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ABSTRACT

We present new geochronological, mineralogical, and geochemical data for granitic plutons that crop out within the
Zhoushan archipelago, northeastern coastal Zhejiang Province, in order to constrain their origin, and the genetic re-
lationship between the I- and A-type granites. These granites can be divided into two groups: (1) the northern I-type
Putuoshan (PTS) and Dadong'ao (DDA) plutons; and (2) the southern A-type Dagingshan (DQS), Taohuadao (THD),
and Xiazhidao (XZD) plutons. Zircon LA-ICP-MS U-Pb dating yielded ages of 98-96 Ma for the northern I-type plu-
tons and 89-86 Ma for the southern A-type plutons. All of these granites are highly siliceous, K-rich, and have similar
total alkali and total rare earth element (REE) abundances. However, there are also geochemical differences between
the I-type and the A-type granites. The northern I-type alkali-feldspar granites are high-K calc-alkaline,
metaluminous to mildly peraluminous, contain low concentrations of the high field strength elements (HFSE;
e.g., Nb, Ta, Zr, and Hf), and have low Ga/Al ratios (2.04-2.44). In contrast, the southern A-type granites are
peralkaline and F-rich, and have lower CaO and Al,O5 concentrations, and higher Fe,0} and HFSE concentrations
and Ga/Al ratios (3.25-3.86). Meanwhile, they have slightly higher heavy REE (HREE) concentrations, and are
more depleted in Ba, Sr, P, Ti, and Eu than the northern I-type granites. Both the I- and A-type granites have homo-
geneous whole-rock Nd and highly variable zircon Hf isotopic compositions. Of note, the southern peralkaline A-
type granites appear to have more radiogenic Nd and Hf isotope compositions than the northern I-type granites.
The present data, together with the results of a previous study on mafic enclaves within the PTS pluton, suggest
that the northern I-type alkali-feldspar granites were generated by mixing of mantle-derived material with
crustal-derived magmas that formed by dehydration melting of mica-bearing basaltic rocks, leaving a granulite res-
idue in the lower crust. Both the I- and A-type granites were emplaced during post-collisional extensional tectonism
associated with rollback of the steeply subducting paleo-Pacific Plate. An increase of the dip angle of the subducted
palaeo-Pacific plate between the Early and Late Cretaceous resulted in enhanced extension, further thinning the lith-
osphere and causing more intensive underplating of mantle-derived magmas. This generated high temperatures
and caused the partial melting of the residual granulite material, producing relatively anhydrous F-bearing felsic
melts. The mixing of these unusual crustal melts with more voluminous mantle-derived mafic magmas generated
the parental magmas that eventually formed the peralkaline A-type granites.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

still thought to be the dominant factor that controls the geochemical
compositions of granitic rocks. Chappell and White (1974) proposed an

Granitic rocks are intensively studied because they form in a variety of
tectonic settings and thus provide important clues to the growth
and reworking of continental crust and to regional tectonics and
geodynamic processes (Goodege and Vervoort, 2006; Heilimo et al.,
2014; Kemp and Hawkesworth, 2003). Although mantle-derived melts
are involved in the genesis of some granitic magma, crustal recycling is
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I- and S-type granite classification scheme that relates granites to source
rock compositions and suggested that I-type granites are mainly
metaluminous and are generally derived from meta-igneous source
rocks, whereas S-type granites are strongly peraluminous and generated
by the partial melting of metasedimentary source material. The term
“A-type granite” was subsequently defined by Loiselle and Wones
(1979) to include a spectrum of alkali-rich granitic rocks that are charac-
terized by high Na,0 + K,0 concentrations, high Ga/Al ratios, and enrich-
ments in Nb, Ta, Zr, and Hf (Collins et al., 1982; Whalen et al., 1987). A-
type granites are derived from various source rocks by a variety of pro-
cesses, and are genetically linked to extensional tectonism (Bonin, 2007;
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Karsli et al., 2012; Martin et al., 1994; Zhao et al., 2008). I-, S-, and A-type
granites are not formed randomly but instead are closely connected to the
tectonic setting and geodynamic evolution of an area (Barbarin, 1999;
Eby, 1992; Whalen et al., 1987). Some of these types of granite are closely
associated in space and time, forming complexes containing multiple
granite suites (Breiter, 2012; Farahat et al., 2007; He et al.,, 2010; Jiang
et al., 2011; Landenberger and Collins, 1996; Zhao et al., 2008), thus en-
abling reconstruction of the crustal evolution of an area and the tectonic
setting. Such lithological associations are also important in unraveling
the origin of A-type granites, which remains debated (Dall'Agnol et al.,
2005; Frost and Frost, 2011; King et al., 1997; Qiu et al.,, 2004).

The late Mesozoic geology of SE China is characterized by wide-
spread granitic intrusive and extrusive magmatism (Zhou and Li,
2000; Zhou et al., 2006). Granitoids in the coastal regions of SE China
are predominantly I-type with lesser A-type, and both types commonly
coexist as composite granitic complexes. Such complexes, including the
Qingtian, Fuzhou, and Zhangzhou complexes, occur sporadically along
the Changle-Nan'ao Fault (Fig. 1). Many studies have examined these
coastal granites in recent decades and there is a general consensus
that most originated from the mixing of crust- and mantle-derived
magmas (Chen et al., 2013; Li et al., 2014b; Qiu et al., 2004; Xie et al.,
2004; Xu et al., 1999a; Zhang et al., 2005). However, their magma
sources, and the genetic relation between the I- and A-type granites re-
main debated (Chen et al., 2013; Dong and Peng, 1994; Martin et al.,
1994; Qiu et al., 1999). In addition, although the late Mesozoic
magmatism in SE China is thought to be related to subduction of the
paleo-Pacific plate (Li et al., 2014b; Zhou et al., 2006; Zhu et al., 2010),
details of the petrogenetic processes and geodynamic mechanisms
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Fig. 1. Schematic map showing the distribution of the Yanshanian granitoids and volcanic
rocks in SE China, in which study area is also shown (modified after Zhou et al., 2006). The
localities of representative A-type granites in the coastal area are marked by black
stars. Names of the fault zones: @ Changle-Nan'ao fault; @ Zhenghe-Dapu fault;
® Jiangshan-Shaoxing fault.

involved in the generation of the I- and A-type granites in the coastal re-
gions of Fujian and Zhejiang provinces remain poorly constrained.

This study focuses on a typical I- and A-type granite complex within
the Zhoushan archipelago in coastal northeastern Zhejiang Province
(Fig. 1). The complex consists of the northern I-type Putuoshan (PTS),
and Dadong'ao (DDA) alkali-feldspar granites, and the southern A-
type Dagingshan (DQS), Taohuadao (THD), and Xiazhidao (XZD)
peralkaline granites (Fig. 2). Previous research by Xie et al. (2004) and
Zhang et al. (2005) provided detailed whole-rock geochemical and min-
eralogical data for enclaves within the PTS pluton, indicating that these
enclaves are calc-alkaline, have dioritic to monzonitic compositions, and
probably formed by the crystallization of a more mafic remnant magma
that was injected into an intermediate-acid magma chamber. Here, we
present new mineralogical, geochronological, geochemical, and radio-
genic isotope data for the granitic rocks of these five plutons,
and use these data to: (1) determine the nature of the sources for the
I- and A-type granites, (2) determine the genetic relationship between
these granites, and (3) develop a tectonomagmatic model for the origin
and evolution of both I- and A-type granites in SE China.

2. Geological background

The South China Block is located on the eastern margin of Eurasia and
is bordered by the Qinling-Dabie orogenic belt to the north, the Tibetan
Block to the west, and the Indochina Block to the south. It is divided
into two major Precambrian continental blocks, namely the Yangtze
Block to the northwest and the Cathaysia Block to the southeast,

Fig. 2. Simplified geological map of the Zhoushan archipelago, coastal Zhejiang
Province (modified after the 1:200,000 geological map of Dinghai and Shenjiamen
Sheets). 1- Quaternary System; 2- Early Cretaceous Guantou Formation; 3- Late Jurassic
Xishantou Formation; 4- quartz diorite porphyry; 5- alkali-feldspar granite; 6- peralkaline
granite; 7- fault; 8- sample location.
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separated by the Jiangshan-Shaoxing suture zone (Fig. 1a; Chen and Jahn,
1998; Zhang and Wang, 2007). The basement of the Cathaysia Block is
dominated by Proterozoic rocks that are widely exposed in the south-
western parts of the block, including the ~1.8 Ga Badu complex in south-
western Zhejiang Province, and the ~0.8-0.7 Ga Mamianshan and
Mayuan Groups in western Fujian Province (Li et al., 2014a; Yu et al,,
2010). Systematic geological and geochemical research has indicated
that the interior (western Cathaysia) and coastal (eastern Cathaysia)
parts of the Cathaysia Block have different histories of crustal evolution
and could be further separated into separate microcontinents, divided
by the Zhenghe-Dabu Fault (Fig. 1; Chen and Jahn, 1998; Xu et al., 2007).

Late Mesozoic volcanic-intrusive magmatism was largely confined
to the Cathaysia Block, with magmatic activity increasing from the inte-
rior to the coast (Zhou et al., 2006). The intrusive rocks are varied, com-
prising mainly high-K calc-alkaline I-type granite and lesser amounts of
A-type granite, syenite, quartz diorite, and gabbro (He and Xu, 2012; Li
et al., 2014b; Qiu et al., 2004; Zhou et al., 2006). The volcanic rocks in
this area are generally rhyolitic and were predominantly erupted during
the Cretaceous along the coastal area of SE China. Associated Cretaceous
granitoids are also concentrated in the coastal region of SE China,

generally along the Changle-Nan'ao Fault, whereas Jurassic intrusions
are generally located inland (Fig. 1).

3. Petrography

The studied granites crop out in the Zhoushan archipelago of
northeastern Zhejiang Province, geologically within the eastern
margin of the Cathaysia Block. They occur in a roughly NNE-
SSW-trending belt that contains five main plutons (from north to
south): the Putuoshan, Dadong'ao, Dagingshan, Taohuadao, and
Xiazhidao plutons (Fig. 2).

The PTS pluton crops out over an area of 26 km? on Putuo Island, and
the eastern part of this pluton intruded a porphyritic Late Jurassic quartz
diorite. The PTS pluton is dominated by an alkali-feldspar granite phase
and a subordinate biotite alkali-feldspar granite phase. The intrusion is
medium-grained and is faint red to gray in color (Fig. 3a). The major
phases within the intrusion include quartz (30-35 vol.%), perthite
(50-55 vol.%), plagioclase (10-15 vol.%), minor biotite and amphibole
(<3 vol.%), and accessory zircon, apatite, and opaque oxide minerals.
Plagioclase occurs as euhedral laths with well-developed polysynthetic

Fig. 3. (a) and (b) Macroscopic and thin section photos of alkali-feldspar granite from the Putuoshan pluton; (¢) and (d) thin section photographs of representative alkali-feldspar granite
from the Dadong'ao pluton; (e) miarolitic cavities in the Daqingshan pluton; (f) and (g) interstitial arfvedsonite and aegirine in the peralkaline granite from Dagingshan pluton; (h) thin
section photograph of representative peralkaline granite from the Taohuadao pluton; (i) granophyric texture of peralkaline granite from the Xiazhidao pluton. Mineral abbreviation: Qtz-
quartz; Per- perthite; Pl- plagioclase; Bt- biotite; Arf- arfvedsonite; Aeg- aegirine. (f), under plane-polarized light; other thin section photographs, under cross-polarized light.



J.-L. Zhao et al. / Lithos 240-243 (2016) 16-33 19

Table 1

Summary of mineral assemblages, zircon U-Pb ages, Th/U ratios and Hf isotopic data for the studied granite samples in SE China Coast.
Sample Pluton GPS position Main minerals Age (Ma) Th/U ratio ene(t)
12PT-3 PTS N30°01'24.0” E122°23’32.6" Qtz + Per + Pl + Bt + Amp 97.6 + 0.9 1.10~4.12 -9.8 to-3.1
Z]]-3 DDA N29°56'34.0” E122°24'58.9" Qtz + Per + Pl + Bt + Amp 958 +£ 1.0 0.89 ~4.04 -12.3to -4.8
7]]-8 DQS N29°51'08.9” E122°23'46.3" Qtz + Per + Pl + Bt + Aeg + Arf 88.1+09 1.80 ~ 16.50 -7.7 to-3.1
12THD-1 THD N29°49'05.0” E122°14'45.6" Qtz + Per + Pl + Bt + Aeg + Arf 88.6 + 0.5 1.92 ~15.36 -74to-1.7
12THD-4 THD N29°47'52.7" E122°18'10.1" Qtz + Per + Pl + Bt + Aeg + Arf 892+ 1.0 1.70 ~ 2.36 -7.5t0-2.2
XZD-2 XZD N29°44'35.8” E122°18'08.9" Qtz + Per + Pl + Bt + Aeg + Arf 86.1 £ 0.8 2.09 ~ 8.04 -6.3to-1.6

Mineral abbreviation: Qtz — quartz; Per — perthite; Pl — plagioclase; Bt — biotite; Arf — arfvedsonite; Aeg — aegirine.

twinning but is free of oscillatory zoning (Fig. 3b). The subhedral-
anhedral biotite within the intrusion is generally interstitial to plagio-
clase and quartz. Microgranular mafic enclaves (MMEs) with spheroidal
to ellipsoid-ovoid shapes are scattered throughout the granite,
especially within the northern margin of the pluton (Fig. 3a).

The DDA pluton crops out over ~20 km? in northern Zhujiajian
Island (Fig. 2) and consists mainly of an alkali-feldspar granite
phase and a subordinate biotite alkali-feldspar granite phase,
similar to the PTS pluton. The DDA granite is faint red to gray in color
and has a medium-grained granitic texture. The pluton contains quartz
(35-40 vol.%), perthite (50-55 vol.%), plagioclase (5-10 vol.%), and
minor amounts of biotite (<5 vol.%). Plagioclase occurs as euhedral
laths with well-developed polysynthetic twinning and is occasionally
enclosed by quartz and perthite (Fig. 3c). Some plagioclase is clearly
zoned with cores that are mottled and altered to sericite or kaolin. Bio-
tite generally occurs interstitially, and some occurs as subhedral ragged
flakes (Fig. 3d). MMEs are rare within the DDA intrusion.

The elliptical DQS pluton crops out over an area of ~7 km? within
southern Zhujiajian Island. The granites within this pluton are
leucocratic, ash-gray to pink in color, and have a medium-grained
granitic texture. They contain perthite (60-65 vol.%), quartz
(25-35 vol.%), alkali mafic minerals (e.g., arfvedsonite and aegirine,
3-5vol.%), and minor amounts of magnetite, zircon, fluorite, apatite,
and titanite, similar to the typical mineral association of peralkaline

12PT-3-11
97+2Ma

ZJJ-8-11
89+2Ma

12THD-1-14
88+1Ma

12THD-1-01

89+ 1Ma 88+1Ma

12THD-1

granites. Plagioclase is rarely observed. Alkaline amphiboles occur
irregularly, interstitial to alkali feldspar and quartz (Fig. 3f), indicating
late-stage crystallization. The alkaline pyroxenes within the granite
commonly show pistachio-jasper pleochroism, and are generally not
zoned (Fig. 3g). Miarolitic cavities (Fig. 3e) and granophyric texture
are reasonably common but enclaves are rare.

The THD pluton crops out over an area of ~19 km? in southern
Taohua Island (Fig. 2). The THD granite consists mainly of quartz
(25-30 vol.%), and perthite (65-70 vol.%, Fig. 3h), along with minor
amounts of arfvedsonite, aegirine, fluorite, magnetite, and zircon.
Arfvedsonite within the intrusion is pleochroic and usually occurs inter-
stitial to quartz and perthite, indicating an igneous origin. The THD
pluton is similar to the DQS pluton in that miarolitic cavities and micro-
graphic intergrowths of quartz and alkali feldspar are common, all of
which are indicative of high-level emplacement (Mushkin et al.,
2003). MMEs are rare within this pluton.

The XZD pluton crops out over an area of ~10 km? on Xiazhi Island
(Fig. 2) and consists of a medium-grained granite that is dominated by
perthite (65-70 vol.%) and quartz (25-30 vol.%), along with minor
mafic minerals (<5 vol.%) such as biotite, arfvedsonite, and aegirine,
and accessory magnetite, zircon, and fluorite. The perthite is subhedral
to anhedral and contains fine, linear exsolution lamellae. Miarolitic
cavities and granophyric texture (Fig. 3i) are reasonably common but
enclaves are rare.

12THD-4-06 12THD-4-16
91+2Ma

12THD-4-05
Ma 88+2Ma

100 um

Fig. 4. CL images of the representative zircons from granites in the Zhoushan area, SE China. The morphology of zircon grains, 2°°Pb/>*8U ages, and &f(t) values are shown. Small circles
with solid line indicate the U-Pb dating positions, and large circles with dashed line indicate the sites of Hf isotope analyses.
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In summary, the granitic plutons in the Zhoushan area can be divid-
ed into two groups according to field relations and petrography
(Table 1): a northern group of alkali-feldspar granite plutons (including
the PTS and DDA plutons) and a southern group of peralkaline granite
plutons (including the DQS, THD, and XZD plutons).

4. Sampling and analytical methods
4.1. Zircon U-Pb dating and Hf isotopes

Zircons from six samples (12PT-3 for PTS, ZZJ-3 for DDA, Z]J-8 for
DQS, 12THD-1 and 12THD-4 for THD, and XZD-2 for XZD plutons)
were separated by conventional techniques, including crushing, sieving,
and magnetic and heavy liquid separation methods. Zircon grains,
handpicked under a binocular stereomicroscope, were mounted in
epoxy resin, and polished to expose their centers. Cathodoluminescence
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(CL) and optical microscopy images were taken to ensure that the least
fractured and most inclusion-free zones of the zircons were analyzed.
The CL images were obtained using a Mono CL3 + (Gatan, Pleasanton,
CA, USA) attached to a scanning electron microscope (Quanta 400
FEG, Hillsboro, OR, USA) at the State Key Laboratory of Continental
Dynamics, Northwest University, Xi'an, China.

Zircon U-Pb isotopic analyses were carried out using an Agilent 7500a
ICP-MS coupled to a New Wave Research 213-nm laser ablation system
at the State Key Laboratory for Mineral Deposits Research, Nanjing Uni-
versity. The ablated material was transported in a He carrier gas through
PVC tubing (inner diameter, 3mm) and combined with argon in a 30-cm®
mixing chamber prior to entry into the ICP-MS. Analyses were carried out
using a beam diameter of 25 pm, a repetition rate of 5 Hz, and an energy of
23.74-26.68 J/cm?. Date acquisition for each analysis took 100s (40 s on
background signal, 60 s on ablated signal). A homogeneous standard zir-
con (GEMOC GJ-1: 2°7Pb/?%Pb age of 608.5 + 0.4 Ma and a relatively
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Fig. 5. Zircon U-Pb concordia diagrams and weighted mean 2°°Pb/28U ages for granitic rocks of the Putuoshan pluton (a), Dadong'ao pluton (b), Dagingshan pluton (c), Taohuadao pluton

(d, e) and Xiazhidao pluton (f).
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young 2%Pb/233U age 0f 599.8 + 4.5 Ma, Jackson et al., 2004) was used to
correct the mass discrimination of the mass spectrometer and residual el-
emental fractionation. A well-characterized zircon standard (Mud Tank;
intercept age, 732 £ 5 Ma; Black and Gulson, 1978) was used as an inde-
pendent control on reproducibility and instrument stability. The raw ICP-
MS U-Pb isotopic data were exported in ASCII format and processed using
GLITTER 4.4 software (van Achterbergh et al., 2001). Common Pb correc-
tions were performed using the method described by Andersen (2002).
Mean age calculations and Concordia diagram plots were performed
using Isoplot (version 2.49) (Ludwig, 2001).

In situ zircon Hf isotope analyses were performed using a Thermo
Scientific Neptune Plus multi-collector (MC) ICP-MS attached to a
New Wave UP193 solid-state laser ablation system at the State Key Lab-
oratory for Mineral Deposits Research, Nanjing University. Zircons were
ablated with a beam diameter of 35 um, energy of 9.54-11.35 J/cm?, an
8 Hz laser repetition rate, and with a 26 s laser ablation time. Two refer-
ence standards were also measured to evaluate the reliability of the data
(Mud Tank zircon 7®Hf/'”’Hf ratio = 0.282501 + 0.000004, n = 23, 20
and 91500 zircon '7°Hf/!7’Hf ratio = 0.282316 + 0.000009, n = 9, 20)
before analyses of unknown samples. The measured '7®Hf/!”’Hf ratios
of the two standards agree with the recommended values within 20
error (Griffin et al., 2007).

4.2. Mineral chemistry

Quantitative analyses of the minerals were carried out using a JEOL
JXA-8100 electron-microprobe (EMP) at the State key Laboratory for
Mineral Deposits Research, Nanjing University, China, and were operat-
ed at an accelerating voltage of 15 kV, a beam current of 10 nA, and a
beam diameter of 1pm.

4.3. Whole-rock major and trace element, and Nd isotope analyses

All samples selected for chemical and isotopic analyses were fresh,
and were crushed and powdered to 200 mesh using an agate mill.
Whole-rock major elements, trace elements, and Nd isotopic composi-
tions were determined at the State key Laboratory for Mineral Deposits
Research, Nanjing University, China. For major element analyses,
mixtures of whole-rock powders (0.5 g) and Li,B,0; + LiBO, + LiBr
(11 g) were made into glass disks and then analyzed using a Thermo
Scientific ARL 9900 X-ray fluorescence (XRF) spectrometer. The analyt-
ical precision was estimated to be less than 10% for all major elements
and less than 1% for the majority of elements. For trace element analy-
ses, ~50 mg of powder was dissolved in high-pressure Teflon bombs
using a HF + HNO3 mixture; Rh was used as an internal standard
to monitor for signal drift during the ICP-MS analyses. Trace ele-
ment concentrations were determined using a Finnigan Element II
ICP-MS. Detailed analytical procedures followed Gao et al. (2003).
The analytical precision was better than 10% for all trace elements,
with the majority being better than 5%. Major and trace element
compositions of the rock standard GSR-1 (Xie et al., 1989) and
trace element compositions of the duplicate sample are shown in
Appendix A.

For whole-rock Nd isotope analyses, ~50 mg of powder was dis-
solved in Teflon beakers with a HF + HNOs mixture, and Nd was then
separated and purified using a cation-exchange resin with HIBA as the
eluent. The detailed chemical separation and isotopic measurement
procedures used are described in Pu et al. (2004, 2005). The isotopic
compositions of the purified Nd solutions were determined on a Ther-
mo Scientific Neptune Plus MC-ICP-MS. For the present analyses, the
Nd isotopic ratios were corrected for mass fractionation by normalizing
to *®Nd/*Nd = 0.7219. During the analysis period, measurements of
the Japan JNdi-1 Nd standard yielded a '**Nd/"**Nd ratio of 0.512075 =+
0.000012 (n = 11, 20).

5. Analytical results
5.1. Zircon U-Pb ages and Hf isotopic compositions

Zircons from the granitic plutons are generally transparent, colorless
to light yellow, euhedral, and prismatic. They range from 50 to 200 pm
in size and have length/width ratios of 1:1-2:1. CL images of zircon
grains used for LA-ICP-MS analysis show well-developed oscillatory
zoning (Fig. 4). These zircon grains also show high and variable Th/U
ratios (0.89-16.50), indicating a magmatic origin. The results of the
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Table 2

Major (wt.%) and trace element (ppm) compositions of granites in the Zhoushan area, SE China.
Pluton Putuoshan Dadong'ao Dagingshan
Sample 12PT-3  12PT-5 03P-10 03P-11 03P-13 03P-14-3 03P-15 03P-17  ZJj-2 ZJJ-3 -6 ZJJ-7 7J]-8 ZJ-10 711 Z])-12
Rock type  Alkali-feldspar granite Peralkaline granite
Si0, 75.88 77.50 76.87 77.53 76.61 77.13 75.75 76.93 76.97 77.27 78.03 78.07 76.88 77.93 76.74  78.66
TiO, 0.16 0.18 0.12 0.10 0.13 0.12 0.13 0.11 0.11 0.11 0.09 0.09 0.13 0.10 0.09 0.10
Al;04 13.28 12.59 1247 12.42 12.48 12.59 12.71 12.82 12.39 12.59 12.23 12.32 11.61 11.39 11.56 11.47
Fe,03 1.05 1.14 0.70 0.66 0.86 0.86 091 0.83 0.70 0.73 0.45 0.60 1.37 0.95 133 1.09
MnO 0.10 0.10 0.05 0.05 0.05 0.03 0.06 0.08 0.07 0.07 0.05 0.07 0.14 0.01 0.02 0.08
MgO 0.40 0.36 0.01 0.01 0.05 0.03 0.06 0.07 0.23 0.26 0.19 0.22 0.23 0.22 0.20 0.20
Ca0 0.87 0.51 0.45 0.40 0.64 0.41 0.81 0.56 0.51 0.49 0.36 0.44 0.20 0.23 0.20 0.06
Na,0 4.22 4.35 4.02 3.88 4.08 4.20 4.06 413 4.17 4.16 4.05 417 4.64 4.07 4.06 4.35
K,0 4.37 4.08 4.80 4.69 4.50 4.67 4.81 4.72 4.49 4.57 4.48 4.51 4.26 4.23 4.67 4.12
P,05 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
LOI 0.83 0.69 0.37 0.64 0.20 0.37 0.70 0.44 0.57 0.50 0.59 0.43 0.50 0.96 0.63 0.62
Total 101.19  101.52 99.87  100.39 99.61 100.42 100.01 100.70 100.22 100.76 100.53 100.93 99.97 100.10  99.51 100.76
Sc 3.11 4.00 2.30 2.16 2.55 2.44 2.57 2.36 348 3.78 2.96 3.36 3.22 2.56 1.63 2.72
\' 7.22 6.90 3.17 3.30 5.71 426 5.40 4.56 2.25 238 143 1.40 2.54 1.95 242 1.87
Ni 1.26 0.35 2.14 2.08 12.88 2.83 4.07 5.93 0.27 3.55 0.50 0.54 0.15 2.28 2.51 0.26
Ga 15.6 154 14.8 153 14.8 13.6 155 153 15.5 15.8 15.7 15.9 22.2 21.7 23.6 224
Cs 1.04 1.07 147 1.17 1.07 0.90 1.57 1.46 6.14 4.00 2.79 341 0.87 0.94 1.03 0.54
Rb 158 147 164 168 154 145 205 160 221 228 251 246 207 209 286 205
Ba 484 220 189 148 257 202 232 214 88.1 111 50.2 50.1 15.8 11.0 16.0 129
Th 19.7 25.1 22.1 25.8 214 232 23.2 24.5 258 26.6 26.4 27.2 16.5 164 28.7 238
U 5.06 335 3.18 3.54 2.70 3.51 6.28 432 3.73 5.29 5.51 3.94 4.99 4.27 19.44 5.96
Ta 1.36 1.98 1.43 1.77 117 1.30 1.76 1.98 1.18 1.49 143 1.38 2.15 1.93 3.03 2.61
Nb 15.5 20.4 16.5 21.1 139 15.0 21.0 226 249 27.8 27.1 27.7 472 46.8 47.3 383
Pb 222 19.0 245 29.7 18.2 21.1 33.8 24.2 20.9 215 22.8 21.8 9.88 14.5 20.9 46.0
Sr 113 58.1 30.0 45.0 58.0 108 49.0 54.0 34.0 36.8 284 214 4.76 8.25 18.9 4.09
Nd 238 31.0 184 15.8 18.7 17.0 20.0 14.8 15.8 16.5 13.3 121 13.5 9.17 19.3 7.06
Zr 134 140 95.0 77.5 90.9 91.2 83.3 85.2 79.9 914 79.9 76.1 299 180 306 310
Hf 4.79 5.68 341 3.25 3.08 3.59 3.30 322 3.66 4.15 3.69 3.82 124 7.70 13.1 12.8
Y 203 22.6 14.8 17.7 14.5 11.8 16.8 16.1 22.8 28.2 225 229 40.8 252 38.0 24.9
La 39.0 46.6 29.5 243 329 27.7 332 23.7 46.3 459 35.6 327 47.6 399 53.2 345
Ce 703 83.6 54.2 443 62.7 52.0 64.2 453 50.9 54.1 44.2 45.1 49.6 48.0 78.5 44.0
Pr 7.30 9.10 5.66 4.76 5.90 5.32 6.19 4.47 5.38 5.50 4.45 4.10 4.77 3.52 6.89 2.76
Nd 238 31.0 184 15.8 18.7 16.9 20.0 14.8 15.8 16.5 13.3 12.1 13.5 9.17 19.3 7.06
Sm 3.59 478 3.00 3.11 2.98 2.95 3.38 2.66 227 2.54 2.04 1.88 2.26 131 357 1.01
Eu 0.59 0.42 0.33 0.27 0.38 0.31 0.36 0.29 0.21 0.24 0.15 0.15 0.12 0.07 0.19 0.05
Gd 3.46 4.57 2.27 2.37 2.19 2.10 2.56 2.20 2.40 2.70 2.09 1.99 2.73 1.60 4.23 132
Tb 0.47 0.66 0.38 0.45 0.37 0.34 0.47 0.41 0.34 039 032 0.30 0.49 0.24 0.73 023
Dy 2.54 3.77 2.26 2.81 2.25 1.92 2.78 2.50 197 2.36 1.93 1.98 349 1.65 4.89 1.78
Ho 0.51 0.75 0.49 0.61 0.49 0.41 0.59 0.56 0.42 0.50 0.42 0.44 0.85 0.41 1.10 0.47
Er 1.67 238 142 1.75 1.40 1.16 1.72 1.59 144 1.72 145 1.54 3.13 1.56 3.96 1.97
Tm 0.26 038 0.25 0.32 0.24 0.21 0.29 0.30 0.24 0.29 0.25 0.27 0.58 0.30 0.74 0.42
Yb 1.82 2.63 1.71 2.14 1.71 147 2.03 1.89 1.76 2.08 1.89 2.03 441 2.37 5.77 3.57
Lu 0.30 0.41 0.28 0.34 0.28 0.24 0.32 0.30 0.29 034 031 0.34 0.75 0.42 0.98 0.64

Note: LOI: loss on ignition. Data for the MMEs in Putuoshan (PTS) pluton are from Zhang et al. (2005); * — Data from Qiu et al. (2004).

LA-ICP-MS U-Pb isotopic analyses (Supplementary table 1) are
summarized in Table 1 and shown in Fig. 5. Zircon Hf isotopic anal-
yses were performed on the same grains selected for zircon U-Pb
dating. Lu-Hf isotopic compositions are given in Supplementary
table 2.

5.1.1. Putuoshan pluton

Seventeen U-Pb analyses of zircons from the sample 12PT-3 define a
weighted mean 2°°Pb/238U age of 97.6 & 0.9 Ma (MSWD = 0.26, 20;
Fig. 5a), which is considered the crystallization age of the PTS pluton.
Nineteen Hf isotopic spot analyses undertaken on zircons from
this sample yielded variable initial '7®Hf/!””Hf ratios (0.282527 to
0.282625) and ey(t) values (—9.8 to —3.1) with a weighted mean
value of —4.3 + 0.6 (20). The corresponding two-stage Tpy, model
ages are of 1.36-1.66 Ga.

5.1.2. Dadong'ao pluton

Fifteen analyses of zircons from the sample ZJJ-3 are concordant
or nearly concordant, yielding 2°°Pb/?38U ages of 94 + 2 to 98 +
2 Ma and a weighted mean 2°6Pb/?38U age of 95.8 + 1.0 Ma
(MSWD = 0.28, 20; Fig. 5b). This age represents the crystallization
age of the DDA alkali-feldspar granite and is within error of the age

of the PTS pluton. Eighteen zircon Hf isotopic analyses yield initial
176Hf/177Hf ratios of 0.282576-0.282479 and ey(t) values of -4.8 to
-12.3, with corresponding two-stage Tpy, model ages of 1.47-1.67
Ga.

5.1.3. Dagingshan pluton

Twenty-two zircon grains from the peralkaline DQS granite (Z]J-8)
yield concordant 2°6Pb/?38U ages that range from 87 4 2 to 89 +
2 Ma with a weighted mean age of 88.1 4- 0.9 Ma (MSWD = 0.13, 20;
Fig. 5¢). These zircons have more radiogenic Hf isotope compositions
than the zircons from the PTS and DDA plutons, with initial
176Hf/177Hf ratios of 0.282629-0.282501, eu¢(t) values of -3.1 to -7.7,
and Tpy, model ages of 1.35-1.65 Ga.

5.1.4. Taohuadao pluton

Two samples from the THD pluton were analyzed during this study.
Nineteen analyses of zircons from the sample 12THD-1 are all concor-
dant or near-concordant and yield a weighted mean 2°°Pb/?38U age of
88.6 + 0.5 Ma (MSWD = 0.42, 20; Fig. 5d). Sixteen analyses from the
sample 12THD-4 form a concordant group with a weighted mean
206pp 238 age of 89.2 + 1.0 Ma (MSWD = 0.74, 20; Fig. 5e). These
two ages are the same within error, indicating a crystallization age of
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Taohuadao Xiazhidao Average of
. A N N MMEs in the
12THD-1 12THD-4 T-1 T-3 T-9 T-10 XZD-1 XZD-2 XZD-4 XZD-5 XZD-6 XZD-7 XZD-9 XZD-10
PTS pluton
Peralkaline granite
78.45 78.20 77.80 76.48 77.00 77.00 77.47 77.37 76.56 77.22 77.54 77.71 76.82 77.41 60.00
0.10 0.12 0.09 0.12 0.11 0.09 0.11 0.16 0.14 0.14 0.15 0.13 0.13 0.13 0.90
11.55 11.83 11.38 11.49 11.58 11.53 11.59 11.66 11.70 11.75 11.88 11.81 11.90 11.79 16.35
1.11 0.92 1.67 1.68 1.66 1.79 0.86 1.04 1.19 1.02 1.01 0.96 1.08 0.88 6.46
0.08 0.04 0.11 0.12 0.14 0.13 0.01 0.02 0.10 0.10 0.05 0.03 0.06 0.03 0.24
0.22 0.19 0.08 0.07 0.08 0.01 0.19 0.23 0.23 0.23 0.21 0.20 0.22 0.18 217
0.20 0.08 0.49 0.52 0.49 0.35 0.07 0.18 0.08 0.16 0.21 0.17 0.07 0.28 4.63
427 426 4.06 426 3.80 4.74 426 422 4.25 427 4.46 4.44 4.20 441 4.40
4.28 4.53 432 437 4.73 443 4.44 4.57 4.56 4.59 4.58 4.52 4.61 4.40 2.52
0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.02 0.01 0.00 0.00 0.01 0.00 0.42
0.69 0.58 0.64 0.84 0.68 0.71 0.75 0.59 0.77 0.62
100.96 100.76 99.64 100.29 99.51 100.20 100.84 100.56 99.87 100.13
2.50 217 2.95 3.29 3.43 3.42 335 3.29 2.45 2.89 154
2.59 1.79 1.11 217 1.78 1.65 1.64 1.32 1.81 1.78 140
0.29 1.10 4.72 1.60 1.01 0.77 0.50 1.24 0.67 3.46 494
21.1 204 20.8 22.6 21.2 21.2 213 220 223 22.8 215 20.6 20.7 204 20.5
1.06 1.20 0.93 0.52 1.51 0.86 0.86 0.79 1.40 0.66 3.13
223 172 208 241 196 187 196 199 195 190 199 147 188 190 92.8
10.9 12.7 72.0 48.0 42.0 34.0 15.1 1.66 1.51 2.50 0.75 0.05 7.05 1.15 750
16.0 133 122 189 14.9 16.0 15.1 17.8 20.2 183 26.3 133 16.8 174 9.26
231 1.78 4.60 1.10 3.50 3.40 2.36 3.56 430 2.38 442 2.10 2.88 3.42 1.15
1.96 147 2.58 2.01 231 2.22 147 1.75 224 1.50 1.76 1.24 1.80 1.76 1.17
46.2 40.1 37.0 32.0 32.0 33.0 348 30.0 353 26.3 30.5 21.5 444 30.1 13.0
28.4 125 440 254 331 18.7 16.6 21.0 133 36.1 20.6
9.70 4.83 4.90 15.0 5.20 8.00 7.38 2.21 2.98 6.91 3.15 0.48 435 2.59 692
11.1 14.0 15.5 13.8 22.8 23.7 19.0 23.2 14.5 30.1 21.6 14.8 14.9 16.5 404
186 137 245 244 251 276 188 279 348 210 255 138 231 244 208
8.04 5.36 7.20 7.60 6.20 7.40 7.12 9.44 12.58 7.53 9.29 5.44 9.33 9.39
37.7 16.0 13.0 30.6 38.5 331 15.9 33.2 349 374 45.6 373 33.2 38.2 27.4
46.4 39.6 29.6 39.0 28.6 32.0 474 29.2 24.6 37.6 294 24.2 393 28.4 39.0
46.6 46.9 37.6 59.9 56.9 60.9 52.6 56.7 54.6 51.1 55.8 419 44.1 50.1 78.1
413 4.77 451 431 7.56 7.96 6.49 6.78 4.47 8.69 6.40 4.66 497 5.30 9.85
11.1 14.0 15.5 13.8 22.8 23.7 19.0 23.2 14.5 30.1 21.6 14.8 14.9 16.5 404
1.66 213 2.54 2.45 4.10 3.86 3.08 487 3.03 6.74 4.86 3.17 2.68 3.16 7.55
0.08 0.08 0.15 0.15 0.22 0.22 0.09 0.20 0.11 0.23 0.16 0.10 0.08 0.12 1.69
2.12 2.12 2.04 2.20 414 3.71 2.97 4.62 333 6.79 5.18 3.51 2.89 3.53 6.21
0.35 0.29 0.30 0.40 0.71 0.66 0.40 0.75 0.64 1.16 0.97 0.68 0.51 0.65 0.92
2.46 1.68 1.67 2.67 4.62 4.08 2.02 447 4.69 6.79 6.50 4.62 3.42 4.40 4.95
0.60 0.35 0.43 0.71 1.04 0.97 0.38 0.90 1.08 1.29 1.40 0.99 0.75 0.98 1.00
222 1.20 1.42 2.32 3.61 3.11 1.21 2.90 3.70 3.88 447 3.07 249 3.27 2.63
0.40 0.20 0.28 0.47 0.60 0.50 0.20 0.48 0.64 0.60 0.72 0.48 043 0.55 0.41
2.99 1.52 2.19 4.01 439 3.90 1.59 347 4.56 3.98 4.82 3.13 3.09 3.93 2.55
0.51 0.26 0.36 0.67 0.67 0.61 0.27 0.57 0.74 0.62 0.76 0.47 0.51 0.64 0.38

89 Ma for the THD peralkaline granite. Both samples have similar
zircon Hf isotopic compositions with initial '7SHf/!”’Hf ratios of
0.282668-0.282532, ey¢(t) values from -1.7 to -7.5, and corresponding
Tpmz ages of 1.27-1.63 Ga.

5.1.5. Xiazhidao pluton

Seventeen analyses of zircons from the sample XZD-2 plot on or near
the concordia, yielding a weighted mean 2°°Pb/2*8U age of 86.1 &
0.8 Ma (MSWD = 0.87, 20; Fig. 5f) that we consider to indicate the
crystallization age of the XZD pluton. Twenty zircon Hf isotopic analyses
yield variable initial 17SHf/!””Hf ratios of 0.282539-0.282674, eu¢(t)
values from -6.3 to -1.6, and Tpy» ages of 1.25-1.55 Ga.

5.2. Mineral chemistry

Representative microprobe analyses of major mineral phases within
the granites in the Zhoushan area are listed in Supplementary tables 3-5
and shown in Fig. 6.

5.2.1. Biotite
Biotite within the PTS alkali-feldspar granite has rather homoge-
neous compositions with high MgO (13.55-16.53 wt.%) and moderate

FeOT (14.53-15.81 wt.%) concentrations. They have compositions
close to the Mg-rich eastonite end-member, with relatively low
Fe/(Fe + Mg) cationic ratios of 0.33-0.38, and thus belong to mag-
nesium biotite (Fig. 6a).

5.2.2. Amphibole

The amphiboles within the PTS alkali-feldspar granite are calcic,
have Cap values of >1.5, are enriched in Mg but depleted in Fe,
and have Fe/(Fe + Mg) ratios of 0.24-0.34, indicating magnesio-
hornblende compositions. The amphiboles within the DQS, THD, and
XZD peralkaline granites are all sodic and can be further classified as
arfvedsonite and minor magnesio-arfvedsonite using the classification
of Leake et al. (1997) (Fig. 6b); the latter type is restricted to the THD
pluton. These sodic amphiboles contain >3.17 wt.% F, with some
amphiboles containing up to 5.09 wt.% F, distinctly higher than the
concentrations within calcic amphiboles in the PTS alkali-feldspar
granite (0.32-0.40 wt.% F).

5.2.3. Pyroxene

Pyroxene is only present within the DQS, THD, and XZD peralkaline
granites. All of these pyroxenes are enriched in Na,0 (6.30-14.51
wt.%) and FeO' (27.06-33.36 wt.%), and are depleted in MgO
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(<5.57 wt.%) and CaO (<3.89 wt.%), indicating they are sodic pyrox-
enes. Further classification using the scheme of Morimoto et al.
(1988) indicates that these pyroxenes are aegirines and aegirine-
augites (Fig. 6¢).

5.3. Whole-rock major and trace element geochemistry

The whole-rock major and trace element compositions of represen-
tative samples from the five plutons studied here are summarized in
Table 2.

Both the alkali-feldspar granites and peralkaline granites have high
and restricted SiO, contents (>74 wt.%) with D.I. (differentiation
index) values of 93.4-98.1, indicating they are highly evolved. They
both have similarly high K,O contents in the range 4.08-4.81 wt.%,
with K;0/Na,O values close to 1, and can be classified as high-K calc-
alkaline rocks (Fig. 7a). In the plot of SiO, vs. A.R. (alkalinity ratio;
Fig. 7b), all samples from the intrusions fall in the alkaline field, al-
though the peralkaline granites tend to show much higher A.R. values
than the alkali-feldspar granites. The peralkaline granites from the
southern DQS, THD, and XZD plutons have relatively low concentrations
of Al,03 (11.38-11.90 wt.%), P,05 (0.01-0.02 wt.%), and CaO (0.06-0.52
wt.%). Their total (K,0 + Na,0) contents vary from 8.30 to 9.17 wt.%. On
the A/CNK vs. A/NK diagram, they are mostly peralkaline with A/NK ra-
tios of <1.0 (Fig. 7c), which is consistent with the presence of Na-rich
mafic minerals (e.g., arfvedsonite and aegirine). In contrast, the alkali-
feldspar granites from the northern PTS and DDA plutons have
higher Al,O; and Ca0, and lower Fe,0%" compared with the southern
peralkaline granites. The majority of these rocks are metaluminous to
weakly peraluminous with A/CNK values of 0.95-1.02, and only one
sample is peraluminous (Fig. 7c). Following Sylvester (1989), the
alkali-feldspar granites belong to highly fractionated granites, whereas
the peralkaline granites straddle the boundary between the highly
fractionated and alkaline fields (Fig. 7d).

All of the peralkaline and alkali-feldspar granite samples have simi-
lar total rare earth element (Y REE) concentrations of 100.9-191.0 and
98.6-183.9 ppm, respectively. Their chondrite-normalized REE patterns
are marked by significant LREE enrichments, nearly flat HREE patterns,
and distinctly negative Eu anomalies (Fig. 8a and b). These granites
have primitive-mantle-normalized multi-element variation patterns
that are enriched in large ion lithophile element (LILE; e.g., Rb, Th, and
U) and depleted in Ba, Sr, P, and Ti, suggesting these rocks formed
from highly evolved magmas (Fig. 8c and d). Despite these similarities,
there are also some differences in the compositions of the northern
alkali-feldspar granites and southern peralkaline granites, with more
significant depletions in Ba, Sr, P, Ti, and Eu, and greater enrichment in
the HREE and the high field strength elements (HFSE; e.g., Nb, Ta, Zr,
and Hf) in the latter (Fig. 8).

5.4. Whole-rock Sm-Nd isotopes

The whole-rock Nd isotopic compositions of the granites analyzed
during this study are listed in Supplementary table 6 and are shown in
Fig. 9a. All eng(t) values and two-stage Nd model ages (Tpy2) were cal-
culated using the crystallization ages obtained in this study, and they
define two distinct groups: one corresponding to the alkali-feldspar
granites within the PTS and DDA plutons, and the other associated
with the peralkaline granites in the DQS, THD, and XZD plutons. The
northern alkali-feldspar granites have homogeneous Nd isotopic com-
positions with initial *>Nd/!**Nd ratios of 0.512129-0.512510, eng(t)
values from -7.5 to -7.1, and two-stage Nd model ages (Tpp2) of
1.47-1.51 Ga. In contrast, the southern peralkaline granites have slightly
more radiogenic Nd isotopic compositions with initial "**Nd/"4*Nd ra-
tios of 0.512191-0.512235, enq(t) values from -5.7 to -6.5, and two-
stage Nd model ages (Tpyz) of 1.35-1.42 Ga.

6. Discussion

6.1. Classification of alkali-feldspar granites and peralkaline granites within
the Zhoushan archipelago

The geochemistry of A-, I-, and S-type granites is generally well
known (Chappell, 1999; Chappell and White, 1974; Clemens, 2003;
Ghani et al., 2013; Whalen et al., 1987). The fact that the granites in
the present study area have relatively low A/CNK and K;0/Na,0 values,
low P,05 concentrations, and are free of typical peraluminous minerals
(e.g., cordierite, andalusite, and garnet) argue strongly that they are not
S-type granites (Chappell, 1984; Chappell and White, 1974; Whalen
etal.,, 1987; Zhao et al., 2015b). Their peralkaline chemical compositions
and common occurrence of Na-rich mafic minerals (e.g., arfvedsonite
and aegirine) indicate the southern peralkaline intrusions are typical
A-type granites. In contrast, the northern alkali-feldspar granites are
generally metaluminous to slightly peraluminous and have low HFSE
concentrations. Biotites within the PTS alkali-feldspar granites have
FeO'/MgO ratios of 0.94-1.08, and can be classified as magnesian subva-
riety. All of the amphiboles from the PTS alkali-feldspar granites are cal-
cic and have Cag values of >1.5. These characteristics indicate that the
northern alkali-feldspar granites are typical I-type granites (Chappell,
1984; Whalen et al., 1987). These northern granites plot in the I-, S-,
and M-type fields in Ga/Al vs. (Zr + Nb 4+ Ce + Y) and Zr, Y, and Ce
vs. Ga/Al discrimination diagrams (Fig. 10), whereas all of the southern
peralkaline granites are solely classified as A-type granites. In summary,
the PTS and DDA alkali-feldspar granites are classified as I-type, and the
DQS, THD, and XZD peralkaline granites as A-type, and together they
make up a typical composite I- and A-type granitic complex.

6.2. Petrogenesis of the I-type PTS and DDA alkali-feldspar granites

The alkali-feldspar granites from the PTS and DDA plutons are highly
siliceous, calc-alkaline, and have typical I-type geochemical characteris-
tics. They have relatively enriched bulk-rock Nd and zircon Hf isotopic
compositions (eng(t) = -7.1 to =7.5, ege(t) = -12.3 to -3.1) with over-
lapping Nd-Hf model ages of ~1.4-1.6 Ga, indicating derivation from an
older meta-igneous crustal source. Potential sources proposed for I-type
granites range in composition from basaltic to intermediate rocks
(Chappell, 1984, 1999; Rajesh, 2008; Roberts and Clemens, 1993). The
PTS and DDA alkali-feldspar granites are characterized by intermediate
to high K,0 (4.08-4.81 wt.%) and Na,0 (3.88-4.35 wt.%) concentra-
tions, with K,0/Na,O ratios of 0.94-1.21. This is in contrast to
the MMEs within the PTS pluton, which have relatively low K;O
(1.44-3.15 wt.%) concentrations and K,0/Na,O ratios that generally lie
between 0.30 and 0.68 (Zhang et al., 2005). The relatively high K,0 con-
centrations in these alkali-feldspar granites might have resulted from
partial melting of crustal rocks or from plagioclase-dominated fraction-
ation, rather than an input from mantle-derived mafic melts. Granites
within both the PTS and DDA plutons have high Rb/Ba and K/Ba ratios,
and are significantly depleted in Eu, Ba, and Sr (Fig. 8), all of which suggest
that the magmas that formed these rocks fractionated not only plagio-
clase but also significant amounts of K-feldspar. This indicates that
differentiation may not be the dominant process that caused the K,0 en-
richments within the northern alkali-feldspar granites. Taken together,
these observations suggest that the magma source was the main control
on the K-rich nature of the northern I-type granites. The relatively low
HFSE and HREE, and relatively high K,0 and Na,O concentrations within
these I-type granites, coupled with their low zircon saturation tempera-
tures (724.7 °C-782.9 °C) and high Rb/Sr ratios, further suggest they
were likely derived from a hydrous source in the presence of mica
(Chen et al., 2013; King et al,, 1997; Sarjoughian et al,, 2015).

Studies of experimental dehydration melting have provided evi-
dence of the influence of source rocks on the composition of partial
melts and suggests that the partial melting of andesite and several
types of low-K metabasalts (KO = 0.08-0.82 wt.%) could produce
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mildly peraluminous to metaluminous granitic melts (Beard and Lofgren,
1991; Rapp and Watson, 1995). However, the melts produced are gener-
ally depleted in K;0 and have variable Na,O and CaO concentrations, all of
which contrast with the geochemistry of the PTS and DDA alkali-feldspar
granites. Roberts and Clemens (1993) suggested that high-K I-type gra-
nitic magmas can only be formed by the partial melting of mafic to inter-
mediate, transitional to high-K calc-alkaline, meta-igneous source rocks.
Indeed, previous studies have reported that high-K granitic melts could
be generated by the partial melting of tonalitic-granodioritic rocks
(Patifio Douce, 1997; Skjerlie and Johnston, 1993). However, such melts
are geochemically similar to A-type granites but contrast sharply with
the composition of I-type granites. Therefore, the partial melting of inter-
mediate igneous source rocks could not generate the voluminous high-K
I-type granites of coastal SE China. Based on an extensive compilation of
experimental petrological data, Sisson et al. (2005) ascribed the low-K
character of granitic melts to K-poor basaltic starting materials. The au-
thors used medium- to high-K (K,0 = 1.01-2.32 wt.%) basaltic starting
material in dehydration melting experiments to produce silicic melts
that are slightly peraluminous to metaluminous and contain elevated
K,0 and Na,O concentrations, similar in composition to the PTS and
DDA alkali-feldspar granites. Together with their hydrous characteristics,
the PTS and DDA alkali-feldspar granites most likely formed from
magmas derived from a mica-bearing, K-rich basaltic source.

More recent research has indicated that mantle-derived material
plays an important role in the generation of I-type granites, as evi-
denced by systematic in situ U-Pb, Hf, and O isotope analyses of zircons
from such granites (He et al., 2010; Kemp et al.,, 2007; Zhu et al., 2009).
The zircons from the northern alkali-feldspar granites have rather
variable Hf isotopic compositions, with gy¢(t) values of -9.8 to -3.1
and -12.3 to -4.8 for the PTS and DDA granites, respectively (Fig. 9b).
These values are different from the signature of magmas derived from

a single source with a homogeneous Hf isotopic composition (Griffin
et al., 2002; Kemp et al., 2007), indicating the involvement of mantle-
derived magma in the generation of the northern alkali-feldspar gran-
ites. This hypothesis is supported by the presence of MMEs within the
PTS and DDA alkali-feldspar granites. The MMEs are generally spheroi-
dal to ellipsoidal-ovoidal with typical magmatic textures, and they con-
tain K-feldspar xenocrysts from the host alkali-feldspar granite (Fig. 3a).
Apatite in the MMEs generally occurs as euhedral acicular crystals
(Zhang et al., 2005). The MMEs also contain plagioclase showing reverse
compositional zoning (Xie et al., 2004). These petrographic characteris-
tics reflect mixing between mantle-derived mafic and felsic magmas
during the generation of these alkali-feldspar granites, providing direct
and robust evidence of a magma mixing origin.

Taken together, the field and petrographic observations and geo-
chemical data indicate that the PTS and DDA alkali-feldspar granites
formed by the mixing of mantle- and crust-derived magma generated
by the dehydration melting of mica-bearing basaltic rocks, combined
with further fractionation of plagioclase and K-feldspar during ascent
and emplacement.

6.3. Petrogenesis of the A-type DQS, THD, and XZD peralkaline granites

A-type granites are intensively studied because they have unusual
geochemical compositions and provide insights into the tectonic setting
of ancient terranes. Several petrogenetic models have been proposed for
such granites, including: (1) fractional crystallization of mantle-derived
basaltic magma (Li et al., 2007; Mushkin et al., 2003; Turner et al.,
1992); (2) partial melting of residual source rocks after the extraction of
I-type magmas (Clemens et al., 1986; Collins et al.,, 1982; Whalen et al.,
1987); (3) dehydration melting of tonalitic to granodioritic source rocks
(Creaser et al.,, 1991; King et al., 1997; Patifio Douce, 1997); and
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(4) mixing between anatectic granitic magmas and mantle-derived melts
(Barboni and Bussy, 2013; Konopelko et al., 2007). All of the field, petro-
graphic, and geochemical data presented here suggest that the partial
melting of granulite-bearing crustal rocks and magma mixing were re-
sponsible for the generation of the peralkaline A-type granites in the
Zhoushan area.

6.3.1. Magma mixing
Although the origin of A-type granites remains controversial and
multiple mechanisms have been proposed for their formation, the role
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of mantle-derived magmas has been emphasized (Dall'Agnol et al.,
2005; Farahat et al.,, 2007; Huang et al., 2011; Karsli et al., 2012;
Konopelko et al., 2007; Qiu et al., 2004; Zhao et al., 2008). The zircons
from the southern peralkaline A-type granites have a relatively wide
range of Hf isotopic compositions, with gyg(t) values of -7.7 to -3.1 for
the DQS pluton, -7.5 to -2.2 for the THD pluton, and -6.3 to -1.6 for
the XZD pluton (Fig. 9b). More importantly, these peralkaline granites
have more enriched Nd isotopic compositions than the Cretaceous
mafic rocks within SE China Coast, and they all plot above the isotope
evolution domain for the crustal basement of the South China Block
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(Fig. 9a). Consequently, these granites were most likely derived from
the remelting of ancient basement rocks with variable inputs of
mantle-derived melt. The southern A-type granites have relatively
young two-stage Nd and Hf model ages that are inconsistent with any
of the known episodes of regional crust generation proposed by Yu
et al. (2010) and Xu et al. (2007). This finding also suggests that the
DQS, THD, and XZD peralkaline A-type granites are similar to the north-
ern I-type granites in that they formed by the mixing of felsic magmas
generated by partial melting of crustal material with depleted mantle-
derived magma.

6.3.2. Crustal source signatures

Magmas from crustal and mantle sources contributed to the genera-
tion of the DQS, THD, and XZD peralkaline A-type granites, which have
negative eng(t) (-6.5 to -5.7) and ey¢(t) (7.7 to -1.6) values, and
high SiO,, but low FeO”, MgO, Ni, and Cr concentrations. These granites
are Ap-subtype granites (Fig. 11a) according to the scheme of Eby
(1992), in which the A,-subtype granites are thought to be crustal ori-
gin. This indicates that crustal material is a major constituent of the
southern peralkaline A-type granites.

The southern peralkaline granites are strongly enriched in Nb, Ta, Zr,
and Hf, depleted in Ba, Sr, Eu, P, and Ti, and contain high concentrations
of F, as is evidenced by the F-enriched arfvedsonite within these gran-
ites (3.17-5.06 wt.%). The most striking feature of the DQS, THD and
XZD A-type granites is probably their peralkaline character. A key
question addressed in this study is whether the parental magmas
of these A-type granites were initially peralkaline. Scaillet and
Macdonald (2003) suggested that the breakdown of clinopyroxene dur-
ing melting of a crustal source is likely to produce peralkaline melts.
However, Bonin (2007) stressed that no peralkaline A-type parental
magmas have been formed experimentally from crustal material. Frost

and Frost (2011) suggested that the fractionation of large amount of
plagioclase would cause a rapid decrease in Al,O3; and CaO concentra-
tions with respect to Na,O and K;0 in the melt, causing magmas to
evolve towards peralkaline compositions. In addition, the wide interval
in crystallization temperature (>100 °C) between the plagioclase-
saturation boundary and the solidus within A-type magmas, together
with the high temperature of this phase boundary, suggests that the
prior removal of a large amount of plagioclase would be plausible in
A-type magma systems and could therefore cause significant depletions
in the CaO concentrations of associated melts (Clemens et al., 1986;
Wormald and Price, 1988). The DQS, THD, and XZD peralkaline granites
have moderate K,0 + Na,O concentrations that are indistinguishable
from those of the northern metaluminous I-type granites and
metaluminous A-type granites within the coastal region of Fujian Prov-
ince (Fig. 12a). A simple compilation of granite chemical compositions
indicates that peralkaline A-type granites generally have higher
K50 + Na,O concentrations (mainly > 9.0 wt.%) at a given SiO, concen-
tration than the rocks within DQS, THD, and XZD plutons (Eyal et al.,
2010; Jahn et al., 2009; Litvinovsky et al., 2011; Nardi and Bitencourt,
2009). The peralkaline character of the DQS, THD, and XZD A-type gran-
ites is therefore most likely associated with the depleted CaO and Al,03
concentrations within these plutons (Fig. 12b and c), rather than
resulting from high Na,O and K,0 concentrations. This inference is con-
sistent with the rarity or complete lack of plagioclase within these plu-
tons. In addition, the fact that the Ca/Sr and Rb/Sr ratios of the southern
peralkaline A-type granites are extremely high and are significantly dif-
ferent from the ratios of the northern I-type granites suggests that the
southern peralkaline granites have undergone more extreme plagio-
clase fractionation than the northern metaluminous I-type granites,
even though both sets of granites are highly fractionated and have
SiO, concentrations >74 wt.%. Therefore, the peralkaline character of
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the DQS, THD, and XZD A-type granites might be related to the differen-
tiation of metaluminous to slightly peraluminous magmas (especially
plagioclase separation) rather than a feature that was inherited from
the parental magmas of these granites.

Of note, the two granite types in the present study have a close spa-
tial relationship. Zircon U-Pb age data indicate that the southern DQS,
THD and XZD A-type granites postdate the northern PTS and DDA I-
type granites by ca. 10 Myr, similarly to other A- and I-type complexes
in coastal SE China, such as the Qingtian and the Fuzhou complexes
(Dong and Peng, 1994; Lin et al., 2011). In the present case, it is likely
that the two granite types have a close genetic relationship. The mica-
bearing basaltic rocks, residual granulites, and tonalitic to granodioritic
I-type rocks are thus the most plausible source rocks for the southern
peralkaline granites. These characteristics, including the concentrated
HEFSE ratios (e.g., Nb/Ta, Zr/Nb, and Zr/Hf), the presence of significant
positive correlations for Ta vs. Nb and Zr vs. Hf, and the presence of mag-
matic fluorine-rich minerals (e.g., biotite, arfvedsonite, and fluorite)
within the DQS, THD, and XZD A-type granites all suggest that their F-
enriched nature was most likely derived from the granitic magma itself
rather than from metasomatism by extraneous F-rich fluids (Eby, 1990;
Moghazi et al., 2011; Wormald and Price, 1988). King et al. (1997) re-
ported that fractional crystallization could facilitate the enrichment of
F in granitic magma. However, it is important to note that the southern
peralkaline A-type and the northern I-type granites have nearly indis-
tinguishable SiO, contents and D.L. values. The availability of F is there-
fore another major factor (in addition to magmatic differentiation) that
controlled the enrichment of fluorine in the DQS, THD, and XZD granitic
magmas. Hence, the granitic rocks in this study were likely derived from
different source rocks, and the formation of these peralkaline A-type
granites by basaltic source rocks seems unlikely. Moreover, the high
magma temperature of the southern peralkaline granites is inconsistent
with their generation by the fractionation of I-type parental magma
(Clemens et al., 1986; King et al., 2001). In addition, the relatively high
concentrations of the HREE and the extreme HFSE enrichments in the
southern peralkaline A-type granites argue against their formation
from tonalitic to granodioritic source rocks, as metaluminous A-type
magmas produced from such sources generally contain low concentra-
tions of both the HREE and the HFSE (e.g., Nb, Ta, and Zr), even within
highly evolved magmas (Chen et al., 2013; Farahat et al., 2007; King
et al.,, 1997; Zhao et al., 2015a).

Generally, subsolidus dehydroxylation (OH — F) could increase the
stability of biotite and amphibole in the lower crust, and partial melting
of such granulitic restite after extraction of granitic melts would

generate a relatively anhydrous, F-rich A-type melt (Collins et al.,
1982; Whalen et al.,1987). Based on a study of the Chaelundi complex
in eastern Australia, Landenberger and Collins (1996) further argued
that the residual igneous source could be dehydrated, although general-
ly not refractory/melt-depleted given the occurrence of disequilibrium
partial melting. They stressed that once the temperature buffering effect
of these dehydration reactions is removed, temperatures would contin-
ue to rise to >900 °C, and melting of such granulized source rocks would
then proceed and form A-type melts. More recently, Huang et al. (2011)
also indicated that A-type granite can be derived from partial melting of
granulitic restites under the conditions of asthenospheric upwelling
and/or basaltic underplating. Therefore, preference is given to the hy-
pothesis that the southern peralkaline A-type granites were generated
from a residual granulitic source.

The DQS, THD, and XZD peralkaline rocks are hypersolvus (i.e., the
only feldspar present is alkali feldspar), and hydrous minerals such as
biotite and arfvedsonite are generally interstitial, indicating that these
peralkaline A-type granites formed from anhydrous magmas (King
et al., 1997; Singh and Vallinayagam, 2012; Wormald and Price, 1988).
Geochemically, they are strongly enriched in HFSEs, and contain high
concentrations of F, HREEs and KO, further suggesting their derivation
from a residual granulitic source (Chen et al., 2000; Collins et al., 1982;
Whalen et al., 1987; Zhao et al., 2008). Thus, the granulite-bearing crust-
al rocks are the most plausible source for the DQS, THD and XZD
peralkaline A-type granites.

In summary, we propose that the southern peralkaline A-type gran-
ites were generated by the mixing of mantle-derived material and
crustal-derived magmas generated by the partial melting of granulite-
bearing source rocks. These magmas then fractionated a significant
amount of plagioclase and K-feldspar during ascent and emplacement.

6.4. Petrogenetic model and geodynamic implications

We use a simple binary mixing calculation to further constrain the
proportion of mantle and crustal components involved in the formation
of the spatially associated peralkaline A- and I-type granites in the
Zhoushan area. This calculation used a typical Qilin gabbroic granulite
to represent a depleted mantle end-member (Nd = 14 ppm, initial
143Nd/"4Nd = 0.512848; Xu and Zhou, 1995; Xu et al., 1999b) and
the average composition of crust in South China to represent a crustal
end-member (Nd = 28 ppm, initial '**Nd/"**Nd = 0.511810; Liu
et al., 1990). Our calculations indicate that the magmas that formed
the northern I-type alkali-feldspar granites can be isotopically modeled
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by mixing ~45% mantle-derived melt with ~55% crustal-derived melt,
whereas a slightly higher proportion of mantle-derived melt (~50%)
is required to model the compositions of the southern peralkaline A-
type granites. Thus, we suggest that the mixing of different proportions
of crustal- and mantle-derived magmas, and the presence of closely
related but geochemically different source rocks, are the two key
factors that controlled the generation of coexisting peralkaline A-type
and I[-type granites in the Zhoushan area.

An active continental margin setting related to subduction of the
palaeo-Pacific plate is widely invoked to explain the Cretaceous igneous
magmatism in coastal SE China (Chen et al., 2013; He and Xu, 2012;
Martin et al., 1994; Xu et al,, 1999a; Zhou et al., 2006). Zircon U-Pb dat-
ing indicates that the alkali-feldspar granites and peralkaline granites in
the Zhoushan area were emplaced at 98-86 Ma, corresponding to a pe-
riod of rapid high-angle subduction of the paleo-Pacific plate beneath SE
China (Jahn, 1974). He and Xu (2012) suggested that the Cretaceous

volcanic-intrusive magmatism in SE China could be grouped into two
magmatic episodes: an early stage (140-110 Ma) in a compressional
environment, and a late stage (110-85 Ma) in an extensional environ-
ment, which were related to the forward and rollback subduction of
the paleo-Pacific plate, respectively. Liu et al. (2012) further considered
that the change in subduction style might have been related to the “re-
gional magmatic quiescence” at ca. 120-110 Ma, as inferred from a
study of the Late Yanshanian lower and upper volcanic series in SE
China. However, recent research has identified a series of 120-110 Ma
intrusions in the coastal area of SE China, including the Huangtuling
gabbro (118 Ma; He and Xu, 2012), the Xiaojiang alkali-feldspar granite
(121 Ma) and quartz diorite (114 Ma), and the Longhuangtang alkali-
feldspar granites (115 Ma; Wong et al., 2011) in coastal Zhejiang Prov-
ince, and the Changgiao granodiorite (119 Ma; Qiu et al., 2012) and the
Xiaocuo complex (~116 Ma; Li et al.,, 2015) in coastal Fujian Province.
This indicates that the granitic magmatism in the coastal area of SE
China was continuous, at least between 125 and 85 Ma.

Eyal et al. (2010) and Liégeois (1998) suggested that post-collisional
magmatism is characterized by abundance of high-K calc-alkaline gran-
itoids and terminates with alkaline-peralkaline magmatism. The coastal
area of SE China hosts high-K calc-alkaline granitic magmas with crys-
tallization ages of 125-85 Ma (He and Xu, 2012; Li et al., 2014b; Qiu
et al., 2008, 2012; Wong et al., 2011; Zhao et al., 2012). The emplace-
ment of A-type granites in this area started slightly later (101 Ma) and
lasted till 86 Ma (Zhao et al., 2015a and references therein). Both rock
types are thus closely associated in space and time. On the Rb vs.
Y + Nb tectonic discrimination diagram (Fig. 11b), data for the granites
in this study plot in the post-collision granite (post-COLG) field, sug-
gesting a post-collisional tectonic affinity. In addition, the DQS, THD,
and XZD peralkaline A-type granites have an A,-subtype geochemical
affinity, suggesting that these magmas formed in a post-collisional or
post-orogenic setting (Eby, 1990, 1992). Therefore, Cretaceous granitic
magmatism in the coastal region of SE China most likely occurred in a
subduction-related post-collisional continental margin tectonic setting.
Wong et al. (2009) investigated the Early Cretaceous Baijuhuajian (125
Ma) and Suzhou (123 Ma) granites (Fig. 1), classifying them as A-type
granitic plutons and indicating that extension in SE China started at
125 Ma at the latest, earlier than previously suggested (110 Ma). In
addition, numerous extension-related rocks, such as A-type granites,
bimodal volcanic rock associations, and basic dikes, are widespread
throughout coastal SE China. The magmatism that formed these
rocks occurred over a short period (101-83 Ma; Zhao et al., 2015a
and references therein), indicating a Late Cretaceous peak in regional
lithospheric extension caused by rollback of the subducting paleo-
Pacific plate. The presence of well-developed miarolitic cavities and
granophyric texture in these A-type granites, even in some of the co-
eval I-type granites (Qiu et al., 2008), is indicative of high-level em-
placement and also provides evidence for an extensional regime
(Chen et al., 2004). Taken together, the petrological, geochemical,
and geochronological data for Cretaceous granites in coastal SE
China indicate that the granitic magmatism in the Zhoushan area
occurred in a post-collisional extensional setting, with the intensity
of regional tectonic extension increasing between the Early and
Late Cretaceous.

Here, we suggest a simplified genetic model for the closely associat-
ed I-type alkali-feldspar granites and A-type peralkaline granites in the
Zhoushan area (Fig. 13). This model involves early regional extension
(~125 Ma) that induced underplating of mantle-derived magmas and
the subsequent partial melting of lower crustal rocks, producing felsic
magmas. These crustal melts then mixed with the underplated basaltic
magmas, forming the parental magmas that eventually produced the
calc-alkaline I-type granites in the Zhoushan area (Fig. 13a). This also
caused the simultaneous formation of residual granulitic rocks within
the lower crust. The later stages of Cretaceous magmatism (Fig. 13b)
were associated with an increase in the dip angle of the subducting
slab and oceanward retreat of the trench, causing an increase in
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The early stage

(ca. 125~100Ma)  changle-Nan'ao f

—— Extension

Continental I

lithospheric

mantle

Asthenosphere
a

The late stage
(ca.100~83 Ma)

Continenta

Continental
lithospheric
mantle

Asthenosphere

b

Rollback

Fig. 13. Cartoon illustrating a petrogenetic model for generation of I- and A-type granites in the coastal area of SE China. (a) underplating of mantle-derived magma induced partial melting
of crustal materials to produce felsic magma, leaving granulite residues in the lower crust. The felsic magma then mixed with mantle-derived melts, forming the parental magma of the PTS
and DDA I-type granites. (b) With ongoing increase of the dip angle of the subducted palaeo-Pacific plate in Cretaceous, the degree of lithosphere extension gradually intensified, and in-
duced the activation of Changle-Nan'ao Fault. The accompanying large-scale mantle-derived magma underplating resulted in melting of the residual granulitic rocks to form crust-derived
F-bearing melts, and subsequent mixing between mantle- and crust- derived melts finally produced the parental magma of the southern peralkaline A-type granites. After further but
different magma evolution processes, both types of remaining melts emplaced along the Changle-Nan'ao fault, and finally formed the spatially coexisting calc-alkaline I-type and

peralkaline A-type granites in the Zhoushan area.

extension, further thinning the lithosphere and inducing more intensive
underplating of mantle-derived magmas along the Changle-Nan'ao
Fault. This generated high temperatures within the crust and caused
partial melting of the residual granulitic material, producing relatively
anhydrous F-containing felsic melts. Mixing of these unusual crustal
melts with larger volumes of mantle-derived mafic magmas generated
the parental magmas that eventually formed the peralkaline A-type
granites. The I- and A-type parental magmas subsequently underwent
further differentiation involving variable fractional crystallization
paths during their emplacement along the Changle-Nan'ao Fault, and fi-
nally formed the spatially coexisting calc-alkaline I-type and peralkaline
A-type granites in the Zhoushan area.

7. Conclusions

(1) The PTS and DDA alkali-feldspar granites (98-96 Ma), and the
DQS, THD, and XZD peralkaline granites (89-86 Ma) were

2

~—

emplaced from north to south during the later stages of
Cretaceous magmatism within the Zhoushan archipelago, in the
coastal region of Zhejiang Province.

The northern alkali-feldspar granites are high-K calc-alkaline,
metaluminous to mildly peraluminous, contain magnesian bio-
tite and calcic amphibole, and have low Ga/Al ratios, all of
which are indicative of an I-type affinity. In contrast, the south-
ern granites are peralkaline, enriched in the HFSE, and have
elevated Ga/Al ratios, indicative of an A-type affinity.

(3) The northern I-type alkali-feldspar granites were formed by the

mixing of mantle- and crust-derived magma generated by the de-
hydration melting of mica-bearing basaltic rocks, whereas the
southern peralkaline A-type granites were produced by the mixing
of mantle-derived material and crustal-derived magmas generat-
ed by the partial melting of residual granulitic source. A combina-
tion of factors, including variations in the mixing ratio between
crustal- and mantle-derived magmas and geochemical differences
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between source rocks, most likely led to the generation of
coexisting I- and A-type granites within the Zhoushan area.

Both the I- and A-type granites formed in a post-collisional exten-
sional tectonic setting as a result of high-angle rollback of the
subducting paleo-Pacific plate. Cretaceous continuous tectonic ex-
tension, underplating of mantle-derived magmas, and reactivation
of the Changle-Nan'ao Fault during subduction may all have con-
tributed to the voluminous granite magmatism in coastal SE China.

(4
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