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Triassic granites crop out extensively in central Hunan Province, South China. Representative granites include the
Baimashan, Weishan, and Ziyunshan plutons. Lithologically, these granites mainly comprise biotite monzogranite, two-
mica granites, hornblende-biotite granite, hornblende-biotite monzogranite, and garnet-muscovite granite. These granites
have in situ zircon secondary ion mass spectrum U-Pb ages between 223.2 + 3.3 and 209.3 + 4.0 Ma, indicating that they
likely formed predominantly in the Late Triassic. These granitic plutons have similar zircon Hf and O isotopic compositions,
with eyd(f) values of —0.8 to —9.0, two-stage depleted mantle model ages (Tpnp) of 1.81-1.31 Ga, and weighted mean of
5'%04,. values of 8.53 + 0.58%o to 9.12 + 0.28%o. Combined with U-Pb dating and Hf isotopic data, the elevated and
variable 6'0 and ey(?) values of the individual granites indicate that these Triassic granites were likely produced by partial
melting of upper Paleoproterozoic to lower Mesoproterozoic metasedimentary rocks and are S-type granites. The variable
proportions of inherited zircons in certain samples with U-Pb ages of 627-992 Ma indicate the involvement of lower—
middle Neoproterozoic crustal materials during magma crystallization through wall-rock contamination, which resulted in
the wide range of isotopic compositions. Underplating of mantle-derived magma may have provided the thermal energy for
partial melting of the upper Paleoproterozoic and lower Mesoproterozoic basements, thereby generating these late Triassic
granites. The lack of positive ey(f) values and high 6'%0y,. values indicate that the contribution of mantle-derived magmas

to these granites may be insignificant.
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1. Introduction

Extensive Mesozoic magmatism in South China produced
one of the largest magmatic provinces in the world (e.g. Zhou
and Li 2000; Li and Li 2007). The magmatic activities were
mainly concentrated during the Indosinian and Yanshanian;
the latter can be further subdivided into early Yanshanian and
late Yanshanian (Zhou et al. 2006). Associated with consid-
erable granitic intrusions and coeval volcanism, the
Yanshanian magmatism has been systematically studied by
multidisciplinary approaches and interpreted as an exten-
sional tectonic setting with large-scale mantle—crust interac-
tion in response to the NW-directed subduction of the Pacific
Plate (e.g. Faure et al. 1996; Lin et al. 2000; He et al. 2010;
He and Xu 2012; Liu et al. 2012). In contrast, Indosinian
(Triassic) magmatism is not well constrained due to the
sporadic distribution and lack of coeval volcanic rocks.
Previous studies have suggested that Triassic granites are
widespread in South China, especially in Hunan Province,
as syn- or late-orogenic products (e.g. Zhou et al. 2006; Chen
et al. 2007a, 2007b; Wang et al. 2007b; Zhang et al. 2011).
However, the timing of the magmatism, lasting from 245 to
200 Ma, is still under debate. Furthermore, the petrogenesis
and geodynamic setting of these granitic rocks are also
debated, and there are at least three major interpretations:
(1) these granites are syn- and post-collisional and are related

to a compressional tectonic regime associated with the colli-
sion of the South China block (SCB) and the Indochina block
(e.g. Zhou et al. 2006; Wang et al. 2007b); (2) Li and Li
(2007) proposed that a flat-slab subduction orogenic event
associated with the paleo-Pacific plate generated these gran-
ites; and (3) the Triassic granites were likely formed in an
extensional environment related to oblique subduction of the
paleo-Pacific plate beneath the SCB (e.g. Wang et al. 2005a;
Sun et al. 2011).

In central Hunan, in the interior of the SCB and far
from the continental margins (Figure 1(a)), there are abun-
dant Triassic granites (Figure 1(b)). Although sparse geo-
chronological, geochemical and isotopic data have been
preliminarily reported and the petrogenesis of these gran-
ites has been discussed (e.g. Ding et al. 2006; Wang et al.
2007b; Chen et al. 2007a, 2007b), the age of these gran-
ites, the nature of the source region and the granites’
petrogenesis are still controversial. In this work, we com-
bine in situ secondary ion mass spectrum (SIMS) zircon
U-Pb and O isotopic analyses and LA-MC-ICPMS zir-
con Lu-Hf isotope analysis on three representative
Triassic granites in central Hunan Province in an attempt
to better constrain the timing of magmatic activities, the
petrogenesis of these granites and the geodynamic setting
of Triassic magmatism in South China.
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Figure 1. (a) Simplified geological map of the South China Block showing the distribution of Triassic granitic plutons (modified after
Wang et al. 2007b); (b) geological map showing the Triassic granitic plutons in central Hunan Province (modified after the 1:500,000

geological map of Hunan Province, HNGBMR 1988).

Zircon is a refractory and resistant accessory mineral that
preserves a reliable record of oxygen isotopes acquired dur-
ing magma crystallization (e.g. Valley 2003; Zheng et al.
2004, 2007; Valley et al. 2005; Kemp et al. 2007). Zircon has
been shown to be highly retentive of oxygen isotopes
(expressed as 6'°0 values) over a wide range of geological
conditions (including hydrothermal alteration and magmatic

and granulite-facies metamorphic events) and is suitable for
age dating (e.g. Peck et al. 2003; Zhao et al. 2007; Page et al.
2007a, 2007b; Moser et al. 2008; Bowman et al. 2011).
Zircon oxygen isotopes can provide robust constraints on
the involvement of magmas from the mantle, upper crust,
and lower crust in the generation of granitoids (e.g. Monani
and Valley 2001; Valley et al. 2005; Kemp et al. 2007; Wei
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et al. 2008; Wang et al. 2013a; Zhao et al. 2013a). Zircon Hf
isotopes provide another effective approach for constraining
the origin of granites due to zircon’s high Hf concentrations
and resistance to isotopic disturbance (Goodge and Vervoort
2006), and zircon can record isotopic variations during the
process of partial melting or fractional crystallization.
Therefore, these Hf-O isotopic data, combined with zircon
U-Pb dating results, allow us explore the following topics:
(1) the precise geochronology of the Triassic granites in
South China; (2) the nature of the source of the magmas
that generated these granites; and (3) the petrogenesis and
geodynamic setting of these Triassic granites.

2. Geological setting

The SCB comprises two distinct tectonic units, the Yangtze
block to the northwest and the Cathaysia block to the
southeast (Figure 1(a)). The basement of the Yangtze
block predominantly consists of Mesoproterozoic to
Neoproterozoic metamorphic rocks, including schists, gran-
ulites, and amphibolites (Zhou et al. 2002; Jiang et al.
2009). The basement is overlain by folded Paleozoic and
lower Mesozoic shallow-marine strata and Jurassic,
Cretaceous, and Cenozoic continental facies strata (Yan
et al. 2003; Wang et al. 2004; Xu et al. 2007). In the
Cathaysia block, the basement is dominantly 1.9-1.8 Ga
sedimentary rocks and Neoproterozoic to lower Paleozoic
metamorphic rocks (Yu ef al. 2005). The Cathaysia block
and Yangtze block are generally thought to have collided
along the Jiangnan orogen during the late Neoproterozoic
(e.g. Wang et al. 2007a, 2008a, 2008b; Li ef al. 2009a;
Zhao and Cawood 2012; Yin et al. 2013; Zhao and Zhou
2013; Yao et al. 2014). Following the Neoproterozoic, the
SCB experienced continuous sedimentation for around 400
million years, which was partially controlled by rifting until
the Late Ordovician (Wang and Li 2003). Subsequently, the
SCB experienced several tectonothermal events in different
regions during the early Paleozoic, early Mesozoic, and late
Mesozoic (e.g. Ren 1991; Chen 1999; Lin ef al. 2000; Zhou
and Li 2000; Wang et al. 2005a; Li and Li 2007; Faure
et al. 2009; Charvet et al. 2010, 2013; Chu and Lin 2014).
The early Mesozoic (Triassic) tectonism was the SCB’s
most important tectonic event and was well developed

throughout the block, generating orogens such as Qinling—
Dabie (e.g. Hacker et al. 1998; Leech and Webb 2012;
references therein) and Songpan—Ganzi (Roger et al
2010; Yan et al 2011). The significant features of this
tectonic event were expressed as granitic intrusions, acidic
and intermediate volcanism, NE-SW-trending normal and
strike-slip faults, over-thrusts, extensional doming, and syn-
tectonic terrigenous sedimentation (Chen et al 2014).
Triassic granites crop out extensively in central Hunan
Province, which is structurally located in the Xuefeng
Mountain orogen (Figure 1(b)). These granites intrude the
pre-Devonian strata as stocks and batholiths along the mar-
gin of the Xiangzhong basin (i.e. Lianyuan basin and
Shaoyang basin). In this study, three well-characterized
Triassic granitic plutons from central Hunan Province, that
is the Baimashan, Weishan, and Ziyunshan plutons
(Figure 1(b)), were selected for zircon U-Pb dating and in
situ Hf=O isotopic analysis. Lithologically, the Baimashan
pluton is composed mainly of biotite granodiorites, monzo-
granites, and two-mica monzogranites; the Weishan pluton
is composed of biotite monzogranite and two-mica monzo-
granite; and the Ziyunshan pluton is composed of hornble-
nde biotite granite and biotite granite (HNGBMR-RGSU
1995a, 1995b; Wang et al. 2005b, 2007b). Field investiga-
tions have found that these granites exhibit significant zona-
tion: biotite (hornblende) granite — biotite monzogranite —
two-mica granites — (tourmaline granite) from margin to
core, in which the latter intruded the former. The most
common mineral assemblage in these granites is biotite,
plagioclase, K-feldspar, quartz with minor amounts of mus-
covite and hornblende, and accessory minerals such as
tourmaline, apatite, zircon, monazite and Fe-Ti oxides.
The descriptions of the samples are listed in Table 1.

3. Analytical methods

Eight samples from three granitic plutons were chosen for
zircon U-Pb dating and Hf isotopic analyses. The major
and trace element analyses (Table 2) show that composi-
tions of the granitic plutons are within the following
ranges: SiO, = 70.8-73.9 wt.% (one outlier with
64.8 wt.%), K,O + Na,O = 7.25-8.62 wt.% and mol
(ALL,O5/(Ca0 + Na,0 + K,0)) (A/CNK) = 1.14-1.36

Table 1. Descriptions of representative samples from Triassic granitic plutons in central Hunan Province.

Granitic pluton Sample no. Colour Lithology Location (GPS)
Baimashan BMS-01 Grey Two-mica granite N27°20'04", E110°42'10"
LFJ-01 Grey Tourmaline granite N27°26'46", E110°40'16"
LZW-06 Grey Tourmaline two-mica monzogranite N27°27'03", E110°39'34"
SMP-01 Grey Two-mica monzogranite N27°27'34", E110°43'40"
YBC-01 Grey Two-mica granite N27°29'36", E110°41'15"
Weishan QLS-01 Grey Two-mica granite N28°01'55", E111°57'48"
XNF-01 Pink Two-mica monzogranite N28°00'13", E112°09'52"

Ziyunshan JZJ-02 Grey

Biotite granite

N27°26'39", E112°22'49"
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Table 2. Major and trace elements of Triassic granitic plutons in central Hunan Province.

Granites Baimashan pluton Weishan pluton Ziyunshan pluton
Sample BMS-1 LFJ-1 LZW-6 SMP-1 YBC-1 QLS-1 XNF-01 JZJ-02
Major element (%)

SiO, 73.58 64.76 73.55 73.85 73.53 72.44 73.28 70.78
Al,O4 13.69 17.41 14.64 14.18 14.02 14.63 14.51 14.72
Fe,0; 1.70 2.73 1.19 1.25 1.37 1.56 1.18 2.56
MgO 0.58 0.59 0.34 0.40 0.41 0.42 0.24 0.56
CaO 1.42 1.40 1.30 1.43 1.64 1.65 0.74 2.18
Na,O 3.00 1.59 2.95 2.95 3.13 3.36 3.51 3.25
K,0 3.64 7.02 4.30 4.57 3.87 3.93 4.96 438
MnO 0.05 0.06 0.04 0.04 0.04 0.03 0.03 0.04
P,Os 0.14 1.06 0.12 0.11 0.10 0.09 0.09 0.09
TiO, 0.21 0.15 0.13 0.15 0.16 0.22 0.12 0.31
A/KNC 1.19 1.36 1.23 1.14 1.14 1.14 1.16 1.05
Trace elements (ppm)

Rb 479 862 456 434 388 239 274 233
Ba 109 255 243 341 233 426 249 384
Th 11.75 13.79 15.72 20.86 20.12 18.53 18.10 23.50
U 8.01 5.65 6.32 7.83 6.02 427 6.86 5.78
Ta 4.79 0.70 3.29 2.50 3.1 2.11 2.07 1.82
Nb 16.79 1.50 12.61 12.06 12.50 10.06 11.42 12.47
Ce 34.05 44.40 41.08 62.97 58.84 59.00 53.50 71.80
Sr 32 47 57 68 64 125 67 110
Zr 67 92 85 101 104 130 81 168
Hf 2.28 3.50 2.69 2.98 3.24 3.45 241 4.73
Y 14.50 19.37 12.76 14.42 13.98 10.10 16.50 17.80
Yb 1.14 1.49 1.08 1.20 1.21 0.79 1.24 1.52
La 18.54 24.50 23.12 30.04 28.35 31.67 25.40 35.70
Pr 4.06 5.43 4.82 5.94 5.67 5.82 5.63 7.76
Nd 14.12 18.86 16.34 19.88 19.14 18.87 18.90 26.40
Sm 3.24 4.43 3.48 4.01 3.85 3.49 4.55 4.99
Eu 0.28 0.54 0.44 0.52 0.49 0.57 0.38 0.71
Gd 2.34 3.14 2.35 2.56 2.50 2.52 3.57 3.83
Tb 0.52 0.71 0.48 0.52 0.51 0.40 0.62 0.68
Dy 2.75 3.66 2.44 2.65 2.60 1.82 3.01 3.11
Ho 0.53 0.71 0.48 0.53 0.52 0.33 0.54 0.59
Er 1.28 1.74 1.19 1.33 1.32 0.89 1.37 1.78
Tm 0.18 0.25 0.17 0.19 0.19 0.13 0.19 0.25
Lu 0.16 0.20 0.15 0.17 0.17 0.12 0.18 0.24
>REE 97.67 129.44 110.39 146.93 139.34 150.39 147.07 179.34

(one outlier with A/CNK = 1.05). These granites fall into
the peraluminous field in the mol (Al,05/(Na,O + K,0))
(A/NK) versus A/CNK diagram (Figure 2(a)) and alkali
feldspar and syenogranite fields in the quartz, alkali feld-
spar, Plagioclase (QAP) modal diagram for igneous rocks
(Figure 2(b)). All samples have low total rare earth ele-
ment (REE) contents and are enriched in light REEs
(Figure 2(c)). In the primitive mantle-normalized trace
element diagram (Figure 2(d)), all samples show similar
trace element patterns, including enrichment in high field
strength elements, such as Rb, Th, U, K, and Pb, and
depletion in large ion lithophile elements, such as Nb,
Ta, Sr, Ti and Hf.

Zircon grains were separated from the samples via
traditional magnetic and heavy-liquid techniques. More
than 1000 zircon grains from each sample were recovered,

and representative zircon grains were handpicked under a
binocular microscope and mounted in an epoxy resin disc.
These zircons were then polished, coated with gold film,
and documented with transmitted and reflected light
micrographs and cathodoluminescence (CL) images. The
CL images were obtained using a LEO1450VP scanning
electron microscope at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS),
Beijing, to characterize the internal texture of the zircons
and to select potential target sites for analyses (i.e. in situ
U-Pb and Hf and O isotope analyses).

Zircon U-Pb isotopic ratios and U, Th and Pb concen-
trations were determined using a Cameca IMS-1280 SIMS
at the IGGCAS. The U-Th-Pb ratios and absolute abun-
dances were determined relative to standard zircon 91500
(Wiedenbeck et al. 1995), analyses of which were
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Figure 2. (a) Molar A/NK versus A/CNK diagram; (b) QAP diagram for classification of igneous rocks (based on Streckeisen 1974); (c)
chondrite-normalized REE pattern; and (d) primitive mantle-normalized spidergram for Triassic granites in Central Hunan Province.
Symbols of diagrams (b), (c) and (d) are the same as diagram (a). The notes of numbers in the diagram (d) refer to Streckeisen (1974).

interspersed with those of unknown grains, using operat-
ing and data processing procedures similar to those
described in Li et al. (2009b). A long-term uncertainty
of +1.5% (1 RSD (relative standard deviation)) in the
206pb/238U measurements of the standard zircons was pro-
pagated to the unknowns (Li et al 2010), although the
measured 2°°Pb/>**U error in specific sessions was gener-
ally approximately 1% (1 RSD) or less. The measured
compositions were corrected for common Pb using non-
radiogenic ***Pb. The corrections are sufficiently small as
to be insensitive to the choice of common Pb composition,
and an average of modern crustal composition (Stacey and
Kramers 1975) was used for common Pb based on the
assumption that common Pb is largely surface contamina-
tion introduced during sample preparation (Chen et al
2014). The uncertainties of individual analyses are
reported at the 1-sigma level, and the mean ages of pooled
U/Pb (and *°’Pb/**°Pb) data are reported at the 95% con-
fidence interval. Data reduction was performed using the
Isoplot/Ex v.2.49 programs (Ludwig 2001). The SIMS
zircon U-Pb isotopic data are presented in Table S1 (see
online supplemental material at http://dx.doi.org/10.1080/
00206814.2014.996258).

The zircon oxygen isotopes were measured using the
Cameca IMS-1280 SIMS at the IGGCAS, and the
detailed analytical procedures were described in Li
et al. (2009b). The Cs* primary ion beam was accelerated

at 10 kV, with an intensity of approximately 2 nA
(Gaussian mode with a primary beam aperture of
200 pum to reduce aberrations) and rastered over a
10 um area. The spot size was approximately 20 pm in
diameter. The normal incidence electron flood gun was
used to compensate for sample charging during analysis
with a homogeneous electron density over a 30 pm oval
area. Negative secondary ions were extracted with a
—10 kV potential. The oxygen isotopes were measured
using the multi-collection model involving two off-axis
Faraday cups. The uncertainties of individual analyses
were usually better than £0.2—-0.3%o (1RSD). The instru-
mental mass fractionation factor was corrected using
zircon 91500 standards with a 6'%0 value of 9.9%o (Li
et al. 2009b). The in situ O isotopic data are presented in
Table S2 (see online supplemental material at http://dx.
doi.org/10.1080/00206814.2014.996258).

The in situ zircon Hf isotopic analyses were performed
on a Neptune multi-collector ICP-MS equipped with a
Geolas-193 laser ablation system at the IGGCAS, and
the analytical procedures were similar to those described
in Wu et al. (2006). The Lu-Hf isotopic analyses were
obtained largely on the same zircon grains that were pre-
viously analysed for O isotopes, with 60 pm diameter
ablation pits, an ablation time of 40 s, a repletion rate of
8 Hz, and laser beam energy density of 10 J/cm?. During
laser ablation analysis, the isobaric interference of '"°Lu
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on '"°Hf is negligible due to extremely low '7°Lu/'""Hf
ratios in zircon (generally <0.002), whereas the interfer-
ence of '7°Yb on '"°Hf is carefully corrected using inde-
pendent mass bias factors for Hf and Yb. The determined
7oH/'""HF value of 0.282303 = 0.000025 for the zircon
standard 91500 is in good agreement with the recorded
values (Woodhead et al. 2004). The LA-MC-ICPMS
zircon Hf isotopic data are presented in Table S3 (see
online supplemental material at http://dx.doi.org/10.1080/
00206814.2014.996258).

4. Results
4.1. SIMS zircon U-Pb ages
4.1.1.  Baimashan granitic pluton

Eighteen zircon grains from sample BMS-1 were analysed.
Among these, 16 concordant analyses yielded a weighted
average 206p/238(J age of 214.3 + 3.4 Ma (95% confidence,
mean square weighted deviation (MSWD) = 0.81; Figure 3
(a)), which is considered to be the crystallization age. Two
analyses (spots 2 and 7) with U-Pb ages of 680.6 + 10.0

and 726.6 £ 11.2 Ma were obtained and are interpreted as
inherited zircons.

Twenty-two zircon grains from sample LFJ-1 were
analysed, and two groups of ages were obtained. The 11
concordant analyses yielded a younger weighted average
200py238 age of 209.3 + 4.0 Ma (95% confidence,
MSWD = 0.95; Figure 3(b)), which represents the crystal-
lization age. The remaining 11 analyses yielded a broad
age range of 882.9-626.8 Ma with an older weighted
200py238y age of 720 + 47 Ma (95% confidence,
MSWD = 1.12; Figure 3(c)), interpreted as the age of
inherited zircons.

Fifteen zircon grains from sample LZW-6 were
analysed and yielded a weighted average 2°°Pb/***U
age of 2115 + 42 Ma (95% confidence,
MSWD = 1.3; Figure 3(d)). We interpreted this age as
the crystallization age. This is consistent with the ages
of samples BMS-1 and LFJ-1 within uncertainty.

The results of the 19 analysed zircon grains from
sample SMP-1 were all concordant and yielded a weighted
average “"°Pb>**U age of 2153 + 3.1 Ma (95%
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confidence, MSWD = 0.29; Figure 3(e)), which is consid-
ered to be the crystallization age.

Seventeen zircon grains from sample YBC-1 were
analysed. All the analyses were concordant and yielded a
weighted average 2°°Pb’*%U age of 212.1 + 3.3 Ma (95%
confidence, MSWD = 0.92; Figure 3(f)). This age is
interpreted to be the crystallization age and is consistent
with those of the above four samples.

4.1.2. Weishan granitic pluton

Seventeen zircon grains from sample QLS-1 were ana-
lysed. Among these analyses, 13 analyses were concordant
and yielded a weighted average 2°°Pb’>®U age of
2139 + 3.7 Ma (95% confidence, MSWD = 0. 49;
Figure 3(g)), which is considered to be the crystallization
age. This age is consistent with those of the samples
collected from the Baimashan granitic pluton. The remain-
ing three analyses (spots 1, 12 and 14) yielded U-Pb ages
of 803.2 £11.9, 857.1 £ 12.5, and 991.7 + 14.5 Ma, which
were interpreted as the ages of inherited zircons.

Twenty-eight zircons from sample XNF-4 were ana-
lysed. Twenty-five analyses were concordant, yielding a
weighted average 2°°Pb”*%U age of 217.9 + 2.8 Ma (95%
confidence, MSWD = 0. 34; Figure 3(h)). We interpreted
this age as the crystallization age, which was slightly older
than that of sample QLS-1. Three analyses (spots 2, 10,
and 19) yielded U-Pb ages of 826.7 + 12.2, 786.8 + 11.6,
and 850.9 + 12.4 Ma, respectively, which are considered
to be the ages of inherited zircons.

4.1.3. Ziyunshan granitic pluton

Twenty zircons from sample JZJ-2 were analysed. All the
analyses were concordant and yielded a weighted average
206pp' 238y age of 223.2 + 3.3 Ma (95% confidence,
MSWD = 0.43; Figure 3(i)), which is considered to be
the crystallization age. This age was slightly older than
those of the samples collected from the Baimashan grani-
tic pluton but consistent with that of sample XNF-4 from
the Weishan granitic pluton within uncertainty.

4.2. Zircon O isotopes

The zircon grains from the three granites have a narrow
range of 6'%0y, values, with the weighted mean values of
single samples varying from 8.53 + 0.58%. to
9.12 £+ 0.28%o (Table S2 and Figure 4). Sample JZJ-2
from the Ziyunshan granite has the highest and most uni-
form ¢'%0 values (9.12 = 0.28%o), and sample LFJ-1 from
the Baimashan granitic pluton has the lowest 5'*0 values
(8.64 £ 0.53%o). Similar oxygen isotopic compositions of
the three granites suggest that they may have been derived
from a common source. However, the large range of 6'%0
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Figure 4. Histogram of ¢ 130, values for zircons from Triassic
granitic plutons in central Hunan Province.

values for single granites indicates a degree of heteroge-
neity in their source rocks.

4.2.1. Zircons from the Baimashan pluton

The five samples from this pluton have similar oxygen
isotopic compositions, with averages of 8.53 + 0.58%0 (2
SD; n =19) to 8.98 £ 0.42 %o (2 SD; n = 17), which are
much higher than mantle values. However, there is a wide
range of 0'%0 values in individual samples. For example,
sample LFJ-1 has a ¢'®0 variation of 5.12%o, whereas
sample LZW-6 has a relatively small range of 2.32%o..
The oxygen isotopic compositions of the Baimashan plu-
ton indicate significant heterogeneity in the source rocks.

4.2.2. Zircons from the Weishan pluton

The two samples from this pluton feature different zircon
0'®0 values. The sample QLS-1 has a broad range of §'*0
values from 6.21%o to 11.23%o, with a weighted mean of
8.58 + 0.58%0 (2 SD; n = 22). These data are mainly
concentrated in the range of 7.5 %o0—10%o. The oxygen
isotopic values of sample XNF-1 can be divided into two
groups: 6'%0 values of 7.56-11.12%o (weighted mean of
9.35 £ 0.61%0; 2 SD; n = 16), which are much higher than
mantle values, and J'%0 values of 4.68%0—5.82%o
(weighted mean of 5.1 £ 1.4%o; 2 SD; n = 3), which
overlap the mantle §'*0 values (5.3 + 0.6, 2 SD; Valley
et al. 2005).



Downloaded by [Selcuk Universitesi] at 21:32 24 January 2015

8 S. Fu et al.

4.2.3.  Zircons from the Ziyunshan pluton

The oxygen isotopic compositions of zircons in the
Ziyunshan granite are higher and more homogenous than
the other granites. The 5'®0 values range from 7.49%o to
9.84%o, with a weighted mean of 9.12 + 0.28%0 (2
SD; n = 21).

4.3. Zircon Hf isotopes

The zircon grains from samples BMS-1, LFJ-1, LZW-6,
SMP-1 and YBC-1, collected from the Baimashan granitic
pluton, have homogeneous Hf isotopic compositions, with
CH{/'7TH ratios of 0.282394 to 0.282587, eud?) values
of —2.0 to —9.0 and two-stage depleted mantle model ages
(Tpmz) of 1.38-1.81 Ga. The Ziyunshan pluton (sample
JZJ-2) has similar Hf isotopic compositions to the
Baimashan pluton, with '7°Hf/'""Hf ratios of 0.282533 to
0.282618, eyg(t) values of —0.8 to —3.8 and Tpyp» ages of
1.31-1.50 Ga (Table S3 and Figure 5).
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Figure 5. Histograms of eyq(f) and Ty, values for zircons from
Triassic granitic plutons in central Hunan Province.

The zircon grains from sample QLS-1 collected from
the Weishan pluton have variable Hf isotopic composi-
tions, with'’°Hf/'7”Hf ratios of 0.282073-0.282607, &1(7)
values of —1.4 to —20.3 and Tppo ages of 1.33 Ga—
2.51 Ga (Figure 5). However, zircon grains from sample
XNF-4 of the Weishan pluton have similar Hf isotopic
compositions to the zircon grains from the Baimashan
and Ziyunshan granitic plutons, with '"*Hf/'’"Hf ratios
of 0.282409-0.282596, eyff) values of —1.8 to —8.2 and
Tomz ages of 1.36—1.76 Ga (Table S3).

5. Discussion
5.1. Geochronology of Triassic granites

Pervious geochronological studies of the Triassic granites
in central Hunan Province using K—Ar/Ar—Ar, monazite
U-Th—Pb, whole rock Rb—Sr isochrons, and zircon U-Pb
methods have produced variable results, with an age range
of 267-163 Ma (HNGBMR-RGSU 1995a, 1995b), which
is unsuitable for exploring the geochronology of the
Triassic granites. In contrast, SHRIMP/LA-ICP-MS zir-
con U-Pb methods yield a relatively concentrated age
range. The data obtained by these methods suggest that
the Triassic granites formed in two episodes: 245-228 Ma
and 220-206 Ma (e.g. Wang et al. 2005b, 2007b; Ding
et al. 2006; Chen et al. 2007a, 2007b). However, our
precise SIMS U-Pb dating results do not agree with the
previously reported two-episode interpretation. The SIMS
zircon U-Pb ages of Triassic granites in central Hunan
Province define a cluster of concordant ages with weighted
means between 209.3 + 4.0 and 223.2 + 3.3 Ma, which are
similar to the SIMS U-Pb ages (i.e. 215-225 Ma) of early
Mesozoic granites in the Xuefengshan Belt reported by
Chu et al. (2012b). In addition, the metamorphic rocks of
the decollement layer in this region, which were intruded
by these granites, yielded monazite U-Pb ages ranging
from 226 to 243 Ma (Chu et al. 2012a), implying that
the formation of these Triassic granites in central Hunan
Province occurred after 226 Ma; therefore, older ages may
be unreliable. Thus, Triassic granitic magmatism in central
Hunan Province likely began since ~240 Ma, but the main
plutonic phase occurred between 225 and 210 Ma.

5.2. Magma sources: constraints from Hf and O
isotopes

Because granites generally inherit geochemical and isoto-
pic characteristics from their sources, the isotope composi-
tions can be used to interpret their likely source reservoir
(e.g. Ostendorf et al. 2014). The Triassic granites in cen-
tral Hunan Province are weakly peraluminous granitoids
(Table 2; Chen et al. 2007a; Wang et al. 2007b), which
provides a first-order constraint: their sources were likely
metasedimentary/metaigneous rocks (e.g. Kalsbeek et al.
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2001). As stated in Section 1, zircon Hf and O isotopes are
very useful in tracing the origins of granites (e.g. Griffin
et al. 2002; Valley et al. 2005; Yang et al. 2007; Kemp
et al. 2007; Bolhar et al. 2008). Here, we discuss the
constraints provided by Hf and O isotopes on the magma
sources of Triassic granites in central Hunan Province.

The oxygen isotopes of igneous zircons that crystallize
directly from granitic melts only contain information on
the magmatic stage of the granites (e.g. Wang et al.
2013a). The oxygen isotope values of mantle-derived zir-
cons, therefore, have a narrow range (5.3 £ 0.6%o, 20;
Valley 2003; Valley et al. 2005) and are slightly lower
than those of mantle-derived magmas (typically
5.7 £ 0.2%; Bindeman 2008). Given that high-
temperature closed-system processes in mafic to silicic
magmas have little effect on the oxygen isotopic composi-
tions of the resultant rocks, 6'*O values that extend beyond
this range are considered to have been modified by sub-
ducted supracrustal materials (e.g. Wan et al. 2013). For
example, 6'0 values in zircons greater than approximately
6.3%o indicate a §'®*0-enriched crustal component in the
magma from which the zircons crystallized (e.g. Wang et al.
2013Db), and values above 7.5%o are generally attributed to
melting or assimilation of supracrustal sources, such as
sedimentary rocks (10—30%o) or altered volcanic rocks (up
to 20%o) (Peck et al. 2004; Valley et al. 2005).

The high weighted mean ¢'%0 values of these Triassic
granites in central Hunan Province, ranging from
8.53 £ 0.58%o0 to 9.12 £ 0.28%o, allow first-order constraints
to be placed on the nature of the granite sources. The oxygen
isotope fractionation between zircon and magmas generally
increases with the SiO, content of the host and is indepen-
dent of magmatic temperatures (e.g. Valley ef al. 2003; Zhao
and Zheng 2003). Using the linear relationship between
A6"®0zcwr and SiO, (Lackey et al. 2008) of Ad'®0y,..
wr = —0.0612*(wt.% SiO,) + 2.5, the average 5'%0 values
of zircons from granitic plutons in central Hunan Province
can be used to estimate the original oxygen isotopic compo-
sition of the protolith (Table S2). The protolith appears to be
crustal in nature because zircons with 6'*0 values >6%o have
not been reported for uncontaminated mantle-derived mag-
mas (e.g. Cavosie ef al. 2009; Grimes et al. 2011; Zhao et al.
2013b). Relatively small oxygen isotope fractionations
between most minerals and zircons at high temperatures
(Valley 2003) require the source rocks to have §'*0 values
higher than the zircons (e.g. Cavosie et al 2011).
Sedimentary rocks, such as sandstone, shale, chert, and lime-
stone, as well as metamorphosed equivalents, have high
primary §'*0 values (>10%o; Valley et al. 2005) and are
thus potential sources. In central Hunan Province, the epi-
metamorphosed Proterozoic basement rocks underlying this
region are possible candidates for the high-0'%0 sources.
Magmas with high §'*0 values may have been produced
by the partial melting of these high-0'*0 rocks, which is also
indicated by Hf isotope systematics.

The Hf isotopic compositions of zircon’s parental melts
are difficult to reset after the Hf isotope system closed and
would not be modified by the process of partial melting or
fractional crystallization (e.g. Bolhar ef al. 2008). Therefore,
the heterogeneities in the zircon Hf isotope values are con-
sistent with magma sources. As shown in Figure 5, the zircon
grains of most samples from the Triassic granites in central
Hunan Province feature similar Hf isotopic compositions,
that is eyg?) values of —0.8 to —9.0, implying a common
parental magma source. Two-stage depleted mantle model
ages (7' DM,) of all the analysed zircons range from 1.31 to
1.81 Ga (Figure 5), which are consistent with the dominant
crustal ages in this region. In combination with the ey(7)
values and Hf model ages, a heterogeneous lower crust
composed of lower Mesoproterozoic and upper
Paleoproterozoic crustal materials is preferred as the potential
source of the Triassic granites in central Hunan Province. In
addition, the presence of minor inherited zircons with U-Pb
ages of 626.8 = 9.4-991.7 £ 14.5 Ma indicates the involve-
ment of lower—-middle Neoproterozoic crustal materials dur-
ing magma crystallization.

It is noteworthy that the Hf and O isotopic compositions
are similar between plutons. However, the zircons within a
single pluton, even within a sample, contain a wide range of
isotope compositions. For example, zircons from the sample
QLS-1 in Weishan pluton show highly variable Hf and O
isotopic compositions, with an ey(f) range of —1.4 to —20.3
and a 0'%0 range of 6.21-11.23%o (Figures 4 and 5(c)). The
wide range of isotopic compositions in a single pluton
reflects source heterogeneity or contributions from multiple,
isotopically distinct components (e.g. Bolhar et al. 2008)
and precludes a simple evolution by closed-system fractio-
nation processes. Therefore other mechanisms, such as
wall-rock reaction, restite separation, or magma mixing
should be considered (e.g. Griffin et al. 2002; Yang et al.
2007). The lack of positive &(7) values and high §'*0
values preclude the significant incorporation of mantle-
derived magma into the magma chamber from which
these Triassic granites were derived. There is no clear
correlation between Hf and O isotopes (Figure 6), which
also indicates that the magma mixing may be insignificant
with regard to the wide range of isotopic compositions.
Restite separation is also unlikely to produce these varia-
tions because, in principle, the restite (source rock rem-
nants) and the magma would be expected to be similar
isotopic compositions (e.g. Griffin et al. 2002). Instead,
reactions between the magma and its wall-rocks, provided
that these are not the source rocks of the magma, could
generate the observed isotopic variations during crystalliza-
tion of the magma (e.g. Griffin et al 2002; Yang et al.
2007; Heilimo et al. 2013). The samples from the Triassic
granites in central Hunan Province contain variable propor-
tions of inherited zircons with Neoproterozoic ages of 627—
992 Ma (Table S1), potentially indicating wall-rock con-
tamination. A greater number of inherited zircons are
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Figure 6. Plots of euet) versus 6'°0y,. data measured on the same zircons in Triassic granitic plutons in central Hunan Province. The
dotted lines denote the two-component mixing trends between the mantle and Paleoproterozoic crust-derived magmas. Hf,,/Hf; is the
ratio of Hf concentration in the parental mantle magma (pm) over crustal (c) melt indicated for each curve, and the small open circles on
the curves represent 10% mixing increments by assuming that the mantle zircon has ege = 12 and '%0 = 5.3%o; the Paleoproterozoic

crustal zircon has eyr = —12 and 6'%0 = 10%o.

associated with wider ranges in isotopic compositions (e.g.
LFJ-1 and QLS-1; Tables S2 and S3). In contrast, samples
with no inherited zircons exhibit a narrow range in isotopic
compositions (e.g. JZJ-2 and YBC-1; Tables S2 and S3).
The rare zircon grains with low 6'%0 values (<6.5%o0) were
likely produced by the contamination of wall-rocks that
may have experienced high-temperature alteration before
being incorporated into the magma. Thus, wall-rock con-
tamination may be the dominant mechanism for the wide
isotopic ranges.

In summary, the Triassic granites in central Hunan
Province have similar zircon Hf and O isotope character-
istics. The eyg(f) values are concentrated in the range of
—-0.8 to —9.0, and the §'°0 values range from
8.64 £ 0.53%0 to 9.26 £ 0.18%o. The negative ey(f) and
high 6'®0 values (Figure 6) suggest that the parental
magmas were derived from a pre-existing crustal source
that separated from a depleted mantle source during the
late Paleoproterozoic to early Mesoproterozoic. In spite of
a small difference in the 7DM, ages, therefore the upper
Paleoproterozoic to lower Mesoproterozoic basement
metasediments appear to be the dominant source of these
Triassic granites in central Hunan Province. In addition,
minor Neoproterozoic metasediments intruded by these
granites with high 6'*0 values may have been involved
in the generation of the Triassic granites.

5.3. Petrogenesis and tectonic setting

The petrogenesis of the Triassic granites in the SCB has long
been a matter of debate. The granites’ high 5'®0 and negative
en(?) values (Tables 4 and 5), combined with A/CNK > 1.1

and high K,O + Na,O (Table 2), indicate apparent affinities
to S-type granites in geochemical compositions. The zircon
U-Pb dating shows that these granites formed in the late
Triassic (223-210 Ma). Triassic granites in the SCB were
thought to be unrelated to intracontinental collision and sub-
duction due to the absence in SCB of Triassic oceanic basin
or subduction involving oceanic and continental plates (e.g.
Gilder et al. 1996; Rowley et al. 1997), the sparse distribu-
tion of Triassic granites, and the poor development of coeval
volcanic rocks (e.g. Wang et al. 2005b; Chen et al. 2007a).
Certain authors inferred that Triassic granites were derived
from crustal sources by decompression melting during the
late Triassic in response to the thinning of overthickened
crust related to the collision of South China and Indochina
(e.g. Ding et al. 2006; Chen et al. 2007a, 2007b). However,
this long-distance effect appears unlikely because these gran-
ites are far (>500 km) from the Indosinian suture zone (Chu
et al. 2012b). Li and Li (2007) proposed a flat-slab subduc-
tion model to interpret the intraplate magmatism in South
China. However, our Hf and O isotopic results imply a single
crustal source for these Triassic granites without input of
mantle-derived magmas. Thus, it appears that the flat-slab
subduction did not reach the asthenosphere beneath central
Hunan Province. Wang et al. (2002) proposed that crustal
thickening induced by early Triassic intracontinental com-
pression led to the genesis of these granites. The samples are
commonly plotted within the field of syn-collisional granite
in the plots of tectonic discrimination diagram (Figure 7),
also indicating that these granites may have formed in the
syn-collisional setting. However, Clemens (2003) argued
that a normal geothermal gradient and crustal thickening
would fail to provide sufficient heat to partially melt the
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Figure 7. Rb/30 versus Hf versus 3 x Ta diagram of Triassic
granitic plutons in central Hunan province(after Pearce et al.
1984). Syn-COLG: syn-collisional granites, VAG: volcanic arc
granites; WPG: within-plate granites; LCG-PCG: late colli-
sional-post-collisional granites.

crust. It is therefore inferred that underplating of small-scale
mantle-derived magmas have heated the Proterozoic meta-
sediments and induced the partial melting that led to the
genesis of late Triassic granites in central Hunan Province.
Evidence for underplating at approximately this time is pro-
vided by (1) asthenospheric mantle-derived mafic rocks from
Dao County that have been dated to 224-204 Ma (Guo et al.
1996, 1997, Dai et al. 2008) and the alkaline basalt in
Ningyuan County dated to 212-205 Ma (Liu ez al. 2010) in
Hunan Province and (2) a sudden increase in temperature at
ca. 225 Ma and subsequent magmatic activity in Hunan
Province (Wang et al. 2007b). Therefore, a likely scenario
of the petrological model can be described as follows
(Figure 8): (a) crustal thickening associated with intraconti-
nental orogeny occurred at 243226 Ma(Chu et al. 2012a)
and (b) underplating of mantle-derived magma provide ther-
mal energy for partial melting of the thickening crust to
generate these late Triassic granites in central Hunan
Province. However, the lack of positive ey(#) values and
high 6'%0 values (Figure 6) suggested that mantle-derived
magma was an insignificant portion of magma source of
these granites. This conclusion is also supported by the
peraluminous nature and high K,O + Na,O content of
these granites (Table 2; Wang et al. 2007b).

6. Conclusions

(1) Precise SIMS U-Pb dating results of Triassic gran-
ites in central Hunan Province suggest that Triassic
granitic magmatism in South China may have
begun ca. 240 Ma, but the main plutonic phase
occurred between 225 Ma and 210 Ma.

a) Collision and crust thickening at 243-226 Ma

b) Underplating of mantle-derived magma at 225-210Ma

Underplating of mantle-
derived magmas

:l Jurassic-Cenozoic l:| Devonian-Triassic [__—‘ Ediacaran-Silurian
‘:I Neoproterozoic - Ductile decollement - Proterozoic basement
Fault/Shear zone Late Triassic granite Early Paleozoic granite

Figure 8. A schematic model for the formation of the late
Triassic granitic pluton in central Hunan Province: (a) crustal
thickening occurred during 243-226 Ma; (b) underplating of
mantle-derived magma heated the thickening crust and induced
the partial melting that led to the genesis of these Late Triassic
granites in central Hunan Province.

(2) Zircon grains from Triassic granites in central
Hunan Province have similar Hf and O isotopic
compositions, with ey(¢) values of —0.8 to —9.0,
Tomz ages of 1.31-1.81 Ga and weighted "800
values of 8.53 + 0.58%0—9.12 + 0.28%o. These
values indicate that the Triassic granites have simi-
lar source rocks and may have been produced by
partial melting of upper Paleoproterozoic to lower
Mesoproterozoic basement  metasediments.
Neoproterozoic metasediments may also have
been involved through wall-rock contamination,
which is supported by inherited zircons and the
broad wide ranges in isotopic compositions.

(3) Underplating of small-scale mantle-derived mag-
mas may have heated the crust and induced the
partial melting that led to the genesis of the Late
Triassic granites in central Hunan Province. The
lack of positive &) values and high 6'%0 values
indicate that the contribution of mantle-derived
magmas to these granites may be insignificant.
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