
tion. During the course of measurement, the signals for
206Pb and 207Pb were more than 20-fold higher than that of
204Pb, which was very low and almost indistinguishable
from the background, so no correction was made for
common Pb. The operating processes and instrumental
parameters are described in detail by Yuan et al. (2003).
Isotopic ratios and U-Pb ages were calculated using
GLITTER 4.0 (Macquarie University).

LA-ICP-MS zircon U-Pb dating for sample W03 was
conducted at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences. The LA-ICP-MS system
comprises an Agilent 7500a ICP-MS coupled with a
Resonetic RESOLution M-50 ArF-Excimer laser source
(λ = 193 nm). The operating conditions were 80 mJ laser
energy and a repetition rate of 10 Hz, with a spot size of
31 μm diameter and 40 s ablation time (Liang et al. 2009).
Helium was used as the carrier gas for the sample ablation
aerosols to the ICP source. NIST610 and TEM were used
as external calibration standards, and 29Si as the internal
standard (Li et al. 2012). The calculation of zircon isotope
ratios and ages was performed by ICPMSDataCal 7.0 (Liu
et al. 2008). All weighted mean age calculations and
concordia diagram plots were carried out by Isoplot
2.49a (Ludwig 1991).

3.3. Biotite major elements and whole-rock major and
trace elements

Mineral identification and major element analysis for bio-
tite in thin sections were carried out on a JEOL JXA-8100
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SuperProbe at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, using an accelerating vol-
tage of 15.0 kv, beam current of 10 nA, and spot diameter
of 1 μm. Both silicates and pure oxides were used as
standards.

Fresh samples were selected and powdered for major
element, trace element, and isotope analyses. The major
elements were determined by an ARL9800XP+ X-ray
fluorescence (XRF) spectrometer at the Modern Analysis
Centre of Nanjing University. The deviations of analysis
relative to standard samples were less than 0.8% for high-
concentration oxides and less than 10% for low-concen-
tration oxides. Trace elements were determined by ICP-
MS (Finnigan Element 2) at the State Key Laboratory of
Mineral Deposit Research, Nanjing University. Detection
limits were less than 0.5 × 10−9 and deviations of analysis
relative to standard samples were less than 5%. Details of
the analytical method can be found in Liang et al. (2000).

3.4. Sr-Nd isotope analyses

Sr-Nd isotopic compositions were determined using a
MAT262 mass spectrometer at the Isotopic Laboratory,
Institute of Geology and Geophysics, Chinese Academy
of Sciences. Rb was monitored simultaneously during Sr
measurement. All Sr data were corrected for mass fractio-
nation based on 86Sr/88Sr = 0.1194 and all Nd data based
on 146Nd/144Nd = 0.7219. The determined values of 87Sr/
86Sr for the NBS987 and NBS607 standards were
0.710248 ± 12 (2σ) and 1.200241 ± 12 (2σ), respectively,
and the values of 143Nd/144Nd for the BCR-1 and
GBW04419 standards were 0.512602 ± 10 (2σ) and
0.512698 ± 13 (2σ), respectively. Analytical blanks were
Sr (Rb) = 10−9–10−10 g and Nd (Sm) = 5 × 10−11 g. The
detailed description of this method can be found in Huang
and Wu (1990).

4. Analytical results

4.1. Single mica Rb-Sr dating

Mica Rb-Sr isotopic compositions for the Weishan granite
after correction for blank and spike are given in Table 1
and plotted in Figure 3, suggesting that the samples were
formed in the Middle or Late Triassic. Both biotite and
muscovite have high Rb concentrations (600–2010 ppm)
compared with Sr (2.50–25.08 ppm), allowing for precise
Rb-Sr ages. The isochron defined by four biotite grains
from the Xinpu biotite granite HWS32b yields an age of
227.0 ± 13 Ma (MSWD = 1.6) (Figure 3(a)), and the
isochron defined by six biotite grains from the
Qingshanqiao biotite monzogranite HWS42 yields an age
of 221.9 ± 5.8 Ma (MSWD = 3.8) (Figure 3(b)). Four
muscovite grains from the Xiangzikou tourmaline two-

mica granite yield an isochron age of 210.1 ± 3.3 Ma
(MSWD = 0.21) (Figure 3(c)).

4.2. LA-ICP-MS zircon U-Pb dating

The dating results for zircons from five representative
granite samples of the Weishan pluton are listed in
Table 2 and plotted in Figure 4.

4.2.1. Sample HWS36 (Yueshanwan two-mica
monzogranite)

The zircons from this monzogranite are characteristically
euhedral, up to 200 μm long, with length to width ratio of
about 2:1. Euhedral concentric zoning is common in all
crystals and a few inherited zircon cores can be observed.
Fifteen analyses from this sample were made. In Figure 4(a)
most of the analytical points are plotted on or near the
concordia curve, indicating that the U-Pb systems have
remained essentially closed. A few of the data points
(e.g. HWS36-06 and HWS36-09) with relatively high
207Pb/235U values depart substantially from the concordia
curve, a feature probably attributable to a high 207Pb
count during measurements. Because of this problem
with the possibility of some interference at 207Pb, the
206Pb/238U ages are considered more reliable. These
range from 206 to 215 Ma, with the one exception of a
Palaeozoic age (HWS36-20, 411 Ma) (Table 2, Figure 4(a)).
The weighted mean age of 14 analyses is 211.0 ± 1.6 Ma
(MSWD = 1.13), placing the time of crystallization in the
Late Triassic.

4.2.2. Sample HWS40 (Tangshi biotite granite)

The zircons from this granite are euhedral, up to 300 μm
long, with length to width ratio ranging from 3:1 to 2:1.

Table 1. Rb-Sr isotopic compositions for single mica grains.

Sample No. Mineral
Rb

[µg/g]
Sr

[µg/g]

87Rb/
86Sr

87Sr/
86Sr

HWS32b
(Group 1)

1 Biotite 752.4 3.69 725.79 3.07534
2 600.0 3.29 632.21 2.72514
3 658.2 2.50 1001.35 3.92590
4 894.4 3.92 831.33 3.36323

HWS42
(Group 2)

1 Biotite 1310.2 22.36 179.48 1.30538
2 752.9 19.60 115.24 1.08498
3 1408.8 7.82 623.59 2.72147
4 1257.7 5.31 870.77 3.46531
5 806.5 3.10 981.13 3.81327
6 2010.3 18.59 346.01 1.79336

W03
(Group 3)

1 Muscovite 1506.8 6.64 813.20 3.15168
2 1584.4 25.08 193.59 1.31001
3 1524.5 6.29 885.36 3.38965
4 1182.7 5.55 753.05 2.97839
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Euhedral concentric zoning is common in all crystals,
and a few inherited zircon cores can be observed.
Thirteen zircons from sample HWS40 were analysed. In
Figure 4(b), the analyses plot nearly co-linearly along the

concordia curve, with ages ranging from 211 to 221 Ma
(Table 2, Figure 4(b)). The weighted mean 206Pb/238U age
is 215.7 ± 1.9 Ma (MSWD = 1.2) (Figure 4(b)), placing
the time of crystallization in the Late Triassic.

4.2.3. Sample HWS41 (Xiangzikou two-mica granite)

The zircons from this granite are euhedral, up to 300 μm
long, with length to width ratio varying from 3:1 to 2:1.
Euhedral concentric zoning is common in all crystals, and
a few inherited zircon cores can be observed. Fourteen
zircons from sample HWS41 were analysed. It will be
seen from Figure 4(c) that almost all the zircon analyses
lie on or near the concordia curve, with the ages falling
into two distinct clusters, ~220 and 181–196 Ma (Table 2,
Figure 4(c)). When the points of analysis are located on
the CL images, it is evident that the older Late Triassic
ages, as represented by HWS41-20, were generally mea-
sured on the semi-round cores of crystals, while the
younger ages, as represented by HWS41-09, were mea-
sured on igneous zircon overgrowths. The weighted mean
age based on three analyses for the core is 221.5 ± 0.8 Ma
(MSWD = 0.45), while that based on 11 analyses for the
overgrowths is 187.4 ± 3.5 Ma (MSWD = 4.4), assigning
it to the Early Jurassic.

4.2.4. Sample HWS48 (Xiangzikou two-mica granite)

The zircons from this granite are euhedral or subeuhedral,
up to 300 μm long, with length to width ratio ranging from
3:1 to 1:1. Concentric zoning is common in most crystals,
and many inherited zircon cores can be observed. Fourteen
zircons from sample HWS48 were analysed. The majority
of the analyses are discordant, with the other crystals
yielding concordant ages (Figure 4(d)). The concordant
ages vary from 180 to 188 Ma, with one exception being
that of an old zircon dated at 855 Ma (HWS48-10).
The discordant ages mostly range from 237 to 380 Ma
(Table 2), with one exception being a very old age of 2358
Ma obtained from HWS48-06. Five of the concordant ages
were determined on the magmatic overgrowths, yielding a
weighted mean age of 184.5 ± 5.1 Ma (MSWD = 2.5)
(Figure 4(d)), which, as with the overgrowths of sample
HWS41, assigns it to the Early Jurassic.

4.2.5. Sample W03 (Xiangzikou tourmaline two-mica
granite)

The zircons from this granite are euhedral, up to 200 μm
long, with length to width ratio of about 2:1. Euhedral
concentric zoning is common in all crystals, and a few
inherited zircon cores can be observed. Thirty-nine ana-
lyses from the zircon rims (Table 2 and Figure 4(e)) and
cores (Table 2 and Figure 4(f)) were carried out on sample
W03. The ages obtained for the zircon rims vary from 201

Figure 3. Single mica Rb-Sr isochron ages for biotite granite
HWS32b (a), biotite monzogranite HWS42 (b), and tourmaline
two-mica granite W03 (c).
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Table 2. U-Th-Pb isotope data for zircons from Weishan granite in Hunan Province*.

207Pb/235U 206Pb/238U 207Pb/206Pb 208Pb/232Th 206Pb/238U 207Pb/235U

ratio 1σ ratio 1σ ratio 1σ ratio 1σ age 1σ age 1σ

HWS36 (Group 3)
HWS36-01 0.21377 0.00817 0.03378 0.00049 0.04585 0.00177 0.00921 0.00019 214.2 3.06 196.7 6.83
HWS36-02 0.25995 0.00804 0.03330 0.00047 0.05656 0.00176 0.00926 0.00020 211.2 2.91 234.6 6.48
HWS36-03 0.21820 0.00793 0.03294 0.00048 0.04799 0.00176 0.00969 0.00021 208.9 2.97 200.4 6.61
HWS36-04 0.25981 0.00858 0.03249 0.00047 0.05795 0.00194 0.00857 0.00020 206.1 2.91 234.5 6.91
HWS36-06 0.48040 0.01051 0.03329 0.00045 0.10459 0.00231 0.01057 0.00012 211.1 2.81 398.3 7.21
HWS36-09 0.64146 0.01368 0.03304 0.00046 0.14074 0.00307 0.01017 0.00013 209.5 2.87 503.2 8.46
HWS36-12 0.29405 0.01189 0.03335 0.00052 0.06393 0.00264 0.00962 0.00027 211.5 3.24 261.7 9.33
HWS36-13 0.24507 0.00865 0.03341 0.00048 0.05319 0.00190 0.00898 0.00022 211.9 2.97 222.6 7.05
HWS36-14 0.22791 0.00891 0.03383 0.00049 0.04886 0.00194 0.00982 0.00028 214.5 3.07 208.5 7.37
HWS36-15 0.20848 0.00813 0.03360 0.00048 0.04501 0.00177 0.00843 0.00016 213.0 2.99 192.3 6.83
HWS36-16 0.20505 0.01385 0.03250 0.00060 0.04579 0.00315 0.01025 0.00039 206.1 3.73 189.4 11.67
HWS36-17 0.25860 0.00883 0.03430 0.00048 0.05472 0.00189 0.01077 0.00023 217.4 3.00 233.5 7.12
HWS36-18 0.24752 0.01001 0.03315 0.00049 0.05421 0.00223 0.01049 0.00025 210.2 3.08 224.6 8.15
HWS36-20 0.99724 0.04365 0.06579 0.00123 0.11007 0.00502 0.01344 0.00033 410.8 7.41 702.4 22.19
HWS36-21 0.22937 0.00952 0.03264 0.00048 0.05105 0.00215 0.00922 0.00029 207.0 3.01 209.7 7.86

HWS40 (Group 2)
HWS40-01 0.23575 0.00763 0.03463 0.00046 0.04940 0.00162 0.00958 0.00025 219.4 2.89 214.9 6.27
HWS40-02 0.27983 0.00613 0.03344 0.00042 0.06073 0.00133 0.01048 0.00017 212.0 2.60 250.5 4.87
HWS40-03 0.38870 0.00987 0.03352 0.00045 0.08414 0.00218 0.01236 0.00021 212.5 2.81 333.4 7.22
HWS40-04 0.38538 0.01149 0.03353 0.00047 0.08339 0.00254 0.01127 0.00019 212.6 2.95 331.0 8.42
HWS40-05 0.28289 0.00644 0.03395 0.00042 0.06047 0.00138 0.01330 0.00020 215.2 2.63 252.9 5.10
HWS40-07 0.28208 0.00671 0.03486 0.00044 0.05871 0.00140 0.01247 0.00021 220.9 2.75 252.3 5.31
HWS40-08 0.28044 0.00806 0.03391 0.00045 0.06001 0.00175 0.01160 0.00022 215.0 2.83 251.0 6.39
HWS40-09 0.25829 0.00868 0.03449 0.00047 0.05433 0.00185 0.01114 0.00026 218.6 2.96 233.3 7.00
HWS40-10 0.49123 0.01368 0.03452 0.00050 0.10325 0.00297 0.02078 0.00041 218.8 3.10 405.7 9.32
HWS40-14 0.24781 0.00709 0.03420 0.00045 0.05257 0.00152 0.01083 0.00022 216.8 2.80 224.8 5.77
HWS40-17 0.49088 0.01371 0.03385 0.00049 0.10520 0.00303 0.01556 0.00027 214.6 3.05 405.5 9.33
HWS40-18 0.28822 0.00739 0.03333 0.00043 0.06272 0.00162 0.01270 0.00026 211.4 2.71 257.2 5.82
HWS40-21 0.23108 0.00795 0.03430 0.00047 0.04887 0.00170 0.01093 0.00029 217.4 2.92 211.1 6.56

HWS41 (Group 3)
HWS41-01 0.24445 0.00737 0.03482 0.00046 0.05092 0.00155 0.00990 0.00023 220.7 2.87 222.1 6.02
HWS41-02 0.20789 0.00469 0.02910 0.00036 0.05181 0.00117 0.00378 0.00006 184.9 2.26 191.8 3.95
HWS41-03 0.26295 0.00720 0.03044 0.00040 0.06266 0.00174 0.01152 0.00024 193.3 2.52 237.0 5.79
HWS41-06 0.22746 0.00540 0.02862 0.00036 0.05766 0.00138 0.00719 0.00013 181.9 2.26 208.1 4.47
HWS41-08 0.19608 0.00941 0.02844 0.00045 0.05003 0.00245 0.00798 0.00028 180.8 2.82 181.8 7.99
HWS41-09 0.24338 0.00926 0.03062 0.00045 0.05768 0.00224 0.00742 0.00016 194.4 2.81 221.2 7.56
HWS41-10 0.22621 0.00801 0.02981 0.00042 0.05507 0.00199 0.00831 0.00015 189.4 2.64 207.1 6.63
HWS41-11 0.23620 0.00712 0.02964 0.00040 0.05782 0.00177 0.00522 0.00011 188.3 2.49 215.3 5.85
HWS41-14 0.25025 0.00718 0.02910 0.00039 0.06242 0.00182 0.00596 0.00010 184.9 2.44 226.8 5.83
HWS41-15 0.18844 0.00548 0.03092 0.00040 0.04424 0.00130 0.00863 0.00022 196.3 2.49 175.3 4.68
HWS41-16 0.22897 0.00924 0.03484 0.00050 0.04770 0.00196 0.00962 0.00032 220.8 3.14 209.4 7.63
HWS41-18 0.19870 0.00572 0.02867 0.00037 0.05031 0.00147 0.00558 0.00013 182.2 2.34 184.0 4.85
HWS41-19 0.21182 0.00823 0.02959 0.00043 0.05197 0.00206 0.00782 0.00021 188.0 2.68 195.1 6.90
HWS41-20 0.25557 0.00685 0.03521 0.00045 0.05269 0.00143 0.00665 0.00014 223.1 2.82 231.1 5.54

HWS48 (Group 3)
HWS48-01 0.21368 0.01264 0.02840 0.00052 0.05468 0.00330 0.00869 0.00048 180.5 3.24 196.6 10.57
HWS48-02 0.20450 0.00630 0.02960 0.00040 0.05022 0.00155 0.00800 0.00051 188.0 2.50 188.9 5.31
HWS48-03 0.19542 0.01005 0.02944 0.00047 0.04824 0.00252 0.00780 0.00037 187.0 2.96 181.2 8.54
HWS48-04 0.23838 0.00603 0.02835 0.00037 0.06111 0.00154 0.00762 0.00016 180.2 2.32 217.1 4.94
HWS48-05 0.96773 0.03906 0.06073 0.00108 0.11580 0.00486 0.02812 0.00061 380.1 6.58 687.3 20.15
HWS48-06 7.20286 0.10217 0.34650 0.00430 0.15107 0.00201 0.08057 0.00104 1917.9 20.59 2136.9 12.65
HWS48-07 0.23684 0.00563 0.03598 0.00045 0.04784 0.00112 0.01004 0.00017 227.8 2.83 215.8 4.62
HWS48-08 0.19624 0.00597 0.02964 0.00039 0.04811 0.00147 0.00774 0.00022 188.3 2.47 181.9 5.06
HWS48-09 0.47657 0.01606 0.04351 0.00065 0.07960 0.00274 0.03574 0.00084 274.6 4.03 395.7 11.04
HWS48-10 1.28306 0.04377 0.14185 0.00208 0.06573 0.00227 0.03929 0.00089 855.1 11.74 838.2 19.47

(Continued )
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to 216 Ma, with one exception being a slightly younger
age of 194 Ma obtained from W03-10. Twenty-two ana-
lyses yield a weighted mean Late Triassic age for the rim
of 207.9 ± 1.9 Ma (MSWD = 4.3) (Figure 4(e)). In con-
trast, the ages on the zircon cores mostly range from 218
to 224 Ma, with a weighted mean age of 219.8 ± 1.6 Ma
(MSWD = 0.63) (Figure 4(f)), with one core having a
slightly older concordant age of 232 Ma based on W03-

17. Therefore, the span of 206Pb/238U ages on the cores
ranges from the Middle to Late Triassic.

4.3. Whole-rock major and trace elements

The analytical results of major and trace elements of
whole rocks are listed in Tables 3 and 4. According to
their geochemical and mineralogical characteristics and

Table 2. (Continued).

207Pb/235U 206Pb/238U 207Pb/206Pb 208Pb/232Th 206Pb/238U 207Pb/235U

ratio 1σ ratio 1σ ratio 1σ ratio 1σ age 1σ age 1σ

HWS48-11 0.32478 0.01072 0.03746 0.00053 0.06302 0.00211 0.01454 0.00070 237.0 3.32 285.6 8.22
HWS48-12 0.32042 0.00817 0.03992 0.00052 0.05834 0.00149 0.02257 0.00067 252.3 3.24 282.2 6.28
HWS48-13 0.39151 0.01319 0.04527 0.00065 0.06286 0.00214 0.02888 0.00107 285.4 3.99 335.5 9.62
HWS48-14 1.54759 0.06207 0.11386 0.00197 0.09878 0.00408 0.04055 0.00076 695.1 11.37 949.5 24.74

W03R (Group 3)
W03-03 0.23633 0.00549 0.03317 0.00032 0.05119 0.00116 0.01270 0.00035 210.4 2.01 215.4 4.51
W03-08 0.28866 0.00882 0.03317 0.00029 0.06330 0.00214 0.01171 0.00031 210.4 1.79 257.5 6.95
W03-10 0.27618 0.00862 0.03058 0.00031 0.06512 0.00207 0.01034 0.00028 194.2 1.96 247.6 6.86
W03-11 0.26458 0.00672 0.03244 0.00028 0.05846 0.00149 0.01033 0.00026 205.8 1.73 238.4 5.39
W03-14 0.24347 0.00708 0.03327 0.00042 0.05230 0.00144 0.01163 0.00033 211.0 2.60 221.3 5.78
W03-15 0.30058 0.00933 0.03318 0.00035 0.06474 0.00202 0.00882 0.00024 210.4 2.20 266.9 7.29
W03-16 0.24806 0.00689 0.03351 0.00033 0.05289 0.00148 0.01118 0.00032 212.5 2.06 225.0 5.61
W03-18 0.24878 0.00687 0.03373 0.00038 0.05298 0.00144 0.01267 0.00033 213.8 2.37 225.6 5.58
W03-20 0.25562 0.00959 0.03253 0.00040 0.05597 0.00194 0.01058 0.00033 206.4 2.51 231.1 7.75
W03-21 0.22971 0.00669 0.03316 0.00028 0.04956 0.00147 0.01249 0.00032 210.3 1.72 210.0 5.53
W03-24 0.23098 0.00746 0.03259 0.00039 0.05034 0.00159 0.01144 0.00034 206.7 2.45 211.0 6.15
W03-25 0.29668 0.01013 0.03331 0.00039 0.06331 0.00218 0.01266 0.00039 211.2 2.41 263.8 7.94
W03-26 0.22121 0.00695 0.03388 0.00040 0.04637 0.00145 0.01094 0.00031 214.8 2.52 202.9 5.78
W03-27 0.40244 0.01353 0.03400 0.00039 0.08367 0.00269 0.00621 0.00035 215.5 2.41 343.4 9.80
W03-29 0.22984 0.00586 0.03196 0.00030 0.05129 0.00134 0.00980 0.00026 202.8 1.89 210.1 4.83
W03-30 0.24830 0.00706 0.03260 0.00034 0.05443 0.00160 0.01016 0.00027 206.8 2.11 225.2 5.74
W03-31 0.26993 0.00713 0.03164 0.00030 0.06101 0.00160 0.01319 0.00036 200.8 1.84 242.6 5.70
W03-33 0.27103 0.00847 0.03158 0.00032 0.06203 0.00204 0.00951 0.00031 200.5 2.01 243.5 6.77
W03-35 0.27337 0.00829 0.03200 0.00030 0.06141 0.00184 0.01030 0.00027 203.1 1.88 245.4 6.61
W03-36 0.27986 0.00789 0.03262 0.00035 0.06153 0.00170 0.01219 0.00033 207.0 2.18 250.5 6.26
W03-37 0.28841 0.00772 0.03390 0.00031 0.06089 0.00165 0.01037 0.00030 214.9 1.91 257.3 6.08
W03-38 0.24914 0.00750 0.03309 0.00045 0.05352 0.00152 0.01001 0.00029 209.8 2.83 225.9 6.09
W03-39 0.21258 0.00663 0.03239 0.00039 0.04658 0.00148 0.00970 0.00032 205.5 2.46 195.7 5.55
W03-40 0.22698 0.00838 0.03231 0.00044 0.04952 0.00183 0.01058 0.00038 205.0 2.74 207.7 6.93

W03C (Group 3)
W03-01 0.28630 0.00869 0.03481 0.00042 0.05898 0.00172 0.01504 0.00047 220.6 2.64 255.6 6.86
W03-02 0.25262 0.00697 0.03443 0.00046 0.05257 0.00131 0.01139 0.00033 218.2 2.85 228.7 5.65
W03-05 0.46520 0.01899 0.03592 0.00041 0.09233 0.00354 0.01665 0.00061 227.5 2.54 387.9 13.16
W03-06 0.24641 0.00786 0.03435 0.00042 0.05169 0.00157 0.01189 0.00034 217.7 2.63 223.7 6.40
W03-07 0.38459 0.01723 0.03526 0.00042 0.07714 0.00288 0.01153 0.00030 223.4 2.63 330.4 12.64
W03-09 0.37687 0.01752 0.03538 0.00053 0.07393 0.00275 0.01176 0.00039 224.1 3.30 324.7 12.92
W03-12 0.31210 0.00992 0.03809 0.00050 0.05892 0.00182 0.01473 0.00046 241.0 3.10 275.8 7.68
W03-13 0.25048 0.00736 0.03478 0.00046 0.05162 0.00145 0.01010 0.00025 220.4 2.86 227.0 5.98
W03-17 0.26984 0.01106 0.03666 0.00054 0.05332 0.00216 0.01219 0.00043 232.1 3.33 242.6 8.85
W03-19 0.33296 0.01048 0.03456 0.00038 0.06913 0.00214 0.01189 0.00034 219.0 2.38 291.8 7.98
W03-22 0.25316 0.00746 0.03478 0.00039 0.05177 0.00143 0.01148 0.00034 220.4 2.42 229.1 6.04
W03-23 0.22867 0.00749 0.03454 0.00040 0.04728 0.00153 0.01100 0.00032 218.9 2.50 209.1 6.19
W03-28 0.49099 0.01747 0.03603 0.00046 0.09568 0.00299 0.03010 0.00124 228.2 2.87 405.6 11.90
W03-32 0.41095 0.01684 0.03437 0.00036 0.08451 0.00313 0.00954 0.00028 217.8 2.25 349.6 12.12
W03-34 0.53856 0.01852 0.03700 0.00041 0.10350 0.00315 0.01559 0.00050 234.2 2.54 437.5 12.22

Note: *The laser bean diameter is 31–40 μm.
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geocheonology, we divided the Weishan granites into three
groups. Group 1 rocks, which crop out in Xinpu (Figure
2), plot entirely in the granite field of a Middlemost
classification diagram in Figure 5(a). They have high
SiO2 (75.92–76.75%) and ALK (Na2O + K2O, 7.55–
8.25%) and low MgO (0.10–0.29%), FeO (0.44–1.13%),
CaO (0.67–0.94%), and TiO2 (0.04–0.14%) – an extre-
mely low solidification index (SI, 1.0–3.0) and intermedi-
ate ACNK values (1.04–1.08), indicating a weakly
peraluminous composition (Figure 5(b)). Group 2 rocks
crop out in Yueshanwan, Tangshi, and Qingshanqiaom,
and plot mostly in the granodiorite and granite fields of a
Middlemost classification diagram with an occasional
sample plotting in the quartz monzogranite field in
Figure 5(a). They have relatively high SI (3.0–19),

variable ACNK values (0.94–1.52) (Figure 6(b)), and
high FeO (1.51–3.83%) and MgO (0.37–1.93%). Group
3 rocks crop out in Xiangzikou, and plot totally in the
granite field of a Middlemost classification diagram in
Figure 5(a). They have moderately low SI (2.3–9.3) and
high ACNK (1.05–1.20) (Figure 5(b)), together with high
SiO2 (70.51–75.37%) and Al2O3 (13.36–14.81%).

In the chemical variation diagram, all these rocks show
high-K calc-alkaline affinities and a significant negative
correlation between SiO2 and Al2O3, TiO2, MgO, CaO,
and FeOT, with Group 1 usually showing the lowest con-
centrations and Group 2 the highest (Figure 6). P2O5, on
the other hand, is not obviously correlated with SiO2 for
any the groups (Figure 6(h)). Of the trace elements, Rb
and Ta increase with SiO2 from Group 2 to Group 3 to

Figure 4. Zircon U-Pb concordia diagrams for the Weishan granites.
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Group 1, whereas Sr, Zr and La show an opposite ten-
dency (Figure 6(h)–(l)).

Chondrite-normalized REE patterns are shown in Figure
7(a). Group 1 rocks display relatively flat REE patterns
((La/Yb)n = 1.11–2.01) whereas the other two groups have
distinct light REE enrichments ((La/Yb)n = 5.14–19.4). All
the samples have total REE contents of 92.2–329 ppm, and
display moderate to high LREE enrichments, with ΣLREE/

ΣHREE = 1.5–15.3. They show prominently negative Eu
anomalies (Eu/Eu* = 0.09–0.54) and moderate HREE frac-
tionation with (Gd/Yb)n = 0.75–3.43. Group 1 rocks have
the most significant negative Eu anomalies and most frac-
tionated HREE, with the lowest LREE but highest HREE
concentrations, which induces ΣLREE/ΣHREE ratios (1.5–
2.4) lower than those of other groups. On the MORB-
normalized spidergram (Figure 7(b)), all the rock samples

Figure 5. (a) Classification diagram for granitoids (Middlemost, 1994) (b) A/NK versus A/CNK for the Weishan granites. A = Al2O3,
N = Na2O, K = K2O, C = CaO (all in molar proportion).

Figure 6. Chemical variation diagrams for the Weishan granites. Symbols are as in Figure 5.
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exhibit obviously negative Ba, Sr, Nb, P, and Ti anomalies,
with Group 1 displaying the most negative.

4.4. Biotite geochemical components

In order to investigate petrogenetic relationships, we
analysed the compositions of representative biotites
from each of the three groups. The analytical results
are listed in Table 5. Biotites from the Weishan grani-
toids have 12.6–20.1% Al2O3, 15.8–25.8% FeOT, 3.9–
8.7% MgO, and 0.3–1.6% MnO. In the annite-sidero-
phyllite-phlogopite-eastonite quadrilateral (Figure 8(a)),
biotites from Group 1 are characterized by the highest
Fe/(Fe + Mg) values and moderate total Al contents,
whereas biotites from Group 3 have the highest total Al
contents and those from Group 2 show the lowest total
Al contents. In Figure 8(b), a Fe/(Fe + Mg) negative
relationship with the SI can be observed, where decreas-
ing solidification indices in the order Group 2 > Group

3 > Group 1 is similar to the tendency of the
whole rocks.

4.5. Sr-Nd isotopic compositions

The 87Sr/86Sr and 143Nd/144Nd and the analytical errors
are reported in Table 6 and shown in Figure 9. Group 2
rocks have initial 87Sr/86Sr ranging from 0.71003 to
0.71516 and εNd(t) values varying from –9.1 to –11.3,
and TDM modal ages of 1.75–1.90 Ga. One Group 3
sample exhibits a higher initial 87Sr/86Sr (0.72377), a
lower εNd(t) value (–11.8), and a slightly higher TDM

model age (1.94 Ga). Both groups lie near or within the
isotopic ranges of other Indosinian granites in Hunan
Province (Figure 9).

5. Discussions

5.1. Petrogenesis

5.1.1. Emplacement time of major magmas

Our results from single-grain mica Rb-Sr isochron ages
and LA-ICP-MS zircon U-Pb dating show that the
Weishan pluton is the product of episodic magmatism in
the Triassic- Early Jurassic. As representative of the
Weishan pluton, Group 2 rocks, Qingshanqiao and
Tangshi biotite granites, were formed at 221.9 ± 5.8 Ma
and 215.7 ± 1.9 Ma, respectively. The Group 3 rocks,
Yueshanwan two-mica granite, were emplaced at
211.0 ± 1.8 Ma and Xiangzikou two-mica granite was
emplaced during at least two stages, in the Late Triassic
(210.1 ± 3.3 Ma – 207.9 ± 1.9 Ma) and in the Early
Jurassic (187.4 ± 3.5 Ma – 184.9 ± 5.1 Ma). The field
relationships clearly show that circular contacts occur in
the inner part of the Xiangzikou granite (Figure 2)
(HNGBMR 1988), suggesting discrete pulses of magma.
As for the age of Group 1 rocks, biotite Rb-Sr isochron
dating indicates that the Xinpu biotite granite formed at
227.0 ± 13 Ma, significantly younger than the SHRIMP
zircon U-Pb age of 243 ± 4 Ma (Wang et al. 2007).
However, the Xinpu biotite granite displays extremely
low SI values, a flat REE pattern, and strongly negative
Eu, Ba, Sr, and Ti anomalies (Figure 7), analogous to
those observed in highly fractionated granites (Chappell
1999; Jahn et al. 2001; Wu et al. 2003). As shown in
Figure 10, the Xinpu biotite granite plots in the field of
highly fractionated calc-alkaline rocks, distinguishable
from other granites. Given that precursor magma to highly
fractionated granite usually has experienced significant
crystal fractionation and slow cooling (Chappell 1999;
Wu et al. 2003), its biotite Rb-Sr age could be much
younger than its zircon U-Pb age because of the lower
closure temperature for this isotope system (Jenkin et al.
2001). That biotite-whole-rock/K-feldspar isochron ages
are 18–25 million years younger than zircon U-Pb ages

Figure 7. Chondrite-normalized REE diagrams and MORB-nor-
malized trace element spidergram for the Weishan granites.
Chondrite and MORB values are from Sun and McDonough
(1989) and Pearce (1983), respectively.
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Table 5. Average chemical compositions of biotite from Weishan complex granitic rocks (%).

Sample
HWS32a
(Group 1)

HWS32b
(Group 1)

HWS38
(Group 2)

HWS40
(Group 2)

HWS42
(Group 2)

HWS44
(Group 3)

HWS46
(Group 3)

Number 7 5 4 3 10 20 6
SiO2 35.48 36.17 35.41 36.27 35.47 34.01 35.08
TiO2 3.03 3.60 1.46 2.60 3.46 2.55 3.76
Al2O3 15.01 14.15 17.40 15.40 13.57 18.60 19.41
Cr2O3 0.05 0.04 0.05 0.04 0.07 0.04 0.02
TFeO 24.84 23.71 23.59 22.72 20.82 19.63 21.46
MnO 1.29 1.44 0.41 0.37 0.40 0.48 0.39
MgO 4.02 6.00 7.94 8.14 8.33 6.39 6.50
CaO 0.01 0.03 0.06 – 0.03 0.06 0.00
Na2O 0.10 0.14 0.12 0.11 0.11 0.11 0.11
K2O 10.44 10.45 9.41 10.43 10.16 9.72 10.52
Total 94.25 95.68 95.83 96.15 92.40 91.59 97.11

O 24 24 24 24 24 24 24
Si 6.228 6.218 5.989 6.134 6.219 5.813 5.808
Ti 0.399 0.465 0.186 0.331 0.454 0.257 0.468
Al 3.105 2.867 3.469 3.066 2.803 4.219 3.788
Cr 0.007 0.005 0.007 0.005 0.010 0.004 0.003
Fe 3.646 3.409 3.336 3.214 3.041 2.859 2.971
Mn 0.192 0.209 0.059 0.053 0.059 0.079 0.055
Mg 1.052 1.538 2.000 2.052 2.178 1.643 1.605
Ca 0.002 0.005 0.011 – 0.006 0.014 0.001
Na 0.034 0.048 0.040 0.034 0.036 0.053 0.034
K 2.338 2.292 2.031 2.251 2.270 1.820 2.221
Total 17.003 17.051 17.191 17.201 17.074 16.755 16.952

Fe/(Fe + Mg) 0.78 0.69 0.63 0.61 0.58 0.62 0.65
T§ 664 701 463 609 710 643 706

Note: §T represents estimated temperature by Ti-in-biotite thermometry according to Henry et al. (2005).

Figure 8. (a) Composition of biotite from the Weishan granites expressed in the Fe/(Fe + Mg) versus total Al diagram, also known as
the annite-siderophyllite-phlogopite-eastonite quadrilateral (Shabani et al. 2003). (b) Fe/(Fe + Mg) versus the solidification index (SI) for
biotite from the Weishan granites.

Table 6. Sr-Nd isotopic compositions of Weishan granites.

Sample
Age/
Ma

Rb(μg/
g)

Sr(μg/
g)

87Rb/
86Sr 87Sr/86Sr ± 2s

(87Sr/
86Sr)i

Sm(μg/
g)

Nd(μg/
g)

147Sm/
144Nd

143Nd/
144Nd ± 2s eNd(t)

T2DM

(Ma)*

HWS38 216 267.4 79.09 9.731 0.745048 ± 13 0.71516 7.498 36.45 0.1245 0.512048 ± 12 −9.5 1754
HWS40A 216 401.0 102.9 11.25 0.744592 ± 12 0.71003 5.953 28.78 0.1252 0.511958 ± 13 −11.3 1896
HWS42 222 241.8 106.3 6.542 0.735539 ± 14 0.71488 6.078 31.96 0.1151 0.512053 ± 14 −9.1 1746
HWS47 185 272.0 94.07 8.311 0.745633 ± 13 0.72377 3.600 19.64 0.1110 0.511928 ± 14 −11.8 1944

Note: * tDM = (1/l)ln{1 + [(143Nd/144Nd)m – (143Nd/144Nd)DM – ((147Sm/144Nd)m – (147Sm/144Nd)c)(e
t−1)]/[(147Sm/144Nd)c – (147Sm/144Nd)DM]}. T2DM

calculation is from Chen and Jahn (1998).
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has been reported for highly fractionated granites from
Northeastern China (Wu et al. 2003). Consequently, it is
not unlikely that the precursor magma of the Xinpu biotite
granite formed before 230 Ma. Moreover, a concordant
age of 232 Ma and a cluster of older ages varying from
234 to 241 Ma found in the zircon cores from the W03
Xiangzikou tourmaline two-mica granite (Figure 4(f)) also
reveals the occurrence of early-stage magmatism.

Therefore, we estimate that the Weishan granites were
formed by episodic intrusion during the Middle to Late
Triassic and again in Early Jurassic time. At least four
stages of intrusion can be determined, i.e. 240–230 Ma,

220–215 Ma, 210–205 Ma, and ca. 185 Ma, with the 220–
215 Ma stage being the main episode. Similar episodic
magmatism also can be distinguished on the diagram of
precise age frequency for the granitioids in Hunan and
South China (Figure 11).

5.1.2. Emplacement conditions

Rough estimations of magma temperature for the Weishan
granites were obtained by zircon saturation thermometry
(Watson and Harrison 1983) and Ti-in-biotite thermometry
(Henry et al. 2005). Zircon saturation thermometry pre-
sented a slightly elevated temperature trend, from Group 1
to Group 3 and Group 2 (Figure 12(a)). Low Zr concen-
trations (62.0–106.6 ppm) in Group 1 rocks yielded low
estimated temperatures of 715–758°C, and Group 3 rocks
were estimated at higher temperatures of 729–778°C
because of their slightly high Zr concentrations (68.9–
147.6 ppm). Group 2 rocks have the highest Zr concentra-
tions, thus yielding the highest estimated temperatures of
786–831°C. Ti-in-biotite thermometry gave variable esti-
mated temperature (Figure 12(b)), i.e. 652–715°C for
Group 1, 303–719°C for Group 2, and 459–721°C for
Group 3. The low estimated temperatures, coupled with
low Ti concentrations, most likely indicate Ti losses or
disequilibriums in biotites due to subsequent alteration
(Henry et al. 2005), as some of biotite grains from the
Weishan granites are partially chloritized with develop-
ment of sagenitic rutile needles. Consequently, excluding
temperatures <600°C, we obtain average temperatures of
679°C for Group 1, 708°C for Group 2, and 682°C for
Group 3. Given that Ti-in-biotite thermometry reflects the

Figure 9. εNd(t) versus ISr diagram for the Weishan granites (Chen et al. 2007a). The data of Group 1 are from Wang et al. (2007) while
those of Indosinian mafic magma and early Yanshanian granodiorite are from Guo et al. (1997), Zhao et al. (1998), Wang et al. (2003a),
and Dai et al. (2008). The cross represents the Indosinian granitoids in other plutons of Hunan Province (Chen et al. 2006, 2007a; Wang
et al. 2007).

Figure 10. Classification diagram for the Weishan granites
(Sylvester 1998). Symbols are as in Figure 8.
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temperature of equilibrated magma with biotite (Henry
et al. 2005), the average temperatures obtained by Ti-in-
biotite thermometry are apparently lower than those by the
zircon saturation thermometry. However, decrease in
magma temperature from Group 2 to Group 3 and Group
1 is consistent with the trend revealed by the zircon
saturation thermometry.

A qualitative evaluation of oxygen fugacity can be
made from the Fe/(Fe + Mg) value of biotite by using
the theoretical curve of Wones and Eugster (1965) in f
(O2)-T space for biotite + K-feldspar + magnetite

equilibrium (Figure 13), which have been effectively
applied to evaluate oxygen fugacity of orogenic granites
(Lalonde and Bernard 1993; Shabani et al. 2003). On the
basis of the temperatures calculated by the Ti-in-biotite
thermometry, estimated f(O2) values range from 10−13 to
10−17 bars, displaying overall oxidizing conditions and an
increasing trend in the order Group 1 < Group 3 < Group
2. Group 1 granitic melts mainly equilibrated at an oxygen
fugacity between 10−15.5 and 10−17 bars, corresponding to
conditions at the NNO buffer. Correspondingly, Group 2
granitic melts equilibrated at an oxygen fugacity between
10−13 and 10−14.5 bars, between the HM and NNO buffers,
while Group 3 had an oxygen fugacity between 10−14.5

and 10−15.5 bars, above the NNO buffer. Lower oxygen
fugacity for Group 1 granitic melts compared with other
groups may be attributed to interfusion of a crust compo-
nent during magma evolution (Figure 8(a)) and lower
magma temperature. In despite of a changing trend in
oxygen fugacity, the whole rocks show a trend of progres-
sing Fe-enrichment in the order Group 2 > Group
3 > Group 1, with decreasing solidification indices that
are mimicked by their biotite compositions (Figure 8(b)).
This demonstrates that f(O2) was stable during progressive
crystallization (Lalonde and Bernard 1993).

5.1.3. Source nature

Good correlations among major and trace elements for the
whole rocks or among biotite chemical components sug-
gest their affiliation in genesis for all the groups. As
suggested by decreasing Al2O3, TiO2, MgO, FeOT, CaO,
Sr, Zr, and La with increasing SiO2 (Figure 6) and strongly
negative Eu, Ba, Sr, P, and Ti anomalies (Figure 7),
fractionation of K-feldspar, plagioclase, ilmenite and/or
amphibole, biotite, and zircon is involved in magma evo-
lution, where K-feldspar and plagioclase most likely play a
crucial role (Figure 14). In the diagram of Sr versus Eu
(Figure 15), all groups show almost the same slope trend.
Because Eu is preferentially partitioned into K-feldspar
and Sr into plagioclase during granitic magma evolution
(Bea et al. 1994), the same slope trends for all the groups
were thus produced by a similar fractionating assemblage
in which the K-feldspar/plagioclase ratio is identical. As
the different magma can hardly crystallize the same pro-
portions of the same mineral assemblage under similar
physical conditions, we suggest that those groups’ granitic
melts may be mainly derived from a single magma source.
The significant trend of progressing Fe-enrichment with
decreasing SI observed not only in the whole rocks but in
the biotites from those three groups (Figure 8(b)) cannot
be derived from a heterogeneous source. In addition, posi-
tive correlation of Ta versus SiO2 also supports the view-
point of a homogeneous source (Figure 6), because Ta is
highly incompatible during magma differentiation and

Figure 11. Age frequency of Triassic–Early Jurassic granitoids
from South China (a) and Hunan Province (b) in terms of
aluminous saturation index, showing the possible peak epoch of
Triassic magmatism. The age data are from the references (Guo
et al. 1997; Sun et al. 2002; Xu et al. 2003; Deng et al. 2004;
Qiu et al. 2004; Zhang et al. 2004; Sun et al. 2005; Wang et al.
2005a; Chen et al. 2006; Ding et al. 2006; Peng et al. 2006;
Chen et al. 2007a, 2007b, 2011; Wang et al. 2007; Dai et al.
2008; Fan et al. 2010; Liu et al. 2010; Sun et al. 2010; Cao et al.
2011; Han et al. 2011; Wang et al. 2012).
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thus can be gradually enriched in the rocks (Green 1995;
Ding et al. 2009).

Sr-Nd isotope and model age data suggest that the
Weishan granites were derived by partial melting of
Palaeoproterozoic crustal materials (Figure 9 and Table
6). On the source discrimination diagrams of Al2O3/TiO2

versus CaO/Na2O and (Na2O + K2O + FeO +
MgO + TiO2) versus (Na2O + K2O)/(FeO +
MgO + TiO2), both Group 2 and Group 3 rocks fall within
the field of psammite (Figure 16(a)) and experimental
melts derived by partial melting of metagreywackes
(Figure 16(b)), while Group 1 rocks plot mainly in the
field of pelite (Figure 16(a)) and experimental melts
derived by partial melting of felsic pelites (Figure 16(b)).
That seems to suggest that Group 1 rocks were derived
from a different source than the other groups. However,
given that the Al2O3/TiO2 ratio is influenced by biotite and
ilmenite fractionations and the CaO/Na2O ratio by K-feld-
spar, plagioclase, and apatite fractionations (Sylvester
1998; Wang et al. 2007), Group 1, which is demonstrated
as highly fractionated by feldspar (Figures 10 and 14),
apatite, and Fe-rich oxides (Figure 6), need not be derived
from a pelite source. Moreover, previous studies found
that highly fractionated granite samples usually plot in

Figure 13. Log f(O2) – T diagram for the biotite + sani-
dine + magnetite + gas equilibrium at Ptotal = 2070 bars
(Wones and Eugster 1965). The Weishan granites display ele-
vated f(O2) from Group 1 to Group 3 and finally to Group 2.
Symbols are as in Figure 8.

Figure 12. (a) Magma temperature estimated by zircon saturation thermometry (Watson and Harrison 1983) of the Weishan granites. (b)
Magma temperature calculated by the thermometry of Ti-saturation in biotite (Henry et al. 2005) of the Weishan granites. Symbols are as
in Figure 8.

Figure 14. Diagrams of Ba versus Rb and Rb/Sr versus Sr, both of which indicate obvious crystal fractionation during the Weishan
granitic magma evolution. Symbols are as in Figure 8.
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the field of peraluminous leucogranites and experimental
melts of felsic pelites on the source discrimination dia-
grams by Patiño Dounce (1999), even if they were gener-
ated by melting of a dominantly juvenile mantle
component (Jahn et al. 2001). Therefore, we suggest that
all the granite groups were derived by partial melting of
Palaeoproterozoic psammitic crustal materials, such as
metagreywackes and/or quartz amphibolites.

5.1.4. Magmatic process

Although all groups from the Weishan granite can be
derived from a homogeneous source, their differences,
less or more, in the composition and emplacement condi-
tion suggest that they might undergo diverse magmatic
processes. First, dissimilar extents of crystal fractionation

for those three groups result in different stages on the
evolutionary trend, as mentioned above, where Group 2
and Group 1 rocks usually define two end-members of a
trend, respectively. Second, there is no doubt that crustal
contamination before or during magma emplacement was
involved. For instance, in Figure 8(a) biotites from Group
1 and Group 3 samples show more siderophyllite end-
members, implying increasing crustal components com-
pared with those from Group 2 samples (Abdel-Rahman
1994; Shabani et al. 2003; Ding et al. 2012), consistent
with the oxygen fugacity estimation. Furthermore, Group
3 rocks have higher initial 87Sr/86Sr (0.72377), close to the
field of the upper crust in South China (Figure 9), also
indicating component contamination from upper crust, as
crustal contamination was generally observed in other
Indosinian granites in South China (Chen et al. 2007a;
Wang et al. 2007; Chen et al. 2011). Finally, partial melt-
ing of source materials also contributes to chemical differ-
entiation in the Weishan granites. On the Sr versus Rb
diagram, all three groups display more dispersive Sr con-
centrations than Rb (Figure 17(a)), indicating possible
control by partial melting of source materials (Harris
et al. 1995; Sylvester 1998; Wang et al. 2003a; Chen
et al. 2007a). In contrast, Group 2 granitic melt was
produced by greater partial melting of source materials.
The obvious linear correlation between La and La/Yb
ratios for the groups also suggests the importance of
partial melting on the chemical differentiation of the
Weishan granites (Figure 17(b)) (Wang et al. 2007).
Note that Group 3 samples have higher slope trend and
lower La concentrations than Group 2 examples on the
La versus La/Yb diagram, suggesting that they might
have originated by larger partial melting of source mate-
rials. The Weishan granites have high Rb concentrations
(>200 ppm), which suggests a micaceous source.
Previous studies found that muscovite dehydration melt-
ing can generally produce granite with high Rb/Sr (>5),
with biotite dehydration melting causing low Rb/Sr (<5)
granite (Harris et al. 1995; Visona and Lombardo 2002;

Figure 15. A diagram of Eu versus Sr. Almost the same slope
trend for the groups implies that they formed by a very similar K-
feldspar/plagioclase fractionating assemblage. Symbols are as in
Figure 8.

Figure 16. Diagrams of Al2O3/TiO2 versus CaO/Na2O (a) (Sylvester 1998), Na2O + K2O + FeO + MgO + TiO2 versus (Na2O + K2O)/
(FeO + MgO + TiO2) (b) (Patiño Dounce 1999) for the Weishan granites. Symbols are as in Figure 8.
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Chen et al. 2007a; Wang et al. 2007). Most Weishan
granites have low Rb/Sr ratios except Group 1 rocks
and sample W03 (Figure 17(a)), suggesting that these gran-
ites were mainly derived by biotite dehydration melting
during magma generation. Because Group 1 rocks experi-
enced strong feldspar fractionation and thus have very low
Sr concentrations (Figure 6(j)), we are not convinced that
Group 1 is related to muscovite dehydration melting.

On the basis of the observations above, we propose a
genetic model for the Weishan granites. In the Middle
Triassic, low degree partial melting of Palaeoproterozoic
psammitic materials produced a small magma chamber in
the middle crust, which supplied magma to generate
Group 1 Weishan granites. Later the magma chamber
enlarged due to further partial melting of psammitic crustal
materials involved in biotite dehydration, with temperature
increasing in relation to tectonic events. The growing
magma chamber supplied continuous heat to lower the
cooling rate of Group 1 magma significantly, encouraging
fractionation. On the other hand, it supplied a large
volume of magma to produce the main body of Weishan
granites, Group 2 rocks. During that time, the large
magma chamber began chemical differentiation by exter-
ior cooling and crystal fractionation (Petford et al. 2000;
Burgisser and Bergantz 2011). Following this, another
tectonic event supplied a new heat source, which reheated
mushy magma in the lower part of the magma chamber,
reducting its crystallinity. This process, called ‘unzipping’
by Burgisser and Bergantz (2011), can induce growth of a
subjacent buoyant mobile magma layer with more alumi-
nous (Burgisser and Bergantz 2011). When the magma
layer became sufficiently buoyant and/or was activated
by another new tectonic event, it could have penetrated
the overlying mushy magma chamber and wrapped those
previously formed zircons to the top, thus forming the
Group 3 rocks in the Late Triassic. Probably due to con-
tinuous heating, this process can last for a long time and
thus exported homogenized material from the lower
mobile magma layer to the upper crust and continued
until Early Jurassic time.

5.2. Tectonic implications

South China is the southeastern corner of the Eurasian
continent, which has experienced interactions between
the Eurasia, Pacific, Australia, and India plates and a
variety of micro-plates in between. Therefore, it is impor-
tant for deciphering the tectonic evolution of the present-
day Eurasian plate. In the Mesozoic, continual plate inter-
actions between the SCB and allochthonous continental
blocks/oceanic plates initiated the formation of the eastern
Eurasian plate (Metcalfe 2009). For example, along with
closure of the Palaeo-Tethys Ocean, the ICB, the Simao
Block, and the Qiangtang-Sibumasu Block were sequen-
tially accreted to the SCB along the Ailaoshan–Red River
suture in the Late Permian–Early Triassic (Metcalfe 1994;
Lepvrier et al. 1997; Nam 1998; Carter et al. 2001; Nam
et al. 2001; Lepvrier et al. 2004; Metcalfe 2009; Fan et al.
2010; Chen et al. 2011; Niu et al. 2011; Zhang et al.
2011), while the SCB was subducted northward beneath
the North China Block (NCB) to form the Qinling–Dabie
orogen (Li et al. 1993; Zhang 1997; Hacker et al. 1998;
Meng and Zhang 2000; Sun et al. 2002; Liu et al. 2006; Li
et al. 2010), consequently shaping the Songpan–Garze
fold belt separated by the Longmenshan thrust-nappe belt
from the SCB (Chen and Wilson 1996; Huang et al. 2003;
Roger et al. 2004; Harrowfield and Wilson 2005; Hu et al.
2005) (Figure 1(a)). These continental blocks were finally
welded together, followed by the subduction of Palaeo-
Pacific plate beneath the newly formed eastern Eurasian
plate either in Permo-Triassic time (Wang et al. 2005a; Li
and Li 2007) or in the Jurassic (Jahn et al. 1976;
Maruyama et al. 1997; Zhou and Li 2000; Zhou et al.
2006; Sun et al. 2007; Wang et al. 2011; Li et al. 2012;
Sun et al. 2012). Correspondingly, great volumes of
Mesozoic granitoid-volcanic rocks, mineral deposits, and
a series of thrusts and ductile shear zones formed through-
out an area roughly 1300 km wide and 2000 km long,
from the coastal areas to the SCB interior (Chen 1999;
Zhou and Li 2000; Hua et al. 2003; Li et al. 2003; Yan
et al. 2003; Zhou et al. 2006; Li and Li 2007; Shu et al.
2008; Shu et al. 2009; Wang et al. 2011; Sun et al. 2012;

Figure 17. Diagrams of Rb versus Sr (a) and La versus La/Yb for the Weishan granites, displaying impact of partial melting on the
chemical differentiation of the granites. Symbols are as in Figure 8.
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Wang et al. 2012). Thus the SCB has experienced a
complex magmatic and tectonic history due to the interac-
tions of four major plates, namely the SCB, the NCB, the
ICB, and the Palaeo-Pacific plate.

Four major hypotheses on the genesis of Indosinian
granitoids in South China have been proposed: (1) partial
melting of thickened crust related to the ICB–SCB colli-
sion (Sun et al. 2005; Ding et al. 2006; Zhou et al. 2006;
Chen et al. 2007a; Wang et al. 2007); (2) intra-continental
collision (e.g. Yangtze–Cathaysian collision) within the
SCB (Wang et al. 2003b, 2005b); (3) derivation from
newly underplated magma in response to upwelling asthe-
nosphere (Guo et al. 1997; Zhao et al. 1998; Wang et al.
2001); and (4) subduction of an oceanic plate (Hsü et al.
1990; Gilder et al. 1996; Wang et al. 2005a; Li et al.
2006). However, the Weishan granites were formed during
a long period from the Middle Triassic to the Early
Jurassic. Individual tectonic events cannot explain their
genesis.

In the FeOT-MgO-Al2O3 diagram of Abdel-Rahman
(1994), biotites from Group 2 rocks plot between the
calc-alkaline and peraluminous fields, whereas biotites
from other groups fall in the peraluminous field (Figure
18(a)). This implies that generation of Group 2 rocks was
related to orogenic events, and that other groups were
related to some collision processes (Abdel-Rahman 1994;
Shabani et al. 2003). In the Hf-Rb/30-3*Ta diagram of
Harris et al. (1986), Group 2 rocks plot in the late or post-
collision field, whereas other groups fall in the syn-colli-
sion field (Figure 18(b)).

It is well known that Indosinian movement was related
to continental collision between the ICB and SCB, with
the startup at ca. 267–262 Ma (Li et al. 2006) and the peak
metamorphism at ca. 258–243 Ma in the collision zone
(Lepvrier et al. 1997; Nam 1998; Carter et al. 2001;
Maluski et al. 2001; Nam et al. 2001; Lepvrier et al.
2004; Chen et al. 2011). However, the peak metamorph-
ism of Indosinian events in South China occurred at ca.
230 Ma (Wang et al. 2012) and Qingling-Dabie occurred

during 230–226 Ma (Chen et al. 2007a), indicating that
the stress from Indosinian movement gradually increased
from south to north (Ding et al. 2006). Therefore, Group 1
rocks from the Weishan granites, formed during 240–230
Ma, were probably produced by partial melting of thick-
ened crustal components during prograde metamorphism
due to the collision of the ICB and SCB. Because of the
compressive stress, granitic magmatism is really con-
strained (Sylvester 1998).

Experimental and theoretical studies have demon-
strated that compressive stress and heat can usually be
released at ~5–20 million years following peak stacking
of the thickened crust (Patiño Dounce, Humphreys, and
Johnson 1990; Wang et al. 2007). Stress and heat relaxa-
tion will favour crustal extension and partial melting by
decompression to generate a large volume of peraluminous
granitic magma (Sylvester 1998). This can reasonably
explain why the Indosinian granites in South China were
mainly produced during ca. 220–215 Ma (Figures 11 and
19), as was the main body, Group 2 of the Weishan
granites. Previous studies have proved that 233–220 Ma
mafic magma underplating in the lower continental crust
might have ocurred in Hunan Province (Figure 19) (Guo
et al. 1997; Jiang et al. 2009; Liu et al. 2012). The
underplated mafic magma most likely furthered partial
melting of crust and generation of granitic magma. More
importantly, it probably supplied additional heat to the
cooling magma chamber, so as to rapidly remobilize initi-
ally mushy magma in the lower part of the magma cham-
ber into a peraluminous magma layer, as proposed by our
model. When the magma layer became more and more
buoyant, it penetrated the overlying mushy magma cham-
ber to generate peraluminous granites, just like Group 3 of
the Weishan granites. Before that, the SCB was rapidly
uplifted toward the surface following its deep subduction
beneath the NCB (Li et al. 1993; Hacker et al. 1998; Li
et al. 2010). This event probably resulted in regional
compression, heating, and intracontinental collision, espe-
cially in a weak zone between the Yangtze and the

Figure 18. (a) Composition of biotite from the Weishan granites expressed in the discrimination diagrams of Abdel-Rahman (1994). A,
anorogenic extension-related peralkaline granites; C, subduction-related calc-alkaline orogenic suites; P, peraluminous granites in a
collision setting. (b) Tectonic discrimination diagram of Harris et al. (1986) on the Weishan granites. Symbols are as in Figure 8.
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Cathaysian blocks (Wang et al. 2003b, 2005b), such as the
Xuefengshan tectonic belt. The Weishan granites located
among the Jiangshan–Shaoxing, Jingxian–Anhua, and
Chenxian–Linwu faults (Figure 1) have been considered
as products of the Indosinian intracontinental collision
(Wang et al. 2005b) and early Yanshanian crustal detach-
ment collision (Wang et al. 2003b). In regard to the Early
Jurassic magmatism, it was probably controlled by the
crustal detachment collision between the Yangtze and
Cathaysia blocks (Wang et al. 2003b), probably associated
with the subduction of the Palaeo-Pacific oceanic plate
beneath the Eurasia plate (Figure 19).

In general, the Weishan granites were generated by
multiple magma processes, in response to continuous tec-
tonothermal events during Middle Triassic to Early
Jurassic times, irrespective of tectonic settings.
Continuous tectonic activities can promote not only partial
melting of source materials, but also control magma evo-
lution, and can finally make space in the crust for magma
ascent and emplacement.

6. Conclusion

This paper studied a representative composite granitic
intrusion in South China, the Weishan granites, which
can be divided into three groups in terms of geochemistry,
mineralogy, and geochronology. The results are as
follows:

(1) Bulk and biotite compositions from all the groups
define a good linear trend, with Group 1 and
Group 2 samples defining two mixing end-mem-
bers. Group 1 rocks are highly fractionated,
weakly peralumious (ACNK = 1.0–1.1), and
have extremely low solidification indices (1.0–

3.0), with flatter REE patterns ((La/Yb)N = 1.1–
2.0), lower ΣLREE/ΣHREE ratios (1.5–2.4), and
more negative Eu, Ba, Sr, P, and Ti anomalies
compared with other groups. Group 2 rocks show
metaluminous-peralumious (0.9–1.5), with higher
MgO and FeO, slightly higher εNd(t), and lower
initial 87Sr/86Sr than those of Group 3. Group 3
rocks show overall strong peraluminous, with
moderately low SI (2.3–9.3) and moderately high
values of ACNK (1.05–1.20), SiO2, and Al2O3.
Studies on zircon saturation thermometry, Ti-in-
biotite thermometry, and an evaluation of biotite
oxygen fugacity indicated that precursor magmas
of the three groups were emplaced at overall oxi-
dizing conditions at relatively low temperature
(<830°C). Geochemical studies suggest that the
precursor magmas were mainly derived by partial
melting of Palaeoproterozoic psammites but were
subsequently differentiated by fractional crystali-
zation, crustal contamination, and partial melting.

(2) Single mica Rb-Sr isochron dating for the Weishan
granites yields three ages, 227.0 ± 13 Ma for
biotites in Group 1 rocks, 221.9 ± 5.8 Ma for
biotites in Group 2 rocks, and 210.1 ± 3.3 Ma
for muscovites in Group 3 rocks. LA-ICP-MS
zircon U-Pb dating results indicate that Group 2
rocks were formed at 215.7 ± 1.9 Ma, while Group
3 rocks were generated during two episodes of
211.0 ± 1.6 Ma ~ 207.9 ± 1.9 Ma and
187.4 ± 3.5 Ma ~ 184.5 ± 5.1 Ma. Meanwhile,
LA-ICP-MS zircon U-Pb dating for Group 3 rocks
obtained zircon core ages of 232–237 Ma,
221.5 ± 0.8 Ma, and 219.8 ± 1.6 Ma. Therefore,
we propose that Weishan granites were generated
during at least four stages of intrusion, i.e. 240–

Figure 19. Age summary diagram between the frequency of ages for the Indosinian–early Yanshanian granites in the SCB and major
tectonothermal events. Ages for the Indosinian–early Yanshanian granites in the SCB are as in Figure 11.
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230 Ma for Group 1, 220–215 Ma for Group 2,
210–205 Ma, and ca. 185 Ma for Group 3, with
the stage of 220–215 Ma being the main episode.

(3) The Weishan granites were generated by multiple
magma processes, in response to continuous tecto-
nothermal events during the Middle Triassic to
Early Jurassic time, irrespective of tectonic settings.
We propose that the oldest Group 1 granitic melts
were derived by low-degree partial melting of thick-
ened Palaeoproterozoic psammitic crustal materials
during prograde metamorphism due to the collision
of the ICB and SCB. The younger (Group 2) melts
were generated by further partial melting of psam-
mitic crustal materials in response to stress relaxa-
tion in the post-collision stage and regional
conductive heating from underplating mafic
magma. The youngest (Group 3) magmas represent
remobilized buoyant magma pulses from a mushy
Group 2 magma source accompanying regional
heating, probably resulting from the Indosinian
intracontinental deformation and the early
Yanshanian crustal detachment collision, which
might be associated with the uplift of the SCB
following its deep subduction along the Dabie oro-
geny and the subduction of the palaeo-Pacific
oceanic plate beneath the Eurasia plate, respec-
tively.
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