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A granite-syenite-gabbro association from inland South China has been studied for zircon U-Pb ages and Hf
isotopic compositions as well as whole-rock elemental and Sr-Nd isotopic compositions to constrain their
sources and tectonic settings. These rocks have distinctive crystallization ages: the Longyuanba biotite
granites have a mean age of ~240 Ma, the Longyuanba two-mica granites, Pitou alkali-feldspar granites and
amphibole-bearing alkali-feldspar granites, Tabei and Huangbu syenites and Chebu and Chenglong gabbros
have a similar age of ~178 Ma, whereas the Dafengnao syenite gives a mean age of ~165 Ma.

The Longyuanba biotite granites and two-mica granites exhibit S-type characteristics, probably derived from
a Neoproterozoic crustal source. The Chenglong gabbro has OIB-like trace element and highly depleted
isotope compositions (eye(t) =10.0 4 1.3; ena(t) = 5.2), suggesting its parental melt to be of asthenospheric
origin with insignificant crustal assimilation. However, crustal contamination is required to explain the
isotopic compositions of the Chebu gabbro. The syenites are shoshonitic in composition, and have depleted
Sr-Nd-Hf isotopic signatures, which we interpret to have resulted from a mixed source of asthenospheric
mantle and metasomatized lithospheric mantle. As expected, the signals of crustal assimilation are
conspicuous in the petrogenesis of the more evolved syenites. The Pitou alkali-feldspar granite and
amphibole-bearing alkali-feldspar granite exhibit I-type and A-type characteristics, respectively. They are
isotopically more depleted than the S-type Longyuanba granites. We suggest that they may have formed
through magma mixing of predominantly mantle-derived melts with the Neoproterozoic crust.

The Jurassic granite-syenite-gabbro association was the product of asthenosphere-lithosphere-crust
interactions, which records the primary role of asthenospheric mantle upwelling in magma generation
both in the mantle and in the crust in the Early Yanshanian time in South China. They probably occurred in
an intraplate rift-like environment as a tectonic response to far-field stress at plate margins during the early
stage of the paleo-Pacific plate subduction. The tectonic transition from the Tethys orogenic regime to the
paleo-Pacific regime was accomplished in the Early Jurassic, and the early Yanshanian magmatism should be
genetically associated with the paleo-Pacific tectonic regime.
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1. Introduction

Mesozoic granitoids are widespread in South China. They have
attracted the interests of many over the last decades because of
economically significant mineralization associated with them and
because they carry the information on ways in which they were
emplaced in response to the tectonic evolution of the region (e.g.,
Jahn, 1974; Chen and Jahn, 1998; Zhou and Li, 2000; Li and Li, 2007;
Wang et al.,, 2007a,b; Hsieh et al., 2008; Pirajno et al., 2009). These
granitoids crop out over a large area of ~135,300 km?, and were
conventionally thought to represent products in response to three
orogenic events in time and space, i.e. the Indosinian (Triassic), the
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Early Yanshanian (Jurassic) and the Late Yanshanian (Cretaceous)
(Zhou and Li, 2000; Li et al., 2007). The Indosinian granitoids occur as
batholiths distributed discretely in the interior of South China
(Fig. 1a). These rocks are mainly coarse- to medium-grained
peraluminous granites, and were traditionally regarded as S-type
granites (Zhou et al.,, 2006; Wang et al., 2007b). In contrast, the Early
Yanshanian granitoids are dominated by calc-alkaline I-type granites
with subordinate A- and S-type granites. They are distributed in the
hinterland discretely in the NE-SW direction with the exception in
the Nanling region where they define an E-W trend. Volumetrically
less abundant early Yanshanian syenites, gabbros and basalts have
been found to be associated with the E-W trending granites in the
Nanling region (Fig. 1a; Li et al., 2003; 2007; Xie et al., 2006). These
latter mafic rocks have attracted much attention because of their
mantle origin, providing the opportunity to constrain the source
characteristics of the Mesozoic asthenospheric mantle beneath the
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Fig. 1. (a) Simplified geological map of South China showing the distribution of Mesozoic granite-volcanic rocks (modified from Zhou et al., 2006). (b) Geological map of Southern

Jiangxi, also showing the locations of samples studied (modified after He et al., 2007).

South China Block (Wang et al., 2003, 2005b, 2008b; Zhou et al., 2005;
He et al,, 2007; Yu et al., 2010). The Late Yanshanian granitic rocks
occur mainly along the coastal region accompanied by vast silicic
volcanic rocks, forming a large NE-SW trending magmatic belt (Zhou
et al.,, 2006; Chen et al.,, 2008a). All these Mesozoic granitoid rocks
manifest a first-order temporal trend, progressively younger towards
the coastal region in Southeast China.

It is noteworthy that composite granitoid complexes are quite
common in South China, apparently formed by multi-stage magma
emplacement. Although there is a general consensus that the
petrogenesis of these granitoids involves significant crust material
(Jahn et al., 1990; Chen and Jahn, 1998), it remains unclear whether
they were formed by repeated remelting of the similar crustal
materials or resulted from melting of different source rocks. This is
a fundamentally important problem because granites contain such
information, whose knowledge is key to understanding the role of

mantle geodynamics in the petrogenesis of these rocks, thereby
understanding the tectonic settings and regional tectonic evolution as
well as providing information for models of continental crust
accretion (e.g., Mo et al., 2008; Niu and O'Hara, 2009). However,
there have been only a few studies of this nature so far. On the other
hand, many of the Mesozoic granitoids in South China are highly
evolved, and significant compositional similarity exists among
granitoid suites of temporally different events (e.g., Li et al., 2007).
Furthermore, the lack of effective measure of relative contributions of
crust vs. mantle in magma generation makes the petrogenetic studies
inconclusive. For example, the well studied Fogang granites in South
China have been previously interpreted as S-, I- and A-types by
different researchers (Li et al., 2007 and references therein).

There has also been a continued debate on the nature of tectonic
settings in which these granitoids were emplaced. In the Mesozoic,
there were successive subduction/collision events around the South
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China block. At the southwestern margin, the oblique collision along
Song Ma suture between the Indochina and South China blocks took
place during the Indosinian Orogeny (considered as belonging to the
Tethys orogenic regime) in the Early Triassic (Carter et al., 2001;
Lepvrier et al., 2004). This collision caused the development of nearly
E-W trending compressional deformations in the northern part of the
South China block (Zhang et al., 2009) and NW-WNW- and SE-ESE-
dipping faults and shear zones in the southern part of the South China
Block (Wang et al., 2005c, 2007a), as well as the amalgamation of the
Yangtze (South China) and Sino-Korean (North China) blocks along
the Qinling-Dabie Orogeny (Meng and Zhang, 2000). To the east was
the northwestward subduction of the paleo-Pacific plate beneath the
South China block, probably beginning in the Early Jurassic (Jahn,
1974), as manifested by the widespread (though volumetrically less
abundant on map view) Early Yanshanian granitoids along the coastal
region superimposed by the more abundant Cretaceous granitoids
and volcanic rocks (Fig. 1a; also see Jahn, 1974; Zhou et al., 2006; Chen
etal, 2007; He et al., 2009). However, the exact timing and geological
effects of the Mesozoic tectonic transition from the Tethys orogenic
regime to the paleo-Pacific regime remain poorly constrained. The
major focus of the debate is whether the Early Yanshanian intraplate
continental magmatism in inland South China was genetically
associated with the Tethys orogenic regime, or with the paleo-Pacific
plate subduction. Several tectonic models have been proposed,
including (1) flat-slab subduction of the paleo-Pacific plate during
~250-190 Ma followed by break-off and foundering of the same flat
subducting plate in the Early Jurassic to account for both the
Indosinian magmatism and the Early Yanshanian intraplate magma-
tism (Li and Li, 2007; Li et al., 2007); (2) extension-induced post-
orogenic magmatism following the Indosinian orogeny (Chen et al.,
2002; Wang et al., 2003; Chen et al., 2008b), and (3) far-field response
to the early stage subduction of the paleo-Pacific plate at the eastern
margin (Zhou et al., 2006).

In order to resolve these debates, we choose to study magmatic
rocks in southern Jiangxi province. This is geologically an ideal test
ground because of the spatial coexistence of granites that are well
constrained to be genetically associated with the Indosinian orogen-
esis and a granite-syenite—gabbro rock association that is known to be
temporally and tectonically associated with Early Yanshanian mag-
matism. In this paper, we present the results of a detailed geochemical
study of these rocks, including zircon U-Pb age dating, zircon Hf
isotopic analysis, and whole-rock geochemical analysis. These data
offer new perspectives on the petrogenesis of these rocks and the
Mesozoic tectonic evolution of Southeast China and contribute to the
understanding of granitoid magmatism in general.

2. Geologic background and samples

The South China block has a complex tectonic history, and
comprises two major Precambrian continental blocks: the Yangtze
block in the northwest, and the Cathysia block in the southeast,
divided by the Jiangshan-Shaoxing and Pingxiang-Yushan sutures
(Fig. 1a, Chen and Jahn, 1998; Wang et al., 2003; Zhang and Wang,
2007). The Mesozoic magmatism was mainly concentrated in the
Cathysia block (Zhou et al., 2006). The Cathysia block can be further
divided into the interior (western Cathysia) and coastal (eastern
Cathysia) parts along the Zhenghe-Dapu fault (see Chen and Jahn,
1998). Recently, Xu et al. (2007) proposed that the eastern and
western Cathysia blocks may have different crustal evolution
histories. The former has a basement of dominantly Paleoproterozoic
age (1850-2400 Ma) whereas the western Cathysia block is domi-
nated by crust of Neoproterozoic age with minor Archean to
Mesoproterozoic components.

The study area is located in the western Cathysia block, where
magmatic rocks are abundant and mostly emplaced in the time frame
of the Indosinian and Early Yanshanian periods. The Early Yanshanian

granites, syenites and gabbros may be regarded as constituents of the
Jurassic E-W magmatic belt (Fig. 1a) or previously known as E-W
volcanic belt (Chen et al., 2002; Xie et al., 2006; Chen et al., 2008b).
The Longyuanba complex, situated ~10 km northwest of the Quannan
County, has an outcrop area of ~450 km?. The complex is made up of
biotite granite, two-mica granite and syenite (Fig. 1b). Field mapping
shows two main stages of emplacement: an early stage intrusion of
biotite granite, and a late-stage intrusion of two-mica granite and
Dafengnao syenite. The Pitou complex is intimately juxtaposed to the
Longyuanba complex with an exposure area of >400 km?. It includes
alkali-feldspar granite, amphibole-bearing alkali-feldspar granite and
syenite. These lithologies show gradational relationships as mani-
fested by spatial variation in mineral modal abundances. Both the
Longyuanba and Pitou complexes intruded the Sinian and Paleozoic
pelitic and sandy sedimentary rocks without obvious contact
metamorphism.

The Huangbu syenite is ~3 km southeast from the Longyuanba
complex with an exposure area of ~6 km?, which was emplaced in the
Lower Carboniferous strata (Fig. 1b). The Chebu gabbro is ~15 km
southeast of the Pitou complex, and crops out as a few small intrusions
with a total outcrop area of ~20 km?. They are emplaced within the
Zhaibei granite with irregular shapes. The Chebu body is predomi-
nantly coarse- to medium-grained gabbro, with minor more evolved
pyroxene diorite. The Chenglong gabbro is located ~10 km south of
the Pitou complex, occupies an area of ~5 km?, intruded the Cambrian
strata, and is in turn intruded by Doutoucun granite along its northern
margin (Fig. 1b). For convenience, we call these igneous rocks
altogether as a granite-syenite-gabbro association (GSGA) in the
subsequent discussion. The lithologies and mineral assemblages of
these intrusive complexes/bodies are summarized in Table 1, which
also gives GPS positions of samples used in this study.

Samples were analyzed in different laboratories for mineral major
elements and back scattered electron (BSE) images, zircon U-Pb

Table 1
Lithologies and mineral assemblages of the GSGA in South Jiangxi.

Complex/ Lithology Main minerals Sample location
body (GPS position)

Longyuanba Biotite Or +Qtz + Pl 4Bt LYB03 (N24°53'46"
complex granite E114°23746")
QNO04 (N24°56'59"
E114°30'39")
Two-mica Pl+ Qtz + Or + Ms + Bt LYBO6 (N24°52'21"
granite E114°28'28")
Syenite Prt + Qtz + Mag DFNO1 (N24°55'28"
E114°25'46")
DFN02 (N24°55'21"
E114°26'18")
Pitou Alkali- Prt+ Qtz + Pl + Bt PT04 (N25°00747"
complex feldspar E114°37'37")
granite
Amphibole-  Prt+ Qtz+Amph + PTO1 (N24°56'54"
bearing Pl + Bt E114°43'25")
Alkali- PT02 (N24°57'05"
feldspar E114°45'31")
granite PTO3 (N24°57'39”
E114°43/59")
Syenite Or + Cpx + Bt +Qtz TBO3 (N24°59'13"
E114°45'07")
Huangbu Syenite Or+Amph+Cpx+Qtz+  QNO1 (N24°46'20"
body Bt E114°29/52")
Chebu body Gabbro Pl4 Cpx+ Opx+Amph+  DNO1 (N24°50'30"
Bt + Mag + Qtz E115°02'10")
Chenglong Gabbro Amph + Pl + Bt +Mag + LNO1 (N24°47'48"
body Cpx +Qtz E114°39'12")

LNO2 (N24°47'47"
E114°39'11")

Mineral abbreviation: Amph, amphibole; Bt, biotite; Cpx, clinopyroxene; Mag,
magnetite; Ms, muscovite; Opx, orthopyroxene; Or, orthoclase; Prt, perthite; PI,
plagioclase; Qtz, quartz.



Table 2

Representative microprobe analyses of amphibole and clinopyroxene in the GSGA.
Sample PTO3 TBO3 QN-1
Lithology Pitou amphibole-bearing alkali-feldspar granite Tabei syenite Huangbu syenite
Mineral Amp Amp Amp Amp Amp Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Amp Amp Amp
Spot 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Weight percent
Si0, 40.79 4043 39.45 4022 3975 4765 4810 4894  47.81 49.00 50.41 4958  49.95 50.37 50.08  49.67 50.54 49.79 50.37 4350 4028 4445
TiO, 1.84 1.73 1.21 1.62 1.52 0.76 1.15 0.18 1.48 0.31 0.40 0.44 0.46 0.49 0.45 0.32 0.22 0.38 0.47 1.17 3.08 1.07
Al,05 8.20 8.23 9.01 8.09 8.66 1.81 1.49 0.95 1.29 1.77 0.94 0.90 0.95 0.90 1.04 0.73 0.58 1.00 1.06 5.26 9.62 4.89
FeO" 3089 3146 3204 3177 3183 35.72 36.25 3258 3649 3268 18.89 19.85 19.69 19.23 18.12 20.49 17.75 18.71 17.33 3241 2640 3213
MnO 0.30 0.36 0.56 0.35 0.53 0.74 0.87 0.82 1.19 0.60 0.99 1.21 1.11 1.15 1.23 1.30 1.04 1.12 1.09 1.20 0.86 1.19
MgO 2.14 2.10 1.14 1.68 1.23 2.17 2.77 2.88 2.07 3.30 7.58 6.57 7.11 7.10 7.78 5.92 8.09 7.02 8.44 2.27 4.39 2.58
Ca0 10.40 10.49 10.33 10.49 1046  7.94 6.48 10.43 6.19 10.38 20.85 20.84 2082 20.77 20.66 2066  21.30 20.70  20.96 9.41 1034  9.15
Na,O 223 2.04 1.89 224 1.97 1.53 1.21 1.12 1.33 1.26 0.46 0.49 0.45 0.56 0.53 0.54 0.49 0.59 0.63 2.51 2.50 2.38
K;0 1.15 1.13 1.36 1.17 1.27 0.73 0.62 0.30 0.87 0.41 0.01 bd 0.03 0.01 0.01 0.02 bd 0.01 bd 0.98 1.52 0.87
F 0.66 0.58 0.36 0.55 0.35 0.22 0.21 0.13 0.26 0.23 nd nd nd nd nd nd nd nd nd nd nd nd
Cl 0.36 0.35 0.60 0.33 0.48 0.11 0.05 0.07 0.06 0.08 nd nd nd nd nd nd nd nd nd nd nd nd
Total 9894 9891 9794 9850 98.05 99.38 99.18 98.38  99.04 100.00 100.53 99.88 100.56 10059  99.89 99.66 100.01 99.31 100.33 98.70 9896  98.70
Oxygens 23 23 23 23 23 6 6 6 6 6 6 6 6 6 6 6 6 6 6 23 23 23

Atomic proportions

Si 6.54 6.48 6.42 6.51 6.46  1.98 2.01 2.04 2.01 2.00 1.96 1.95 1.95 1.96 1.95 1.97 1.96 1.96 1.94 6.89 6.29 6.98
Al 1.55 1.55 1.73 1.54 1.66  0.09 0.07 0.05 0.06 0.09 0.04 0.04 0.04 0.04 0.05 0.03 0.03 0.05 0.05 0.98 1.77 0.91
Fe*+ 0.44 0.62 0.67 0.47 052  0.08 0.00 0.00 0.00 0.02 0.05 0.07 0.07 0.05 0.06 0.06 0.07 0.06 0.08 0.80 0.42 0.90
Ti 0.22 0.21 0.15 0.20 019  0.02 0.04 0.01 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.14 0.36 0.13
Mg 0.51 0.50 0.28 0.41 030 013 0.17 0.18 0.13 0.20 0.44 0.39 0.41 0.41 0.45 0.35 0.47 0.41 0.49 0.54 1.02 0.60
Fe?* 3.71 3.60 3.69 3.83 3.80 1.16 1.26 113 1.28 1.09 0.56 0.58 0.57 0.57 0.53 0.62 0.51 0.56 0.48 3.49 3.03 333
Mn 0.04 0.05 0.08 0.05 0.07 0.03 0.03 0.03 0.04 0.02 0.03 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.16 0.11 0.16
Ca 1.79 1.80 1.80 1.82 182 035 0.29 0.47 0.28 0.45 0.87 0.88 0.87 0.87 0.86 0.88 0.89 0.87 0.87 1.60 1.73 1.54
Na 0.69 0.63 0.60 0.70 062 0.12 0.10 0.09 0.11 0.10 0.03 0.04 0.03 0.04 0.04 0.04 0.04 0.05 0.05 0.77 0.76 0.73
K 0.24 0.23 0.28 0.24 026 0.04 0.03 0.02 0.05 0.02 bd bd bd bd bd bd bd bd bd 0.20 0.30 0.17
Cl 0.10 0.10 0.17 0.09 0.13 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd

F 0.33 0.29 0.18 0.28 0.18 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd

Note: bd = below detection limit. nd = not determined. Fe>* in clinopyroxene calculated using the formula of Droop (1987). Ferric iron estimate and nomenclature of amphibole follows the scheme recommended by Leake et al. (1997).
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dating and Hf-isotopes, and whole-rock major and trace element
compositions. See Appendix A for analytical details.

3. Brief petrography and mineralogy
3.1. Longyuanba complex

The Longyuanba biotite granite is gray, medium- to coarse-grained
with a porphyritic texture. Euhedral alkali feldspar occurs as
phenocrysts, which is almost white-coloured on outcrops. The rock
consists mainly of alkali feldspar (orthoclase), quartz, plagioclase
(Anyg_»3) and biotite. Accessory minerals include titanite, apatite, and
magnetite. Undulatory extinction is common in quartz grains,
reflecting some post-crystallization deformation.

The Longyuanba two-mica granite is leucocratic, medium- to
coarse-grained, rarely porphyritic with orthoclase as minor pheno-
crysts. It consists of plagioclase (~35%; Anig_»0), orthoclase (~25%)
and quartz (~30%) with subordinate muscovite (~6%) and biotite
(~4%). Apatite and Fe-Ti oxides are common accessory phases.

The Dafengnao syenite is homogeneous, light pink, and medium-
grained. It is dominated by perthitic alkali feldspar with minor
microcline (~5%) and interstitial quartz (~3%). The main accessory
phases are Fe-Ti oxides, epidote and apatite. Carbonate and chlorite
are present as alteration products of mafic minerals.

3.2. Pitou complex

The alkali-feldspar granite of the Pitou complex is pinkish-gray,
coarse-grained, and equigranular with no apparent preferred textural
orientation. The rock is dominated by perthitic alkali feldspar and
quartz with <10% plagioclase and <5% biotite (the sole mafic phase).
Accessory minerals include magnetite, zircon and apatite.

Pitou amphibole-bearing alkali-feldspar granite is distinguished by
amphiboles as the dominant mafic mineral phase. The rock is light-
gray and coarse-grained, and is dominated by perthitic alkali feldspar
(up to 60%) and quartz with <10% plagioclase and ~4% amphibole,
biotite and allanite. Accessory minerals include magnetite, apatite and
epidote. Amphibole and biotite are apparently late and fill the
interstices between orthoclase and quartz. The amphiboles belong
to the calcic group with Cag>1.5 (see Leake et al.,, 1997; Table 2;
Fig. 2), and can be further classified as Ferro-edenite and hastingsite
(Mg/(Mg + Fe?") =0.07-0.12; Si=6.42-6.54 apfu).

The Tabei syenite is pinkish-gray and porphyritic with 20 to 25%
orthoclase phenocrysts (~3 to 8 mm in size). The groundmass consists
of fine-grained orthoclase (~50%), clinopyroxene (~20%), quartz
(~3%) and biotite (~2%). Accessory phases include minor apatite,
zircon and abundant magnetite. The pyroxene is anhedral and
interstitial, and can be classified as augite and pigeonite, with a
COmpOSitiOn of Wo016_26 En;_11 Fsg3_76 (Flg 3)

1.0 T I
| Diagram parameters: Ca g 1.5; (Na+K), 2 0.5; Ti<0.5
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é; OHuangbu syenite | (Al"zFe®) sadanagaite
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= ferro-edenite hastingsite sadanagaite
0o (AlVI<Fe®)
0 1 1 1
7.5 7.0 6.5 6.0 5.5 5.0 4.5
Siin formula

Fig. 2. Amphibole compositions from the Pitou amphibole-bearing alkali-feldspar
granite and Huangbu syenite (after Leake et al., 1997).
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Fig. 3. Classification of pyroxene from the Tabei syenite and Huangbu syenite (after
Morimoto et al., 1988).

3.3. Huangbu syenite

The rock is darkish-red and medium- to coarse-grained with a
subhedral granular texture. It is dominated by orthoclase (~80%),
amphibole (~10%), augite (~4%) and biotite (~3%). Small quantities of
quartz occur as interstitial grains. Accessory phases include titanite,
apatite and magnetite. Albite occurs locally as patches or veins in
orthoclase, forming perthitic alkali feldspar. Amphibole is bright green
and pleochroic with compositions of ferro-edenite and hastingsite
(Mg/[Mg + Fe**] =0.13-0.25; Si=6.29-6.98 apfu) (Table 2; Fig. 2).
Augite usually occurs as euhedral grains and ranges from augitic to
hedenbergitic compositions (Wo044_45 Enig_»5 Fs31_37) (Fig. 3). Con-
trary to the statements of Li et al. (2003) and Chen et al. (2005), our
data show that there is a lack of sodic pyroxenes or sodic amphiboles,
such as aegirine and riebeckite, in Tabei and Huangbu syenites and
Pitou amphibole-bearing alkali-feldspar granite.

3.4. Chebu and Chenglong gabbros

The Chebu gabbro is dark-gray and shows a medium-grained
gabbroic texture. It mainly consists of plagioclase (~55%; Angg) and
clinopyroxene (30%) with subordinate amphibole, biotite, orthopyr-
oxene and accessory Fe-Ti oxides and apatite. Quartz is less common
and forms interstitial grains. Clinopyroxene forms mostly as subhe-
dral to euhedral grains, and rarely as large poikilitic (up to 5 mm)
crystals.

The Chenglong gabbro is melanocratic, fine-grained and contains
abundant amphibole (~70%), subordinate plagioclase (~20%; Anyq),
minor biotite, titanomagnetite, clinopyroxene, titanite and quartz.
Amphibole is mostly brown and minor green, and is subhedral to
euhedral. The mineral assemblage is similar to the Xialan gabbro in
the eastern Nanling region despite high proportions of Fe-Ti oxides
(Yuetal.,, 2010). In both gabbroic bodies, the rock contains amphibole
and plagioclase as essential minerals. The Chenglong gabbro exhibits
typical cumulate textures, with euhedral amphibole, plagioclase and
Fe-Ti oxides as cumulate phases up to 1-1.5mm in length.
Intercumulus minerals mainly include amphibole, biotite, plagioclase
and quartz. The presence of ~15% intercumulus phases makes it more
appropriate as mesocumulate (see Irvine, 1987).

4. Analytical results
4.1. Zircon U-Pb ages and Hf isotopic compositions

The localities of selected samples for LA-ICP-MS zircon U-Pb
dating and Hf isotopic analysis are shown in Fig. 1b (also see Table 1).
BSE images of representative zircons are shown in Fig. 4. The age
results for samples of these intrusions are available in Electronic Data
Table 1 and graphically shown in Fig. 5. The zircon Hf analyses were
done on the same grains as used for U-Pb dating. Analytical results of
the Lu-Hf isotopic compositions are given in Electronic Data Table 2
and illustrated in Fig. 6. We adopt model Hf ages as either Tpy When
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Fig. 4. Backscatter electron images of representative zircons from Longyuanba biotite granite (a, b) and two-mica granite (c), Pitou alkali-feldspar granite (d), Pitou amphibole-
bearing alkali-feldspar granite (e), Dafengnao syenite (f), Tabei syenite (g), and Chenglong gabbro (h). Circles with enclosed data indicate the spots of Hf isotope analyses, whereas

circles without data indicate the spots of U-Pb dating. The scale bar is 100 pm.

ene(t)>0 or Tpyz When eye(t) <0 in subsequent discussions (Zheng et
al., 2007). In addition, we discuss the results according to rock types in
sequence.

4.1.1. Longyuanba biotite granite

Two samples were selected from the Longyuanba biotite granite
for analyses. Sample LYBO3 is from the central part of the granite body.
Zircons separated from this sample are euhedral and prismatic, up to
200 pm long, and have weak oscillatory zoning (Fig. 4a). They have
highly variable abundances of Th (66-1219 ppm) and U (164-
1663 ppm) and high Th/U ratios (from 0.19 to 2.21). Among the 22
U-Pb analyses, two zircons (LYB0O3-08 and LYB03-24) give older ages
of 596 Ma and 726 Ma respectively, indicating that they are inherited.
The remaining 20 analyses yield 2°°Pb/?28U ages within analytical
errors (237-245Ma) with a weighted mean of 240.7 +1.4 Ma
(MSWD = 0.45; Fig. 5a). Sample QN04 is from the eastern margin of
the granite body. Zircons from this sample are similar to those from
LYBO3, but lack obvious oscillatory zoning (Fig. 4b). Twenty U-Pb
analyses show variably high Th (151-1808 ppm), U (248-650 ppm),
and Th/U (0.49-2.88), and yield a weighted mean 2°°Pb/?38U age of
239.5+ 1.4 Ma (MSWD =0.31, Fig. 5b). This age is the same as that of
LYBO3 within error. So, the age of 240 Ma is interpreted as the best
estimate of the crystallization age for the Longyuanba biotite granite,
i.e,, the intrusion was emplaced in the Middle Triassic.

Sixteen Hf isotopic spot analyses were obtained for LYB03. The
main group of zircons with a 2°°Pb/?*3U age of ~240 Ma show varying
initial "7®Hf/"”’Hf ratios (0.282307 to 0.282393) or gy(t) values

(—8.1 to —11.2) with a weighted mean of —10.2+0.5 (Fig. 6a),
corresponding to Tpy, model ages of 1.79-1.98 Ga. One older zircon
with age of 726 Ma has a gy¢(t) value of —2.4 and Tpy, model age of
1.80 Ga. Zircon Hf isotopic compositions of QN04 show a significant
overlap with those of LYBO3 in both &y¢(t) values and Tpy, model ages
(Fig. 6b). Fifteen analyses yield a narrow range of initial '7SHf/!”’Hf
ratios (0.282347 to 0.282420) or gys(t) values (—7.2 to —9.9) with a
weighted mean of —8.640.4, corresponding to Tpy ages of 1.73-
1.89 Ga.

4.1.2. Longyuanba two-mica granite

Zircons from a representative sample (LYB06) are light brown and
transparent, typically 150-230 ym long and 100-120 pm wide. Most
zircon grains exhibit prismatic and pyramidal crystal faces with well-
developed growth zoning (Fig. 4c). They have high and varying Th (240-
4115 ppm), U (326-4045 ppm), and Th/U ratios (0.09 to 2.87). Of the
21 analyses, one grain (LYB06-03) records an older 2°°Pb/2*8U age of
525 + 8 Ma. Four zircons record 2°°Pb/238U ages of ~240 Ma, which is
the same as the emplacement age of Longyuanba biotite granite. These
~240 Ma zircon grains with sub-rounded shapes are considered to be
introduced by wall-rock contamination during magma ascent, since
the Longyuanba two-mica granite shows the relationship of intruding
the biotite granite. The remaining 16 analyses plot on or in the vicinity of
the concordia curve, and yield 2°°Pb/?38U ages between 173 and 180 Ma.
Fourteen concordant grains define a weighted mean 2°°Pb/238U age of
176.14+1.5 Ma (MSWD = 0.68, Fig. 5¢), which is taken as the crystal-
lization age of the two-mica granite.

Fig. 5. Zircon U-Pb concordia diagrams and weighted mean 2°°Pb/233U ages for Longyuanba biotite granite (a and b) and two-mica granite (c), Pitou alkali-feldspar granite (d), Pitou
amphibole-bearing alkali-feldspar granite (e), Dafengnao syenite (f), Tabei syenite (g), Huangbu syenite (h), Chebu gabbro (i) and Chenglong gabbro (h). The U-Pb isotope data of

Huangbu syenite and Chebu gabbro are from He et al. (2007).
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Fig. 6. Histograms of ey(t) values for zircons from Longyuanba biotite granite (a and b)
and two-mica granite (c), Pitou alkali-feldspar granite (d), Pitou amphibole-bearing
alkali-feldspar granite (e), Dafengnao syenite (f), Tabei syenite (g), Huangbu syenite
(h), Chebu gabbro (i), and Chenglong gabbro (j). The enriched mantle “composition” is
represented by the Yangfang aegirite augite syenite in western Fujian (Wang et al.,
2005a).

Two zircons with the age of ~240 Ma give gy¢(t) values of — 7.7 and
— 8.4 and Tpy, model age of 1.76 Ga and 1.80 Ga, confirming that they
are xenocrystic zircons incorporated from the pre-existing country
rock Longyuanba biotite granite. The main group of zircons with a
206pp/238 age of ~176 Ma have varying initial '7®Hf/!”’Hf ratios
(0.282274 to 0.282450) or eyg(t) values (—7.5 to —13.8) with a
weighted mean of —10.7 £ 0.9 (Fig. 6¢), corresponding to Tpy, model
ages between ~1.70 Ga and 2.09 Ga.

4.1.3. Pitou alkali-feldspar granite

Zircons from a representative sample (PTO4) appear as grain
fragments, up to 200 pm in length, with weak oscillatory zoning
(Fig. 4d). Their high Th/U ratios (0.45 to 1.16) are consistent with the
zircons being of magmatic origin. Sixteen analyses yield 2°°Pb/?*3U
ages mostly between 170 and 180 Ma, with a weighted mean 2°°Pb/
238 age of 177.3+1.4Ma (MSWD=14, Fig. 5d). This age is
interpreted as crystallization age of Pitou alkali-feldspar granite. Six
analyses of Hf isotopic compositions give a weighted mean ey¢(t)
values of —3.34 0.6 (Fig. 6d), and Tpy, model age of 1.43 4 0.04 Ga.

4.1.4. Pitou amphibole-bearing alkali-feldspar granite

Zircons from sample PT03 are transparent, light yellow, larger than
those from amphibole-barren alkali-feldspar granite (sample PT04)
(Fig. 4e). Nineteen analyses for 19 zircons from this sample yield
varying Th/U ratios (0.31 to 2.90), and give 2°°Pb/>38U ages between
174 and 182 Ma. Seventeen concordant analyses give a weighted
mean 2°°Pb/?38U age of 178.6 + 1.5 Ma (MSWD = 0.37, Fig. 5e), which
is taken as the crystallization age for Pitou amphibole-bearing alkali-
feldspar granite. These zircons show a wide range of Hf isotopic
compositions with varying initial '7Hf/"”’Hf ratios (0.282599 to
0.282725) or gy¢(t) values (— 2.3 to 2.2) with a weighted mean of 0 +
0.7 (Fig. 6e), corresponding to Tpy, model ages of 1.08 to 1.37 Ga.

4.1.5. Dafengnao syenite

Zircons in sample DFNO1 are euhedral, stubby, prismatic, and are
100-150 um in size, with some oscillatory zoning (Fig. 4f). Thirty
analyses on 30 zircons show varying Th (212-4476 ppm), U (247-
1983 ppm) and Th/U ratios (0.86-3.15). The bulk of the analyses
(n=18) is tightly grouped and concordant, defining a weighted mean
206pp,238() age of 165.5+1.0Ma (MSWD=0.53, Fig. 5f), which is
interpreted as the crystallization age of the Dafengnao syenite. Fourteen
zircons yield a limited range of initial '7®Hf/!””Hf ratios (0.282848 to
0.282936) or ep¢(t) values (6.3 to 9.4) with a weighted mean of 7.7 - 0.6
(Fig. 6f), corresponding to Tpy model ages of 0.44 Ga to 0.59 Ga.

4.1.6. Tabei syenite

Zircons from sample TBO3 are mostly of stubby/euhedral shape,
pale brown, up to 180 um in size, and generally have oscillatory
zoning (Fig. 4g). A total of 19 analyses on 19 grains give high and
varying Th (108-1435 ppm), U (129-1255 ppm) and Th/U (0.59-
1.68). All the analyses are concordant or nearly so, giving 2°°Pb/2*8U
ages of 175-182 Ma. A weighted mean age of 178.24+ 1.5 Ma
(MSWD=0.37, Fig. 5g) is interpreted as the crystallization age of
this syenite. These zircons show varying initial '"®Hf/!””Hf ratios
(0.282857 t0 0.283027) or eyg(t) values (7.0 to 12.9) with a weighted
mean of 10.0+0.8 (Fig. 6g), corresponding to Tpy model ages of
0.31 Ga to 0.57 Ga.

4.1.7. Huangbu syenite

The zircon U-Pb age data for Huangbu syenite (sample QNO1)
have been described in detail by He et al. (2007). Eighteen analyses of
zircons from this sample yield 2°°Pb/?33U ages of 178-183 Ma, with a
weighted mean age of 179.34+1.0Ma (MSWD=0.62, Fig. 5h).
Thirteen zircons yield varying initial '7SHf/!””Hf ratios (0.282935 to
0.283051) or gye(t) values (9.6 to 13.8) with a weighted mean of 12.44-0.7
(Fig. 6h), corresponding to Tpy model ages of 0.28 Ga to 0.45 Ga.
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4.1.8. Chebu gabbro

A zircon U-Pb age of 175.5 4+ 1.9 Ma has been reported by He et al.
(2007) for Sample DNO1 of the Chebu gabbro (Fig. 5i). These same
zircon grains were analyzed for Hf isotopic compositions, giving
varying initial "7®Hf/"”’Hf ratios (0.282761 to 0.282922) or &u(t)
values (3.4 to 9.1) with a weighted mean of 6.041.0 (Fig. 6i),
corresponding to Tpy model ages of 0.48 Ga to 0.72 Ga.

4.1.9. Chenglong gabbro

Zircons from the sample LNO1 are mostly euhedral, up to 200 pm
in size. Most crystals are transparent and light brown. Euhedral
concentric zoning is common in most crystals (Fig. 4h). A total of 19
analyses on 19 zircons give varying Th/U ratios (0.36 to 2.74).
Seventeen analyses are tightly clustered on or nearby the concordia
curve, yielding 2°°Pb/?38U ages of 180 to 184 Ma. Fifteen concordant
grains define a weighted mean 2°°Pb/?38U age of 18234 1.0 Ma

(MSWD=0.41, Fig. 5j), which gives the best estimate of the
crystallization age of the Chenglong gabbro. Two grains (LNO1-07
and LN01-37) record older 2°°Pb/?38U ages of 225 and 200 Ma. These
reflect the incorporation of xenocrystic zircons, probably incorporated
from slightly older crust during ascent of the magma.

Eleven zircons with a 2°°Pb/?38U age of ~182 Ma have been
analyzed for Hf isotopic compositions, yielding varying initial 176Hf/
177Hf ratios (0.282839 to 0.283067) or gys(t) values (6.4 to 14.4) with
a weighted mean of 10.0 & 1.3 (Fig. 6j), corresponding to Tpy model
ages of 0.26 Ga to 0.59 Ga.

4.2. Major and trace element characteristics

A complete data set of bulk-rock major and trace element analyses
for representative samples from the GSGA and some previously

Table 3

Representative chemical compositions of samples from the GSGA.
Sample LYBO03 LYB06 PTO1 PT04 DFNO1 9702-1° QNO1 DNO1 DNO02 LNO1 LNO2

LBG LTMG PABAG PAG DS TS HS CBG CLG

Major elements (in wt.%)
Si0, 72.49 74.24 72.68 7734 64.11 62.4 61.29 48.72 47.75 43.56 44,93
TiO, 0.33 0.26 0.21 0.14 0.37 0.29 0.59 1.65 1.64 431 4.05
ALO3 12.98 13.74 13.44 11.21 15.21 18.07 16.82 16.37 16.95 11.66 12.13
FeO" 2.56 1.61 2.65 1.49 4.99 448 6.18 11.65 11.70 18.29 17.67
MnO 0.05 0.03 0.06 0.03 0.12 0.1 0.22 0.15 0.14 0.18 0.18
MgO 0.81 0.38 0.01 0.00 0.14 0.28 0.63 8.16 7.62 717 6.77
Ca0 2.15 0.30 0.78 0.57 1.88 0.8 1.82 8.35 8.76 11.27 10.38
Na,O 2.31 2.76 3.27 2.62 494 6.44 5.45 2.72 2.74 2.45 2.51
K,0 4.76 5.61 6.10 5.11 6.06 5.52 6.00 0.96 0.70 0.63 0.88
P,05 0.15 0.15 0.03 0.02 0.04 0.16 0.12 0.32 0.28 0.39 0.44
LOI 0.90 0.99 0.30 1.08 1.96 1.04 0.78 1.20 2.08 1.07 1.03
Total 99.48 100.06 99.55 99.61 99.81 99.90 99.90 100.24 100.36 100.98 100.95
A/CNK 1.01 1.23 1.00 1.03 0.84 1.00 0.90 0.79 0.80 0.46 0.51
A/NK 1.45 1.29 1.12 1.14 1.03 1.09 1.09 2.97 3.22 247 2.39
Trace elements (in ppm)
\ 35.0 174 104 83 7.66 - 2.16 174 187 543 502
Cr 174 6.76 5.83 3.91 27.6 - 13.62 55.9 90 18.36 14.49
Ni 9.41 433 4.07 1.78 115 - 5.70 122 99 79.7 65.2
Ga 16.3 22.5 26.7 21.0 36.7 23.1 224 194 19.6 23.2 233
Rb 267 384 142 295 103 123 114 51.4 424 20.8 30.8
Sr 209 80.8 332 29.1 46.1 142 60.4 326 320 404 463
Y 20.5 12.6 29.7 48.8 143 19.5 33.7 30.5 27.3 31.8 335
Zr 240 163 571 178 138 536 419 190 169 193 222
Nb 16.4 16.3 35.9 27.5 29.0 120 76.0 24.4 21.5 26.2 28.3
Ba 495 375 300 213 177 706 1345 171 143 173 194
Hf 7.61 4,74 135 6.20 3.61 9.99 10.1 522 491 5.86 6.25
Ta 1.75 2.78 3.13 444 1.84 6.35 4.21 1.80 1.55 1.78 1.91
Pb 83.4 383 239 28.9 139 - 11.01 7.15 8.90 5.00 4.40
Th 475 36.7 25.2 26.8 3.96 9.8 444 7.15 6.97 2.15 237
U 13.5 8.62 3.09 8.32 1.15 2.5 1.49 1.88 1.88 0.67 0.67
La 61.6 58.1 131 54.5 26.3 55.7 40.7 22.7 19.5 209 24.4
Ce 111 116 262 108 54.2 87.7 88.8 48.5 42.0 51.7 57.2
Pr 13.6 12.8 275 12.3 6.81 8.77 112 5.98 5.28 7.09 7.76
Nd 47.0 459 96.3 441 26.7 27.6 425 25.3 21.5 32.8 34.7
Sm 7.96 7.62 153 9.18 5.41 432 8.59 5.45 5.26 7.85 8.28
Eu 1.16 0.74 1.67 0.58 1.29 0.84 2.92 1.39 1.45 2.28 242
Gd 5.49 496 10.9 8.04 453 3.61 7.04 5.25 4.75 6.99 747
Tb 0.86 0.49 1.15 1.20 0.54 0.52 1.30 1.05 0.96 133 1.40
Dy 3.87 2.48 6.77 8.21 3.49 3.05 6.63 5.71 5.18 6.47 6.85
Ho 0.73 0.43 1.28 1.75 0.67 0.58 1.27 1.21 1.07 1.27 1.32
Er 2.00 1.12 3.48 5.28 1.87 1.71 3.44 2.98 2.74 292 3.00
Tm 0.37 0.15 0.48 0.75 0.26 0.29 0.66 0.57 0.52 0.49 0.52
Yb 2.21 0.91 3.07 473 1.75 2.09 3.99 3.40 3.07 2.84 2.87
Lu 0.32 0.13 0.50 0.71 0.31 0.35 0.59 0.42 0.41 034 0.36
Eu/Eu” 0.51 0.34 0.38 0.20 0.78 0.63 1.12 0.79 0.87 0.92 0.92
[La/Yb]en 18.79 42,94 28.91 7.77 10.14 18.01 6.89 4.52 430 497 5.75
>_REE 258.33 251.81 561.25 258.97 134.11 197.13 219.69 129.96 113.70 145.29 158.52

Note: LOI: loss on ignition. Eu/Eu* =2 x Eun/(Smy + Gdy); A/CNK = Al,05/[Ca0 + Na,0 + K;,0] (mol%); A/NK= Al,03/[NayO +K,0] (mol%); Abbreviations: LBG—Longyuanba
biotite granite; LTMG—Longyuanba two-mica granite; PABAG—Pitou amphibole-bearing alkali-feldspar granite; PAG—Pitou alkali-feldspar granite; DS—Dafengnao syenite; TS—

Tabei syenite; HS—Huangbu syenite; CBG—Chebu gabbro; CLG—Chenglong gabbro.
2 Data from Chen et al. (2005).



630
™ |V Longyuanba biotite granite (a)
161 A\ Longyuanba two-mica granite
O Pitou alkali-feldspar granite
L | @ Pitou amphibole-bearing
alkali-feldspar granite Syenite
=~ 12 [] Dafengnao syenite
o\o_ B 4 Tabei syenite
E L [ Huangbu syenite
5 + Chebu gabbro
XN 8[| X chenglong gabbro
+ .
- Foid
2(\1 gg;abr
Pz 41
0 | NI NI T TN T SR R T B W'
40 50 60 70 80
SiO, (wt.%)
1.0 . L] O
() D% o
B . e
o o o " Ye
09 o, o
6 -
()]
E 08— ferroan
o
(0]
L .
= 0.7F magnesian
o
[0] -
L
0.6
05 1 | 1 | 1
50 60 70 80
SiO, (Wt.%)

Z.-Y. He et al. / Lithos 119 (2010) 621-641

2.0
- (b)
= - metaluminous peraluminous,
‘—é -
— 15—
gl ¥
s L
! &A
©
z L
Oz 1.0
=z peralkaline ¢
_||||I||||||||I||||
0'50 0.5 1.0 1.5 2.0
AlLO,/[Ca0+NajO0+K, 0] molar
2000
1000_—S COLG (d)
£ Syn-
c v/ WPG
E 100:—
o E
o C
= C
o n
10
- VAG ORG
| Ll Ll
! 1 10 100 1000 2000
(Y+Nb) ppm

Fig. 7. (a) The total alkali vs. silica (TAS) diagram (after Middlemost, 1994) used for the classification of the GSGA samples. (b) Chemical compositions of felsic units of the GSGA in
terms of alumina saturation. (c) FeQ"/[FeO" + MgO] vs. SiO, diagram for felsic units of the GSGA (after Frost et al., 2001). (d) Rb vs. (Y -+ Nb) discrimination diagram after Pearce et al.
(1984). Abbreviations: VAG, volcanic arc granites; syn-COLG, syn-collisional granites; ORG, ocean ridge granites; WPG, within-plate granites.

published data are listed in Electronic Data Table 3, and an abbreviated
version with representative analyses is provided in Table 3.

All the granite samples of the GSGA show high SiO, (between
71.44 and 77.34 wt.%), and plot in the granite field on the total alkali-
silica (TAS) diagram (Fig. 7a). These rocks have relatively high total
alkalis with K,0 + Na,O ranging from 7.07 to 9.80 wt.%. Fig. 7b shows
the compositions of the granites in terms of their molar ratios of
Al,05/[Ca0 + Na,0 + K,0] (A/CNK) and Al,03/[Na,0 + K;0] (A/NK).
Based on these ratios, the Longyuanba biotite granites and two-mica
granites are peraluminous (A/CNK=1.01-1.23) except for one Long-
yuanba biotite granite sample that is metaluminous (0.96), whereas
the Pitou alkali-feldspar granites and amphibole-bearing alkali-
feldspar granites straddle the boundary between metaluminous and
weakly peraluminous (A/CNK=0.94-1.07). Following Frost et al.
(2001) (Fig. 7c), the Longyuanba biotite granites and two-mica
granites belong to magnesian granites with low FeO'/[FeO" 4+ MgO]
(0.73-0.82). In contrast, the Pitou alkali-feldspar granites and
amphibole-bearing alkali-feldspar granites are rich in iron relative
to Mg with high FeO"/[FeO + Mg0] (0.90-1.00), and plot in the broad
field of ferroan granites (see Frost et al., 2001). In the Rb vs. (Y + Nb)
plot (Fig. 7d), the Longyuanba biotite granites and two-mica granites
fall in the syn-collisional granite field, whereas the Pitou alkali-
feldspar granites and amphibole-bearing alkali-feldspar granites are
assigned to the within-plate granite field.

Both high and low FeO'/[FeO" +MgO] granites show similar
chondrite-normalized REE patterns with relative enrichment of
LREE over HREE and significant negative Eu anomalies (Fig. 8a). The
[La/Yb]cn values are higher in Longyuanba biotite granites and two-
mica granites (19-43) than in Pitou alkali-feldspar granites (8-14).
The Pitou amphibole-bearing alkali-feldspar granites have highest

total REE (D_REE=429-718 ppm), higher than both Longyuanba
biotite/two-mica granites and Pitou alkali-feldspar granites, and have
a uniform [La/Yb]cy (24-30). In the primitive mantle-normalized
trace element diagram (Fig. 8b), they are all characterized by negative
Ba, Nb and Ta anomalies and marked depletion in Sr, P and Ti. But the
Pitou amphibole-bearing alkali-feldspar granites are distinctly more
enriched in HFSE (i.e., Nb, Zr and Hf) and LREEs (i.e., La, Ce, Nd and
Sm) than other granites.

The Huangbu, Tabei and Dafengnao syenites are silica over-
saturated rocks containing quartz, with varying SiO, (60.79 to
68.75 wt.%). They all have high K,0 + Na,O (10.19-12.08 wt.%), and
plot in the alkaline field on the TAS diagram (Fig. 7a). Most of these
samples are metaluminous (Fig. 7b), while three samples of Tabei
syenite are peralkaline with lower A/NK values (0.88-0.98). They all
show high K, plotting in the shoshonite field in both K,0-SiO, and
K;0-Na,O diagrams (Fig. 9). All the three syenite bodies show
variably elevated REE abundances but similar REE patterns with [La/
Yb]cn values ranging from 5 to 18 (Fig. 8c). Also, they display distinct
negative or positive Eu anomalies (Eu/Eu™: 0.30 to 1.82), which likely
reflect fractionation or accumulation of plagioclase feldspar. On
primitive mantle-normalized trace element diagrams, these syenites
show enrichments in some elements such as K, Nb, Ta, Zr and Hf, but
depletion in Sr, P and Ti, which are distinctly different from the
Triassic Yangfang aegirite augite syenite in western Fujian (Fig. 8d).
They also exhibit large variations in trace element abundances,
particularly for Rb, Ba, Th, U, Nb and Ta in Huangbu and Tabei syenites
characterized by positive or negative anomalies relative to other
similarly incompatible trace elements (e.g., Nb vs. Th and Ta vs. U).
The Tabei syenite lacks positive Pb anomaly, which is conspicuous in
both Huangbu and Dafengnao syenites.
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Samples of Chebu and Chenglong gabbros both contain quartz. The
Chebu gabbros have higher SiO, (45.65-52.91 wt.%) than Chenglong
gabbros (43.56-44.93 wt.%) likely because of Ti-Fe oxide accumulation
and data closure effect (see Table 3). On the TAS diagram (Fig. 7a), most
of the Chebu gabbros fall within the subalkaline field. However, the
Chenglong gabbros plot in the alkaline field because of their low SiO,.
They all have low KO (0.62-1.50 wt.%) and very low K,O/Na,O
(<0.5) (Fig. 9). Their variably high MgO (4.98-8.16 wt.%), FeQ" (7.41-
18.29 wt.%), Ni (65.2-141 ppm) and Cr (14.5-89.8 ppm) are consistent
with their mafic nature and with their being derived/evolved from
mantle melts (Wilkinson and Le Maitre, 1987). They have high total REEs
(93-170 ppm), and light REE enrichment (i.e., [La/Sm]cy>1) with small
to negligible Eu anomalies (Eu/Eu™: from 0.68 to 1.01 for Chebu gabbros
and 0.92 for Chenglong gabbros) (Fig. 8e). Their primitive mantle-
normalized trace element systematics (Fig. 8f) resemble, to a certain

extent, ocean island basalts (OIB) although we are aware that gabbros
may not be melt, but cumulate and they can have melt-like (but not
melt) compositions because of incompatible element concentration in
trapped interstitial melt (Niu et al, 2002). Nevertheless, the Chebu
gabbros have higher Th, U and Pb and lower Nb and Ta than OIB,
suggesting the possibility that they may have derived from OIB-like
mantle melt with the latter being mixed with a high Th, low Nb magma
or contaminated by crustal material. Small anomalies in Ba, Sr, P and Eu
are consistent with these rocks being cumulate (e.g., the effect of
fractionation/accumulation of plagioclase and apatite).

4.3. Sr and Nd isotopic compositions

Sr and Nd isotope data for whole-rock samples of the GSGA are
given in Table 4. Fig. 10 shows the data in exq(t) vs. [37Sr/2Sr]; space.
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The Longyuanba biotite granite and two-mica granite have very
similar Sr and Nd isotopic compositions with [7Sr/%6Sr]; ranging from
0.71777 t0 0.72910, eng(t) from —12.0 to — 13.7, and TR, from 1.98
to 2.08 Ga. These data are comparable with those from Triassic
Darongshan cordierite granites (Hsieh et al.,, 2008) and Indosinian
strongly peraluminous granites in Hunan Province (Wang et al.,
2007b), which are typical Mesozoic S-type granitoids in South China.
The initial 87Sr/35Sr ratios are ~0.70978-0.70980 for the Pitou alkali-
feldspar granites, and ~0.70888 for the Pitou amphibole-bearing
alkali-feldspar granites. The enq(t) values of Pitou alkali-feldspar
granites range from —5.4 to —6.4, and about —4.2 for the Pitou
amphibole-bearing alkali-feldspar granites. These rocks have rela-
tively younger TR{)» ages of ~1.5 Ga and 1.3 Ga, respectively.

The Chenglong gabbro has the highest enq(t) value (+5.2) within
the GSGA and low initial 87Sr/2Sr ratio of 0.70476. The Chebu gabbros
have relatively lower gyq(t) values of —0.8 to 1.0 and higher [¥7Sr/
865r]; ratios of 0.70645 to 0.70820. The Dafengnao, Tabei and Huangbu
syenites have similar Sr-Nd isotopic compositions (Fig. 10). They have
large variations in both [7Sr/36Sr]; (0.70279-0.71076) and &nq(t)
(0.1-3.6). Some samples show no anticipated inverse [87Sr/26Sr]; vs.
ena(t) correlation (Fig. 10), which could be caused by post-
emplacement mobilization of Sr (Li et al., 2003), but are more likely
inherited from magma sources and source histories. Overall, the Sr-
Nd isotopic compositions of these gabbroic and syenitic rocks can be
compared with those of the Early Yanshanian mafic rocks in South
China (Xie et al., 2006; Chen et al., 2008b; Wang et al., 2003, 2005b,
2008b; Yu et al., 2010) (Fig. 10).

5. Discussion
5.1. Genetic type of the granites

The four granite units (i.e., the Longyuanba biotite granites and
two-mica granites; the Pitou alkali-feldspar granites and amphibole-
bearing alkali-feldspar granites) all have high 10%x Ga/Al and high
Zr+Nb+Ce+Y, and plot in the field of A-type granite in general
(Whalen et al., 1987; Fig. 11a and b). It should be noted, however, that
these discrimination diagrams are ineffective for highly evolved
granites, which typically have higher values of these parameters (Eby,
1992; King et al,, 2001). Nevertheless, distinctions among the four
granite units do exist in important aspects:

(1) The 10*xGa/Al of Pitou alkali-feldspar granites and Long-
yuanba biotite granites and two-mica granites show a scattered
yet increasing trend with increasing Rb, whereas the Pitou
amphibole-bearing alkali-feldspar granites have high 10%x Ga/
Al but low Rb (Fig. 11c). This is consistent with varying extents
of fractionation for the former three granite units whether they
are - or S-types. In contrast, the A-type-like characteristics of
Pitou amphibole-bearing alkali-feldspar granites may be
primary.

(2) The decreasing Eu/Eu* (or negative Eu anomalies) with

decreasing Sr is consistent with feldspar removal, especially

plagioclase, during magma evolution (Niu and O'Hara, 2009)

for all granite units with the exception of 3 Pitou amphibole-

bearing alkali-feldspar granite samples (Fig. 11d).

The Longyuanba biotite granites and two-mica granites have

high P,0s, whereas Pitou alkali-feldspar granites have low

P,0s, which decreases further with increasing SiO, or extent of

fractionation (i.e., apatite removal; Fig. 11e). This is an

important criterion to distinguish between I-type and S-type

granites for highly evolved samples (Chappell, 1999).

The Pitou alkali-feldspar granites have very high Y (from 48.8

to 53.5 ppm), whereas the Longyuanba biotite granites and

two-mica granites have substantially lower Y (11.4 to

20.5 ppm; Fig. 11f). These are also consistent with the

anticipated differences between I- and S-type granites for

highly evolved samples. We expect that low Y (hence low

HREEs or high [La/Yb]y and [Sm/Yb]y; Fig. 8a) of highly evolved

S-type granite is consistent with the removal of garnet as a

liquidus phase during early stage of S-type granite evolution.

(3

—

(4

—

On the other hand, the four granite units are very different in their
mineralogy, especially in mafic minerals (Table 1). The Longyuanba
biotite granite and two-mica granite contain biotite 4+ muscovite as
Al-rich minerals. In the alkali-feldspar granite of the Pitou complex,
feldspars are mainly perthitic alkali feldspar. Whereas Pitou amphi-
bole-bearing alkali-feldspar granite contains amphiboles as the
dominant mafic mineral phase, and late amphibole and biotite are
found filling the interstices between orthoclase and quartz. Integrat-
ing these petrographic distinctions with geochemical differences, we
conclude that the Longyuanba biotite granites and two-mica granites
are evolved S-type granites, whereas the Pitou alkali-feldspar granites
are evolved I-type granites. As to the Pitou amphibole-bearing alkali-
feldspar granites, we propose that they could be classified as A-type
granites. Furthermore, they have high Nb, Ta, and low in Y/Nb ratios
(0.83-1.14), thus can be further classified as A;-type granites (Y/
Nb<1.2) according to Eby (1992).

5.2. Origin of the S-type granite units and the nature of the western
Cathysia crust

As discussed above, the Longyuanba biotite granite and two-mica
granite are best interpreted as S-type granite despite their different
emplacement ages. Furthermore, their S-type affinity is confirmed by
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Table 4
Sr and Nd isotopic compositions of samples from the GSGA.

Sample Age (Ma) Rb(ppm) Sr(ppm) 57Rb/®Sr ®7Sr/%%sr 20

(875r/%6sr);  Sm(ppm) Nd(ppm) '4’Sm/'*Nd '#>Nd/'**Nd 20 e&ng(t)

Tom(Ga) Thi (Ga)

Longyuanba biotite granite

YQ-7° 240 294 149 5614 0736933 11 0.71777 6.87 46.8 0.0920 0511861 12 —12.0 1.61 1.98
YQ-43* 240 445 123 9815 0751658 11 0.71815 6.98 39.5 0.1116 0511829 11 —132 1.97 2.08
Longyuanba two-mica granite
YQ-57° 176 403 102 12.37 0.760051 12 0.72910 9.29 54.6 0.1079 0511833 11 —13.7 1.89 2.08
Pitou alkali-feldspar granite
9704-1° 178 136 63.5 5784 0724415 18 0.70978 8.69 419 0.1256 0512229 18 —64 159 1.48
9705° 178 242 464 1534 0.748624 20 0.70980  10.98 58.5 0.1138 0512263 26 —54 1.35 141
Pitou amphibole-bearing alkali-feldspar granite
PTO3 178 163 87.6 5.38 0722509 10 0.70888 162 101 0.0969 0.512306 6 —42 110 1.31
Dafengnao syenite
DFNO1 165 116 56.6 5.920 0.723725 11 0.70984 7.09 379 0.1131 0.512666 12 23 074 0.77
Tabei syenite
GN22-2¢ 178 83 41.0 5820 0718298 16 070357 1220 66.4 0.1111 0.512581 8 0.8 085 0.90
GN22-5¢ 178 83 52.3 4600 0714651 16 070301  25.10 126.0 0.1204 0.512580 9 0.6 093 0.92
GN22-6° 178 84 39.7 6130 0718323 16 070281  23.10 114.0 0.1225 0.512559 9 0.1 099 0.95
9701-3> 178 69.7 523 0393 0705172 14 0.70418 6.99 38.0 0.1114 0512694 15 3.0 068 0.72
9702-1° 178 130 159 2427 0711916 15 0.70577 459 29.5 0.1158 0512719 21 34 067 0.69
Huangbu syenite
GN16-1° 178 126 481 7570 0723552 20 0.70439 9.00 435 0.1251 0.512618 6 12 092 0.86
GN16-3¢ 178 97.5 486 5.80 0.718889 35 0.70421 6.14 33.0 0.1125 0.512687 6 29 0.70 0.73
GN16-5° 178 80.2 466 4980 0717849 10 0.70525 5.09 24.8 0.1241 0.512734 7 35 071 0.68
GN16-7¢ 178 138 259 1540 0.745800 15 070683  12.10 60.5 0.1209 0.512611 5 12 089 0.87
GN16-10° 178 137 476 8.32 0723849 17 0.70279 8.63 39.9 0.1307 0.512643 6 1.6 093 0.83
GN16-11¢ 178 85.3 58.0 425 0.716893 13 0.70614 6.34 31.8 0.1205 0.512734 7 3.6 068 0.67
Chebu gabbro
DLX3¢ 175 432 313 0399 0707630 13 0.70664 5.50 226 0.1471 0.512630 7 1.0 1.19 0.88
DLX10¢ 175 136 406 0970 0710612 14 0.70820 474 192 0.1493 0.512636 9 1.0 122 0.88
GN29-1° 175 65.1 267 0705  0.708413 18 0.70666 460 18.6 0.1495 0512613 10 0.6 128 0.92
GN29-4° 175 58.7 264 0643  0.708105 17 0.70651 410 17.0 0.1458 0512567 13 —02 131 0.98
GN29-5¢ 175 52.5 263 0577  0.707955 14 0.70652 484 204 0.1434 0512537 12 —08 1.33 1.03
99CBO2¢ 175 58.8 307 0.554 0707825 13 0.70645 5.09 222 0.1384 0512569 13 0.0 097 1.18
Chenglong gabbro
LNO1 182 16.0 396 0117 0705059 10 0.70476 7.65 31.0 0.1493 0512846 13 52 0.72 0.55
¢ Data from Zhang et al. (2006).
b Data from Chen et al. (2005).
¢ Data from Li et al. (2003).
4 Data from Xie et al. (2005).
€ Data from Hsieh et al. (2008).
the extremely low bulk-rock enq(t) and zircon eyg(t) and high [37Sr/
865r];, which is similar to S-type Darongshan cordierite granites and
< Congyuanba biotis grane strongly peralummqus granlte§ in Hunan .(Flg. 10.). As per Chappell
Early Yanshanian A Longyuanba two-mica granite (1999), S-type granite was derived by partial melting of supracrustal
mafic rocks O Pitou alkali-feldspar granite rocks that have undergone some extent of weathering. Indeed, major
) @ Pitou amphibole-bearing components of crustal basement beneath the western Cathysia block
O oarenonae e are metamorphosed sedimentary rocks of late Neoproterozoic age,
Tabei syenite I which are ideal source material for the S-type granite (Xu et al., 2007;
Sn & Huangbu syenite Yu et al., 2007 and references therein). The metamorphic basement
& 4l ° A-type granites |+ Chebu gabbro exposed near the study area includes Tanxi gneisses in the Nanxiong
/ X Chenglong gabbro . . . . . .
o) M — region and Xunwu gneisses in the Dingnan-Xunwu region. Zircon U-
s tavr Pb age and Hf isotope studies show that their protoliths are
-8f peraluminous granites dominated by Neoproterozoic meta-sedimentary rocks (Yu et al,
I EMI B EMU 2007; Wang et al., 2008a). This is consistent with the inherited zircons
L of 596 Ma and 726 Ma in sample LYBO3 of Longyuanba biotite granite.
14 . . . V.. 9 However, we cannot rule out the presence of older basement rocks as
0705 0710 0715 0720 0725  0.730 implied by the older Nd and Hf model ages (Table 4 and Electronic
[¥'sr/*sr), Data Table 2). In this context, it is important to emphasize that model

Fig. 10. ena(t) vs. [¥7Sr/%6Sr]; diagram for the GSGA rocks. Also shown are calculated
binary mixing curves between possible end-members. Sample LNO1 (Chenglong
gabbro) represents the depleted mantle (A), lithosphere mantle (B) is represented by
the Yangfang aegirite augite syenite in western Fujian (Wang et al., 2005a), YQ-57
(Longyuanba two-mica granite) represents crustal melt (C). Tick marks represent 10%
intervals. Also illustrated for comparison are fields of Early Yanshanian mafic rocks (Xie
et al., 2006; Chen et al., 2008b; Wang et al., 2003, 2005b, 2008b; Yu et al., 2010) and A-
type granites from Southeast China (Li et al., 2003; 2007; Zhu et al., 2008) as well as
Triassic Darongshan cordierite granites and Hunan S-type strongly peraluminous
granites (Wang et al., 2007b; Hsieh et al., 2008). See text for discussion.

ages are calculated from whole-rock Nd and zircon Hf isotopic
compositions, whose values are, to a first order, the result of mixing of
two more isotopically extreme lithologies involved or encountered
during granitoid magmatism on land. If mantle input (heat and mass)
is required for crustal melting and granitoid magmatism, as we argue
below, then the mantle component would be more radiogenic (i.e., high
positive eng(t) and eye(t) values) whereas the pre-existing crustal rocks
would be less radiogenic (i.e., low and more negative eyq(t) and epg(t)
values). As a result, the crustal end-member would have even



634

1.4
(a)
121
o)
5 A
= 10} -t
=z ’ o gras;]Fi)tee
< o £
p M- 1, V|V
Z s andS-type
granite
04; S S
10*xGa/Al
4.0
()
Fractionation
3.5 ©)
= O
<
3 ° a®
R 3.0 v
251
v
O
2.0 | | |
100 200 300 400 500
Rb (ppm)
0.20 N
v (e)
S-type trend
0.15 V A
g A
g 0.10 © O
o 0
o Y
()
0.05- ® PY I-type trend
e ©
O
| | | |
70 72 74 76 78 80
SiO, (Wt.%)

Z.-Y. He et al. / Lithos 119 (2010) 621-641

50
ol (b)
A
o 20t )
3 Fract_lonated P
o Granite o
= 10} ¢ o
Q f v °
© VO
z [
s A-type
2 M-, I-, W granite
= and S-type
- granite
N N s s M|
100 200 300 500 1000 2000
[Zr+Nb+Ce+Y] (ppm)
0.6
(d)
L v
Vv
0.4 o
4)(: v
w v
: o
- 10
0.3 Q ki Y,
O O 30
P
40
Fractionation
02 ﬂ 1 1 1 1 1 1 I 1
20 100 300
Sr (ppm)
60
(f)
O I-typetrend
s0- O O= =
4
€ o @
Q. Y
e ™
> 30
20
S-type trend
10 | | | | |
70 76 78 80
Si0, (wt.%)

Fig. 11. Variation diagrams for the GSGA granites. (a) 10% x Ga/Al vs. (Na + K)/Al (atomic) (after Whalen et al., 1987); (b) [Zr 4+ Nb + Ce + Y] vs. (Na,0 + K,0)/Ca0 (after Whalen et
al., 1987); (c) 10%x Ga/Al vs. Rb; (d) Eu/Eu* vs. Sr. Mineral vectors calculated according to partition coefficients compiled in Rollinson (1993); (e) P,0s vs. SiO5; () Y vs. Si0,. The

trend of I- and S-type granites follows Chappell (1999). Symbols are same as in Fig. 7.

more negative enq(t) and eyg(t) values and the model ages should be
even older than the calculated model ages. Likewise, the “mantle input
member” would have even more positive eng(t) and gye(t) values, and the
model ages should be even younger (Zhu et al., 2009). This analysis means
that older basement rocks are likely present in the western Cathysia block
even though they have not yet been directly observed and sampled.

As shown in Fig. 12, zircons from the Longyuanba biotite granite and
two-mica granite all plot in the Neoproterozoic band of crustal
evolution. So the Paleoproterozoic Hf model ages (1.7-2.1 Ga) of the
samples should be an average age which resulted from mixing of
continental materials of different ages. Likewise, their Paleoproterozoic
(2.0-2.1 Ga) Nd model ages (Table 4) also reflect a similar mixing effect

on bulk-rock eng(t) values. So, it is not unreasonable to say that the
basement rocks of the Cathysia block may be of Paleoproterozoic age
(Chen and Jahn, 1998), but we emphasize that Archean basement rocks
may indeed exist although they are yet to be recognized.

5.3. Relative contributions of crust and mantle to the petrogenesis of I-
and A-type granite units

The I-type Pitou alkali-feldspar granites are ferroan, dominantly
metaluminous, and have high HREEs, low [37Sr/%%Sr]; and high bulk-
rock eng(t) and zircon eyg(t) relative to the S-type Longyuanba
granites (Fig. 10 and 12). To explain the origin of I-type granites,
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Chappell and White (1974) suggested the model of partial melting of
mafic to intermediate meta-igneous crustal rocks that had not
experienced surface processes. Recently, the integrated in situ U-Pb,
Hf, and O isotope study of zircons from granites has demonstrated
that I-type granite may be formed by mixing of sedimentary materials
and mantle-derived magmas instead of remelting ancient meta-
igneous crustal rocks (Kemp et al., 2007; Zhu et al., 2009). The isotope
data of Pitou alkali-feldspar granite favor this interpretation. As
mentioned above, the western Cathysia block is dominated by crust of
Neoproterozoic age with minor Archean to Mesoproterozoic compo-
nents. The exposed metamorphic basements of Tanxi gneisses and
Xunwu gneisses in the study area are Neoproterozoic meta-sedimen-
tary rocks, and components of these rocks are mainly Grenville and
Neoarchean clastic materials as well as some Mesoproterozoic and
minor late Neoproterozoic and Mesoarchaean components. The Hf
and Nd model ages of the Pitou alkali-feldspar granite (1.41-1.46 Ga
and 1.41-1.48 Ga respectively, Table 4 and Electronic Data Table 2)
are younger than those of the Longyuanba S-type granites which may
represent an average age of ancient reworked crustal rocks. We thus
suggest that the Pitou alkali-feldspar granite was likely produced by
mixing of higher proportions of juvenile mantle-derived melts with
the existing older crustal materials.

The Pitou amphibole-bearing alkali-feldspar granite is a ferroan
granite (see Frost et al., 2001). The samples have high Ga/Al and Zr +
Nb+Ce+Y and low Rb and Sr, and exhibit A-type-like granite
characteristics (Whalen et al., 1987; Eby, 1992). They also have
highest bulk-rock &nq(t) and zircon eug(t) and lowest [7Sr/25Sr];
among the studied granitic units. Additionally, their Hf and Nd model
ages are relatively young (1.08-1.37 Ga and 1.31 Ga respectively)
(Table 4 and Electronic Data Table 2). Therefore, similar to the Pitou
alkali-feldspar granite, a Neoproterozoic crustal source mixed with
even higher proportions of mantle-derived melts best explains the
petrogenesis of the Pitou amphibole-bearing alkali-feldspar granite.
The mantle-derived melts required in their petrogenesis were most
likely of asthenospheric origin as further manifested by zircon eyg(t) >
0 afforded by some Pitou amphibole-bearing alkali-feldspar granite
samples (Griffin et al., 2002; Zhu et al., 2009).

A simple mass balance calculation shows in exg(t) vs. [37Sr/36Sr];
space a mixing curve (Fig. 10, curve AC) by using the Longyuanba two-
mica granite as the crustal component and the Chenglong gabbro as
representing the depleted mantle end-member. The results indicate
that the I-type Pitou alkali-feldspar granite can be produced
isotopically by mixing of ~45% of mantle-derived melt with crustal
melts, while ~55% mantle-derived melt is required to explain the A-
type Pitou amphibole-bearing alkali-feldspar granite. Thus, the

mixing of different proportions of asthenospheric mantle-derived
melt with crustal melts can account for granitoid melts parental to the
coexisting I-type and A-type granites in South China.

5.4. Origin of the melts parental to gabbros and syenites and implications
for the nature of mantle source

Like all gabbros, the Chenglong gabbros are likely cumulate rocks
from mantle-derived basaltic magmas. This interpretation is consis-
tent with the mantle isotopic signatures of the gabbroic samples, i.e.,
high bulk-rock eng(t) (>0, 5.2) and high zircon gy¢(t) (>0, 6.4 to 14.4).
The straightforward explanation is that the basaltic magmas parental
to the gabbros were derived from isotopically depleted astheno-
sphere. Furthermore, the incompatible element enriched signature
(e.g., [La/Sm]cn>1) suggests that the parental basaltic magmas are
consistent with low-degree melting of somewhat metasomatized
source. Such low-degree partial melting of an asthenospheric source is
tectonically compatible with a continental rift setting (e.g., Scarrow et
al., 1998; Xu et al., 2005; Hollanda et al., 2006). In addition, the
Chenglong gabbro has the most radiogenic Nd and Hf isotope
compositions so far recorded for Mesozoic igneous rocks in South
China (Xie et al., 2006; Wang et al., 2003, 2005b, 2008b; Li et al., 2009;
Yu et al, 2010). Its eyf(t) and enqg(t) values are especially higher
than those of Qinghu quartz monzonite from southeastern Guangxi
(enf(t) =11.1-12.4; eng(t) =4-5; calculated for 160 Ma), which was
suggested to represent the Mesozoic depleted mantle end-member of
South China (Chen and Jahn, 1998; Li et al., 2009). Thus, the isotopic
composition of Chenglong gabbros may be considered as the best
estimates of the Mesozoic depleted mantle source beneath South
China.

The enq(t) values of Chebu gabbro show a large variation (from + 1
to —0.8; Table 4), and the zircon gy¢(t) values also vary (from 3.4 to
9.1; Electronic Data Table 2) with almost 6 &y units, which is
consistent with open-system magma chamber processes at the crustal
level. That is, the asthenospheric mantle-derived basaltic melt
parental to the Chebu gabbro may be mixed with crustal components,
producing the observed isotopic variability in the resultant gabbros.

Like the Chenglong and Chebu gabbros, all the syenite units
(Huangbu, Tabei and Dafengnao) have depleted Sr-Nd-Hf isotopic
features with positive eng(t) and epe(t) values, suggesting their
parental melts are mantle-derived alkali-rich melts, most likely
shoshonitic melts, genetically associated with partial melting K-rich
metasomatized lithospheric mantle with hydrous phases such as
amphibole or phlogopite (e.g., Turner et al., 1996; Scarrow et al., 1998;
Conceicao and Green, 2004; Conticelli et al., 2009). However, as
suggested by Wang et al. (2005a) and Wang et al. (2008b), the
subcontinental lithospheric mantle of South China is isotopically of
EM-II type, and can be represented by the Yangfang aegirite augite
syenite in western Fujian with an enriched isotopic signature (e.g.,
low bulk-rock eng(t) of —9.2 to —10.6, high bulk-rock [87Sr/26Sr]; of
0.7107-0.7123 and low zircon gyg(t) values of —7.5 to —11.1) (also
see Electronic Data Table 2; Figs. 6 and 10). We thus suggest that these
syenites were likely produced by interaction of asthenosphere melts
with metasomatized mantle lithosphere. In terms of Sr-Nd isotopes,
the melts parental to the syenites might be derived from mixing of
predominantly (~95%) depleted-asthenosphere-derived magmas
with ~5% melts from enriched lithospheric mantle (Fig. 10; curve
AB). The syenites resulted from significant fractional crystallization
from these mantle-derived melts, giving rise to the highly evolved
nature such as low MgO, Ni, Cr and high SiO,. Additionally, the wide
range of exq(t) and [87Sr/%Sr]; in each syenite body and a rough
negative correlation of eyq(t) with SiO, and LILE/HFSE ratios (e.g., K/
Nb, Th/Nb and Th/La) (Fig. 13 shows Th/Nb variations) provide
evidence for crustal contamination (e.g., Hollanda et al., 2006;
Koszowska et al., 2007). Indeed, crustal assimilation is a natural



636 Z.-Y. He et al. / Lithos 119 (2010) 621-641

4.0

35 ©

2.5

1.5F

1.0 | O Dafengnao syenite
Tabei syenite
0.5 | © Huangbu syenite

1 1
0.05 0.10 0.15 0.20 0.25

Th/Nb

Fig. 13. Plot of &yq(t) value vs. Th/Nb ratio for the Dafengnao, Tabei and Huangbu
syenites.

consequence of fractional crystallization dominated crustal level
magma chamber processes (i.e., the AFC processes; DePaolo, 1981).

The lithospheric mantle is compositionally depleted in a melt
component and thus physically buoyant. These physical and chemical
properties facilitate the longevity of the lithosphere in isolation from
the convective asthenosphere. On the other hand, because of low-
degree melt metasomatism over its history, the mantle lithosphere in
most cases has been refertilized and is thus enriched in volatiles,
incompatible elements as well as isotopes (e.g., O'Reilly and Griffin,
1988; McKenzie, 1989; Rimo et al., 2003; Pilet et al., 2008). The
isotopically enriched material mostly occurs as metasomatic veins or
veinlets (e.g., Helvaci et al., 2009). The mantle lithosphere metaso-
matism beneath South China might be genetically associated with an
ancient subduction event or may have undergone some similar
metasomatic processes as taking place in the growing oceanic
lithosphere (Niu, 2008), and may have remained untapped before
the Early Yanshanian (Wang et al, 2008b). Because of volatile
enrichments, metasomatic veins have a lower solidus than the host
peridotite, and thus readily melt with thermal perturbation, possibly
due to upwelling of the underlying asthenosphere under extensional
tectonic setting. We propose that the intense magmatism in the
interior of South China during the Early Yanshanian (Zhou et al., 2006)
may have resulted from lithosphere extension probably as a response
to the early stage of Pacific plate subduction (see below). This
magmatism was sufficient to exhaust the enriched metasomatic
component, leaving a refractory residue. The continued extension led
to rising and melting of the fertile asthenosphere. This idea is
supported by the late Cretaceous mafic rocks in the South China block
hinterland (Jiangxi and Hunan Province), which are geochemically of
asthenospheric origin with minimal lithospheric contribution (Wang
et al., 2008b).

5.5. Implications for the Mesozoic tectonic evolution of South China

As noted above, the South China block has successively experi-
enced two important tectonic episodes since the early Mesozoic, i.e.,
the Indosinian orogenic regime and the paleo-Pacific plate subduction
regime, respectively. The concept of Indosinian Orogeny was
originally defined on the basis of the geology in Vietnam, which is
referred to as the synchronous oblique collision of Indochina with
both Sibumasu and South China continental blocks in the early
Triassic (Carter et al.,, 2001; Lepvrier et al., 2004). The kinematic and
tectonothermal characteristics of Indosinian orogeny in the South
China Block show a succession of events involving early middle
Triassic thrusting-related transpression and development of a large-
scale flower structure that developed in a regime of oblique regional

convergence, and subsequent late Triassic transtension within the
overthickened gravitationally unstable crustal segment (Wang et al.,
2005c¢, 2007a). The Indosinian granites were emplaced in two
episodes: the early Indosinian (243-228 Ma) and late Indosinian
(220-206 Ma) (Wang et al., 2007b). The early Indosinian granites
were thought to be generated by partial melting of thickened crust
during the post-collisional episode under compressional conditions,
induced by in situ radiogenic heating or increased geothermal
gradient (Wang et al., 2007b). The late Indosinian granites were
interpreted as resulting from dehydration melting of the crustal
materials in a post-orogenic extensional setting (Wang et al., 2007b).
Underplating of mantle-derived magmas were thought to have
provided extra heat for the crustal melting as supported by the
gabbroic xenoliths with mantle eng(t) values and depleted mantle like
zircon Hf isotopic compositions (with an age of ~220 Ma) at Daoxian
in southern Hunan Province (Dai et al., 2008). In this study, the S-type
Longyuanba biotite granite was emplaced at 240 Ma, and produced by
reworking of the heterogeneous Neoproterozoic crust, which is
consistent with those observed and predicted in post-collisional
episode of Indosinian orogeny in South China (Wang et al., 2005c,
2007a,b).

Based on the occurrence of Jurassic E-W trending basalts and
coexisting A-type granites and syenites in the interior of South China,
Chen et al. (2002) and Chen et al. (2008b) proposed that the post-
orogenic episode of Indosinian magmatism persisted to the Jurassic
and these foregoing igneous rocks were comparable to the post-
collision suites in extensional tectonic settings (Chen et al., 2002,
2008b). However, A-type granite and syenite could occur in a wide
range of geodynamic settings, including post-collisional or anorogenic
environments (e.g., Bonin, 2007). The Pitou A-type granite has low Y/
Nb ratios (0.83-1.14), which is consistent with rift-related A;-type
granite (see Eby, 1992). Furthermore, the South China block was
tectonically under compression in the Jurassic evidenced by the
following geological observations: (1) very few late Middle Jurassic to
Late Jurassic sedimentary sequences can be found in the region, which
reflect uplift and erosion of the crust (Chen et al., 2007; Xing et al.,
2008); (2) the Paleozoic and Early Mesozoic sequences underwent
deformation marked by a series of NNE striking thrusts and folds of an
Early Jurassic event (Zhang et al., 2009; Xu et al., 2009a); (3) the Early
Cretaceous volcaniclastic strata unconformably overlie the Early
Mesozoic sequences. For example, the Early Cretaceous Dongkeng
volcanic basins in southern Jiangxi unconformably overlie the pre-
Jurassic strata (Chen et al., 2007; Wang et al., 2008b), and the Early
Cretaceous Nanyuan formation unconformably rests on the Early
Jurassic Lishan formation or Late Triassic Wenbinshan formation in
eastern Fujian (Xing et al., 2008). In addition, beside the existing E-W
trending Jurassic magmatic belt, a Jurassic NE-trending A-type granite
belt also exists in southern Hunan to central southern Guangxi with
young Tpy and high enqg(t) relative to granites of the surrounding
regions, implying significant mantle contributions to the petrogenesis
of the A-type granite (Chen and Jahn, 1998; Zhu et al., 2008), which is
inconsistent with east-west linear array expected from the post-
collisional model (Chen et al., 2008b). Therefore, the Indosinian
orogenesis must have ended in the Early Jurassic marked by a
magmatically quiescent period of 205 to 180 Ma (Zhou et al., 2006; Yu
et al., 2010), and another tectonic regime should be responsible for
the generation of the Jurassic magmatism in South China.

Recently, Li and Li (2007) proposed a model of westward flat-slab
subduction of the Pacific plate in the period of ~250-190 Ma to
explain the regional tectonomagmatic evolution of South China in the
Mesozoic. The authors interpreted the Jurassic magmatism as
resulting from the break-off and foundering event of the subduct-
ing/subducted flat-slab in the Early Jurassic. However, this model is
inconsistent with observations. Firstly, as argued by Chen et al.
(2008b), there are no known Jurassic adakitic rocks in South China
that would be expected as a result of broken slab melting (Omrani et
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al., 2008). Secondly, slab break-off should yield contemporaneous arc-
and non-arc-like mafic magmas (Cvetkovic et al., 2004; Whalen et al.,
2006), yet all the studied gabbros and syenites are of within-plate
(anorogenic) origin without subduction-related magmatism. Thirdly,
slab break-off should induce a linear heat pulse parallel to the
subduction zone that would produce a relatively narrow, linear zone
of magmatism (Davies and von Blanckenburg, 1995; Keskin et al.,
2008), but all these are not observed. Fourthly, this model fails to
explain the 500 km long E-W strike magmatic belt (Fig. 1a; Xie et al.,
2006; Chen et al., 2008b). Finally, the Triassic tectonic elements define
an E-W trend in South China (Zhang et al., 2009), indicating N-S
compression as a result of northward collision of the Indochina block
in the Triassic, which argues against the existence of westward
subduction of the Pacific plate initiated at ~250 Ma.

Zhou et al. (2006) suggested a geodynamic model of two-stage
subduction of the paleo-Pacific plate that provided a more appropriate
tectonic framework for the observed Yanshanian magmatism in South
China. In their model, the Jurassic igneous rocks correspond to an
intraplate episode induced by initial subduction, while the successive
Cretaceous magmatism corresponds to the active subduction stage. As
discussed above, the granite-syenite-gabbro association of 180 Ma to
165 Ma in the interior of South China we present here documents the
significance of asthenospheric mantle contribution to the petrogen-
esis of these rocks. We consider that these rocks may have well been
produced as a consequence of the first intraplate stage of the two-
stage model by Zhou et al. (2006), genetically associated with paleo-
Pacific plate subduction.

It is now well established that the tectonic setting of South China in
the Cretaceous is as an active continental margin (Andean-like) due to
northwestward subduction of the paleo-Pacific plate, as manifested
by the NE-trending volcanic-intrusive complexes distributed along
the coastal area (Jahn, 1974; Gilder et al., 1996; Zhou et al., 2006; Li
and Li. 2007; Chen et al., 2008a). The subduction may have initiated in
the Early Jurassic (Jahn, 1974; Zhou and Li, 2000), and the convergence
vector at that time was in the northwest direction determined from
paleomagnetic data (Gilder et al., 1996; Ratschbacher et al., 2000).
However, there was no continental magmatic arc developed during the
Jurassic, as the subducting slab beneath South China may not have
reached the ~100 km depth where the overlying hydrous metasoma-
tized mantle is insufficiently hot to cause melting (Stern, 2002). The
oblique convergence of the paleo-Pacific plate to South China block
would have triggered reactivation of pre-existing faults or zones of
lithosphere weakness in the interior in South China, whose geodynamic
style is schematically shown in Fig. 14. Many Mesozoic left-lateral
strike-slip faults have been mapped in south China (Xu et al., 1987). Of
these, the most striking sinistral strike-slip faulting is the Shi-Hang zone
(Gilder et al., 1996), which coincides with the Jurassic NE-trending belt
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Fig. 14. Schematic representation for the tectonic configuration of the Early Yanshanian
South China (modified after Gilder et al., 1996; Zhang et al., 2009).

of A-type granites, such as the Guposhan, Qitianling and Qianlishan
(Fig. 1a; Jiang et al,, 2006; Zhu et al., 2008). The reactivation of pre-
existing structures would lead to the discrete and localized intraplate
extension, which may allow asthenospheric mantle upwelling and
decompression melting, which can in turn induce contemporaneous
crustal melting for granitoid magmatism. The Jurassic igneous rocks are
localized along major fracture zones and basaltic volcanoes are
characterized by fissure eruptions, with which our interpretations
agree. A similar model was proposed by Liégeois et al. (2005) for the
genesis of the Cenozoic Hoggar volcanism in West Africa, which is a
tectonic response to far-distance stress at plate margins during the
Africa-Europe convergence. On the other hand, the far-field compres-
sional stress can account for the uplift of the Jurassic crust and exposure
of Jurassic and pre-Jurassic granitic plutons in the interior of South
China as well as the existence of a regional unconformity between the
Jurassic and Cretaceous throughout South China (Xing et al., 2008).

Mafic magmas produced by decompression melting of the
asthenospheric mantle can infiltrate the lithosphere and react with
metasomatized subcontinental lithospheric mantle for generating
potassic magmas. The injection and ponding of these mantle-derived
melts into crust can also cause crustal melting, giving rise to the coeval
mantle- and crustal-derived melts and the hybrid magmatic com-
plexes of the granite-syenite-gabbro association in time and space.
The model is shown schematically in Fig. 15. In addition, the intra- or
underplating of mantle-derived magmas provided sufficient heat to
enhance the geothermal gradients, and the granitic magmas could
undergo significant differentiation to form the related W-Sn miner-
alization (e.g., Hua et al., 2005; He et al.,, 2010). There were minor
Jurassic magmatic activities along the South China coast, such as the
Early Jurassic Maonong dacitic rocks and Longshan granite in Zhejiang
(Chen et al., 2007). These are likely products of crustal anatectic melts
under compressional regimes in the early stage of the paleo-Pacific
plate subduction.

In conclusion, the tectonic transition from the Tethys orogenic
regime to the paleo-Pacific regime was accomplished in the Early
Jurassic, the Jurassic (Early Yanshanian) intraplate episode is inter-
preted to belong to the paleo-Pacific tectonic regime. The subsequent
active subduction stage of paleo-Pacific tectonic regime is marked by
the vast Cretaceous (Late Yanshanian) dacite and rhyolite (and minor
andesite and basalt) volcanism distributed in the coastal area in South
China (Chen et al., 2008a; Zhou et al., 2006).

6. Summary

(1) The granite-syenite-gabbro association in southern Jiangxi
was emplaced in two major magmatic episodes, including the
S-type biotite granite in the Indosinian, and granite-syenite—
gabbro in the Early Yanshanian. In particular, the Early
Yanshanian granites have different petrographic and chemical
characteristics, showing a variety of S-, I- and A-type granites.

(2) The S-type granites were produced by melting of reworked
Neoproterozoic crust in the western Cathysia; their Paleopro-
terozoic Hf and Nd model ages (1.7-2.1 Ga) represent a mixing
effect of crustal materials of different ages.

(3) The I-type Pitou alkali-feldspar granite resulted from mixing of

asthenosphere-derived melts with the induced Neoproterozoic

crustal melt. The A-type Pitou amphibole-bearing alkali
feldspar granite has a similar origin to that for the I-type

Pitou alkali-feldspar granite, but has a much greater mantle

contribution. This varying extent of crustal and mantle

contributions in the petrogenesis of I- and A-type granites
may be applicable to the petrogenesis of most Mesozoic I- and

A-type granites in South China.

The Chenglong gabbro is a body of magmatic cumulate from a

basaltic melt formed by partial melting of upwelling astheno-

spheric mantle, and its isotopic composition may best
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Fig. 15. Cartoon illustrating the magma genesis of the Jurassic granite-syenite-gabbro association (GSGA) in the inland South China. Reactivation of pre-existing structures (Fig. 14)
can lead to lithospheric extension and spatially discrete and localized intraplate asthenospheric upwelling, decompression melting, and basaltic magmas parental to the gabbros. The
enriched veins in the lithospheric mantle were preferentially melted under thermal perturbation with the melt mixed with the asthenosphere-derived magmas to produce the melts
parental to the syenites. The intra- or underplating mantle-derived magmas caused partial melting of the crustal materials to produce S-type granites. In the same time, interactions
between mantle- and crust-derived melts may give rise to I- and A-type granitic magmas. Relative to I-type granite, the A-type granite has much greater asthenospheric mantle

contributions.

represent the depleted mantle source beneath South China in
the Mesozoic. The syenites were the products of lithosphere-
asthenosphere interactions as a result of mixing of astheno-
sphere-derived melt with enriched lithospheric mantle melt.
Crustal assimilation associated with concurrent fractional
crystallization is required to explain the large Nd-Sr-Hf
isotopic variations in the Chebu gabbro and the more evolved
syenites.

Our studied granite-syenite—gabbro association in time and
space emphasizes the primary role of asthenospheric mantle
upwelling and magma generation in the Early Yanshanian
granitoid magmatism in South China. The most likely tectonic
model accounting for the genesis of these rocks involves a local
intraplate environment in the interior of South China as a
tectonic response to far-distance stress at plate margins during
the early stage of the paleo-Pacific plate subduction. The Early
Yanshanian event should belong to the paleo-Pacific tectonic
regime.

—
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Appendix A
Mineral compositions were analyzed using a JEOL JXA-8100

microprobe in the State Key Laboratory for Mineral Deposits Research
in Nanjing University (NJU). The operating conditions were 15 kV

accelerating voltage, 20 nA beam current. For amphibole and
pyroxene, the calibration standards used were hornblende (for Si,
Ti, Al, Fe, Ca, Mg, Na and K), fayalite (for Mn) and Cr,053 (for Cr).

Zircons were extracted using standard density and magnetic
separation techniques. Selected zircon grains were hand-picked
under a binocular microscope and were mounted in epoxy resin
before polished to section the crystals in half for analysis. Zircon U-Pb
dating of three samples (QNO1, DNO1 and LNO1) was carried out using
an Agilent 7500 ICP-MS coupled with a New Wave 213 nm laser
sampler at GEMOC, Macquarie University, Australia. The instrumental
settings and analytical details were described by Jackson et al. (2004).
Back scattered electron (BSE) images of the selected zircons were
collected using a Camebax SX 100 electron microprobe. The rest seven
samples were analyzed using an Agilent 7500a ICP-MS equipped with
a New Wave 213 nm laser sampler in the State Key Laboratory of
Mineral Deposits Research, NJU. BSE images of analyzed zircons were
obtained using a JEOL JXA-8100 microprobe. Detailed analytical
procedures are given in Xu et al. (2009b). Common Pb contents
were evaluated following Andersen (2002). The age calculations and
plotting of concordia diagrams were done using Isoplot (ver 2.49)
(Ludwig, 2001).

In situ Hf isotopic analyses on zircons from three samples (QNO1,
DNO1 and LNO1) were done using the combination of a New Wave
213 nm laser sampler and a Nu Plasma multi-collector ICP-MS at
GEMOC, Macquarie University, Australia. During the analyses, a 5 Hz
repetition rate with energy of 0.2 mJ/pulse was used, and spot size
was 50 um. The methodology and analyses of standard solutions and
standard zircons are given in Griffin et al. (2000). The rest seven
samples were analyzed in the Institute of Geochemistry, Chinese
Academy of Sciences in Guiyang, China, using a Nu plasma MC-ICP-
MS, equipped with a 213 nm laser sampler. The analysis was done with
ablation pit of 60 um in diameter, repetition rate of 10 Hz, ablation time
of 60 s, and laser beam energy of 0.155 mJ/pulse. In order to evaluate the
reliability of the data, zircon standard 91500 was analyzed during the
course of this study and yielded a weighted mean '7°Hf/"””Hf ratio of
0.282309+ 37 (20). The analytical details and interference correction
method of 176Yb on '7®Hf are given in Tang et al. (2008). The measured



Z-Y. He et al. / Lithos 119 (2010) 621-641 639

176Lu/Y77Hf ratios and the '7Lu decay constant of 1.865x 10~ " yr—!
(Scherer et al., 2001) were used to calculate initial 1”®Hf/!”Hf ratios. The
chondritic values of '7®Lu/'"’Hf=0.0332 and '""®Hf/"’"Hf=0.282772
(Blichert-Toft and Albaréde, 1997) were used for calculating &¢ values.
The depleted mantle Hf model ages (Tpy) were calculated using the
measured '76Lu/!77Hf ratios based on the assumption that the depleted
mantle reservoir has a linear isotopic growth from !'7®Hf/
177Hf=0.279718 at 4.55Ga to 0.283250 at present, with 7Lu/
177Hf=0.0384 (Griffin et al, 2000). We also present a two-stage
model age (Tpnz) for each zircon, which assumes that its parental
magma was produced from an average continental crust (”SLu/
177Hf=0.015) that was originally derived from the Depleted Mantle
(Griffin et al., 2002).

Bulk-rock major element analysis was done using an ARL9800XP +
X-ray fluorescence spectrometer (XRF) in the Center of Modern
Analysis, NJU. The analytical precision is generally better than 2% for
all the elements. Trace element abundances were measured using
Finnigan Element II ICP-MS in the State Key Laboratory of Mineral
Deposit Research, NJU, which gives precisions better than 10% for most
of the elements analyzed. The Sr and Nd isotopic compositions
were measured using a Finnigan MAT262 thermal ionization mass
spectrometer (TIMS) at the Institute of Geology and Geophysics,
Chinese Academy of Sciences following the procedure of Zhang et al.
(2002). Long-term laboratory measurements of the JNdi-1 Nd and
NBS 987 Sr standards yield 'Nd/'*Nd=0.512105+12 (20) and
87Sr/86Sr =0.710272 4 10 (20), respectively. The isotopic ratios were
corrected for mass fractionation by normalizing to '*°Nd/**Nd = 0.7219
and 36Sr/38sr = 0.1194, respectively.
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