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The origin of A-type granites has been the subject of great debate, especially the enigmatic synchronous A1- and
A2-type granites. Cretaceous (~125 Ma) A1- and A2-type granites are common throughout the Lower Yangtze
River Belt (LYRB), eastern China. However, their genesis still remains unclear. In this study, in-situ zircon
Oisotopic data and chemical compositions of theHuayuangong (HYG) A-type granites in Anhui province, provide
new insights into the origin and evolution of A-type granites in the LYRB, as well as the genetic link for synchro-
nous A1- and A2-type granites. The HYG granites include syenogranite (75.9 wt%–76.6 wt% SiO2) and quartz sy-
enite (66.1 wt%–66.9 wt% SiO2). Both are metaluminous and belong to ferroan series. They are characterized by
high alkalis (K2O + Na2O= 8.36 wt%–8.55 wt% and 11.7 wt%–11.9 wt%), high field strength elements (Zr + Nb
+ Ce+ Y= 909 ppm–1269 ppm and 1092 ppm–1329 ppm) and high Ga/Al ratios (10,000 ∗ Ga/Al = 4.91–4.96
and 2.64–2.68). The zircon saturation thermometer results indicate high magmatic temperatures (896–964 °C
and 860–882 °C). All those geochemical features show an A-type granite affinity. They can be further classified
into A1-and A2-type granites, corresponding to reduced and oxidized A-type granites, respectively. Additionally,
the in-situ zircon O-Hf isotope compositions are also distinctly different, with δ18O = 4.7‰–6.0‰ and εHf(t) =
−1.5 to −3.6 for A1-type granites, and δ18O = 7.0‰–7.8‰ and εHf(t) = −3.3 to −6.9 for A2-type granites.
The geochemical signatures and newly discovered δ18O and εHf(t)values of the two A-type granite subgroups, in-
dicate that theywere derived fromdifferent source components and under disparate physicochemical conditions
(e.g.,temperature, redox state andwater contents). Lithosphericmantle-like isotopic data fromzircons of A1-type
granites suggest fractional crystallization of reduced, anhydrous basaltic magmas resulting in the formation of
A1-type granites. In contrast, A2-type granites with relatively high δ18O and negative εHf values were generated
from partial melting of the lithospheric mantle which was metasomatized by slab-derived melts/fluids. The
coexisting A1- and A2-type granites were formed under the extensional setting where lithospheric thinning
and asthenosphere upwelling occurred.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Granitoids are the most abundant constituents of the upper conti-
nental crust and closely related to the tectonic evolution. However,
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the source and evolutionary trends of granites are still hot debated.
For example, are they produced by fractional crystallization of mantle-
derived basaltic melts or reworking of preexisting crustal materials?
A-type granites constitute a distinct group of granitoid rocks, with
high alkali contents, high field strength element (HFSE) concentrations,
Ga/Al ratios, as well as high magmatic temperatures (Bonin, 2007;
Collins et al., 1982; Landenberger andCollins, 1996; Loiselle and
Wones, 1979; PatiñoDouce, 1997). Additionally, they commonly evolve
and/or crystallize in shallow magma chambers and are emplaced in
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extensional tectonic settings (Bonin, 2007; Eby, 1990; Eby, 1992; Patiño
Douce, 1997). Different classification schemes have been proposed to
describe and explain their petrogenesis and geological significance
(Dall'Agnol and Oliveira, 2007; Eby, 1992; King et al., 1997; Whalen et
al., 1987). The earliest and most common one divided A-type granites
into A1 and A2 subgroups (Eby, 1992). A-type granites are also classified
into aluminous and alkaline subgroups (King et al., 1997). A-type gran-
ites are generally considered to have crystallized under conditions of
low water-content and low fO2 (e.g.,Bonin, 2007; Patiño Douce, 1997).
However, some studies also suggest that A-type granites could be de-
rived from melts with appreciable water contents under oxidizing con-
ditions (Dall'Agnol et al., 1999; Dall'Agnol et al., 2005; Dall'Agnol and
Oliveira, 2007). Recent studies found some A-type granite plutons con-
taining both A1 and A2 subgroups, the genesis of which is poorly
constrained. Varying degrees of fractional crystallization (Rajesh,
2000), mantle metasomatism (Li et al., 2012) or distinct source compo-
nents (Kemp et al., 2005) are thought to be involved. Therefore, the
mechanism that controls the formation of A-type granites still needs
in-depth study.

Oxygen isotope analysis is effective in tracing the involvement of
crustal/mantle materials in the magmatic source and providing ro-
bust constraints on hydrothermal processes during the magmatic
evolution (Eiler, 2001; Bindeman et al., 2005; Bindeman and
Serebryakov, 2011; Bindeman and Valley, 2001; Spencer et al.,
2017). Magmatic zircon is recognized as the premier geochemical
tracer of primary oxygen isotopic composition (Valley, 2003). The
mantle is a remarkably homogeneous oxygen isotope reservoir
(Eiler, 2001), and igneous zircons in equilibrium with pristine man-
tle-derived magmas have a narrow range of δ18O = 5.3 ± 0.3‰
(1SD, Cavosie et al., 2009; Valley et al., 1998). Zircon oxygen values
(δ18O) are insensitive to fractional crystallization because the frac-
tionation Δ18O (WR-Zrc) increases at nearly the same rate as δ18O
(WR) (Valley, 2003). Therefore, significant higher δ18O than the
mantle value fingerprints the intra-crustalcomponents recycling,
such as either sedimentary rocks (10 to 30‰) or altered volcanic
rocks (to 20‰) (Eiler, 2001; Valley, 2003; Kemp et al., 2007;
Spencer et al., 2017). Low-δ18O (b4.6–4.7‰ at 95% confidence
level) igneous rocks require a certain amount of seawater (δ18O =
0‰) or meteoric water (δ18O b 0‰) involvement at relatively high
temperatures (e.g.,Bindeman and Serebryakov, 2011; Bindeman and
Valley, 2001).

Large-scale late Mesozoic magmatic activities occurred in the Lower
Yangtze River belt (LYRB), are closely related to the Cu, Au, Fe, Pb, Zn
and Ag mineralizations (Li et al., 2013a; Ling et al., 2009; Sun et al.,
2003; Sun et al., 2007; Wang et al., 2013). Cretaceous A-type granites
are part of this magmatic activity and are distributed along the LYRB
(Li et al., 2012; Xing and Xu, 1994). Both A1- and A2-type granites
were emplaced during the same period at 125 ± 5 Ma (Gu et al.,
2017; Li et al., 2011; Li et al., 2012; Wang et al., 2018; Yan et al.,
2015). Previous studies on A-type granites are mainly aimed at the
age distribution, whole-rock geochemical characteristics, and tectonic
settings (Gu et al., 2017; Li et al., 2011; Li et al., 2012; Wang et al.,
2018; Xing andXu, 1994). The source components andmagmatic evolu-
tion of A-type granites are debatable, and the contribution of themantle
is still unclear (e.g.,Gu et al., 2017; Jiang et al., 2018; Li et al., 2011; Li et
al., 2012;Wang et al., 2018; Xing andXu, 1994). Particularly, little atten-
tion has been paid to the petrogenesis and evolution processes of
coexisting A1- and A2-type granites.

In this contribution, we focus on the HYGA-type granite in the LYRB,
which is special because of the coexisting A1- and A2-subgroups. We
present in-situ zircon O-Hf isotope compositions, whole-rock major
and trace elements for the A-type granite. These results are used to
shed new light on the characteristics of the A-type granites, determine
the petrogenesis of the coexisting A1- and A2-type granites, and con-
strain the tectonic environment for the late Mesozoic A-type granites
in the LYRB.
2. Geological background

The LYRB is located on the northeasternmargin of the Yangtze Block
(Fig.1), adjacent to theDabie-Sulu orogenic belt, and separated from the
Cathaysia Block by the Jiangshan-Shaoxing fault in the south (Fig.1). The
Neoproterozoic low-grade clastic metasedimentary series with minor
volcanic rocks and Paleozoic-Triassic sedimentary strata were subse-
quently intruded by Late Mesozoic magmatic rocks (150 to 110 Ma)
(Fig.1; Yang and Zhang, 2012). Previous chronology data suggest that
igneous rocks could be divided into three separate stages, ca. 150 Ma
to 136Ma, ca. 136 to 130Ma, and ca. 130Ma and 120Ma. They are cor-
responding to adakitic rocks (e.g.,Wu et al., 2012; Yang and Zhang,
2012), subvolcanic rocks (diorite porphyry, granite porphyry and their
volcanic counterparts) (e.g.,Chen et al., 2014; Wu et al., 2012; Xie et
al., 2011; Zhang et al., 2009), and A-type granitoids and bimodal volca-
nic rocks (Gu et al., 2017; Li et al., 2011; Li et al., 2012; Ling et al., 2009;
Xie et al., 2011; Xing and Xu, 1994), respectively.

The HYG pluton is located in the Anqing-Guichi area (Figs. 1 and 2)
and intrudes into the Late Neoproterozoic metasedimentary and
metavolcanic rocks and Paleozoic marine clastic sediments and carbon-
ates (Li et al., 2012; Wang et al., 2018). Previous zircon U-Pb studies
ofthe HYG syenogranite and quartz syenite yield weighted mean
206Pb/238U ages of 125 ± 1 Ma to 127 ± 2 Ma and 124 ± 1 Ma to 127
± 3Ma, respectively (Li et al., 2012; Wang et al., 2018), suggesting em-
placement of the syenogranite and quartz syenite at ca. 125 Ma. The
HYG syenogranites are dominated by perthitic K-feldspar (60–70 vol
%), with less common quartz (20–25 vol%), plagioclase (~5 vol%) and
minor interstitial biotite (Fig.2). Plagioclase is commonly zoned,
displaying polysynthetic twins, and K-feldspar generally exhibit micro-
cline twinning. The subhedral to euhedral biotites display a foxy red
brown color and locally occur asmineral aggregates. Accessoryminerals
include zircon, magnetite and titanite. Quartz syenite consists of plagio-
clase (~5 vol%), K-feldspar (65–75 vol%), quartz (5–10 vol%), biotite ±
amphibole (~5 vol%), with accessory apatite, titanite, magnetite and zir-
con (Fig.2). Plagioclase is oscillatory zoned and K-feldspar showsmicro-
cline twinning.

3. Analytical methods

3.1. Whole-rock major and trace elements analysis

Fresh rock samples were processed to finer than 200 mesh particle
size. Themajor element analyseswere conducted by the ALS Laboratory
Group, Analytical chemistry and testing services. A representative ali-
quot of the sample powder was dried at 105 °C for 4 h and treated to
produce glass beads that were analyzed using an X-ray fluorescence
spectrometer. Relative standard derivation for major-element contents
was b5%.

Trace element analyses of whole rock were measured on Agilent
7700e ICP-MS at the Wuhan Sample Solution Analytical Technology
Co., Ltd., Wuhan, China. The detailed sample-digesting procedure and
analytical precision and accuracy were identical to those of Liu et al.
(2008). An internal standard Rh solutionwas used tomonitor the signal
drift of the spectrometer during analysis. Standards materials AGV-2,
BHVO-2, BCR-2 and RGM-2were chosen for correcting element concen-
trations. The precision during trace element analysis was generally bet-
ter than 5%.

Bulk F concentrations of seven rock samples were determined using
an alkaline fusion method to extract F at ALS Laboratory Group, Analyt-
ical chemistry and testing services. The 200 mesh powered samples
were mixed with KOH and MgO at a mass ratio of 1:3:1, and then
fused in anelectric furnace at 900 °C for 30 to 40min. The fused samples
were dissolved by deionized water to form solutions for measurement.
Fluorine was analyzed using F-ELE81a Ion Selective Electrode (ISE). The
detection limit is around 20 ppm.

Major and trace elements are listed in Table1.



Fig.1. Geological map of the Lower Yangtze River Belt (LYRB): (a)tectonic sketch map of eastern China; (b)distribution of the Late Mesozoic A-type granitic rocks in the Lower Yangtze
River Belt (after Li et al., 2012).
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3.2. In-situ zircon O isotope analysis

Zircon grains were separated from representative rock samples
using standard heavy liquid and magnetic techniques, and then hand-
picked under a binocular microscope. Single crystal grains were
mounted by use of epoxy resin and polished to expose the central sur-
face. Transmitted and reflected light micrographs as well as
cathodoluminescence (CL) images (Fig.3) were collected to reveal
their internal structures. Prior to SIMS analysis, the mount was vac-
uum-coated with high-purity gold.

Zircon oxygen isotopes were conducted on Cameca 1280HR SIMS at
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(GIG-CAS). The analysis spot size 20 μmwas applied to the analysis. Ox-
ygen isotopes were measured by Cs+ ion source, in multi-collector
mode with two off-axis Faraday cups. Detailed analytical procedures
are the same as those described by Li et al. (2010a). Zircon standard
Penglai (δ18O=5.31‰)was used to correct the instrumentalmass frac-
tionation factor (IMF) (Li et al., 2010b). The internal precision of a single
analysis was generally better than 0.20‰ (1σ standard error) for
18O/16O ratio. During the sections of this study, the external precision
was constrained by the reproducibility of repeated analyses of Penglai
standard, whichwas 0.34‰ (2SD, n=17). An in-house zircon standard
Qinghu was also measured as an unknown interspersed with other un-
knowns. Measurements of Qinghu zircon yield aweightedmean of δ18O
= 5.62 ± 0.48‰ (2SD, n = 6), consistent within errors with the re-
ported value of 5.4 ± 0.2‰ (Li et al., 2013b). Zircon O-isotope data are
listed in Table2.
3.3. Zircon Lu-Hf isotope analysis

Lu-Hf isotopic analyses were conducted on the same zircon grains
whichwere previouslymeasuredO isotopic compositions. In-situ zircon
Lu-Hf isotopic measurements were performed on a Neptune Plus MC-
ICP-MS, coupled with a RESOlution 193 nm laser ablation system at
the GIG-CAS. The laser beam diameter is 45 μm with the repetition
rate 6 Hz and energy density ~4 J cm−2. The detailed description of
analytical procedures and calibration methods can be found in Wu et
al. (2006). Plešovicewas analyzed during the section to evaluate the re-
liability of unknown samples measurement. The mass bias of
176Hf/177Hf was normalized to 179Hf/177Hf = 0.7325 with an exponen-
tial law. Zircon standard Plešovice yielded a weighted average
176Hf/177Hf ratio of 0.282490 ± 0.000025 (2SD, N = 24), which is con-
sistentwith the reported value (0.282482± 0.000013 (2SD)) (Sláma et
al., 2008) within errors. In-situ zircon Lu-Hf isotope ratios and εHf(t)
values are presented in Table2.

3.4. Whole-rock Nd isotope analysis

For Nd isotopic analyses, ~100 mg of sample material was dissolved
in HF + HNO3 acid in Teflon bombs at ~195 °C for two days. Strontium
and rare earth elements (REE)were separated using cation columns; Nd
fractions were further separated in HDEHP-coated Kef columns. Neo-
dymium isotopic analyses were conducted using a Micromass Isoprobe
multi-collector–ICP–MS (MC–ICP–MS) at the State Key Laboratory of
Isotope Geochemistry, GIGCAS. Analytical procedures were similar to
those described by Li et al. (2004). The MC–ICP–MS was operated in
static mode and analyses of the Shin Etsu JNdi-1 standard yielded
143Nd/144Nd values of 0.512117 ± 9 (2σ, n = 5). To correct for mass
fractionation, measured Nd isotope ratios were normalized toa compo-
sition of 146Nd/144Nd = 0.7219. Analyses of the Shin Etsu JNdi-1stan-
dards yielded 143Nd/144Nd ratios that were within error of the
recommended values of 143Nd/144Nd = 0.512115, respectively
(Tanaka et al., 2000). Isotopic compositions and calculated εNd(t)values
are listed in Appendix Table1.

3.5. Apatite major and trace elements analysis

Apatite crystals were separated and thenmounted in an epoxy grain
mount. The mount was then polished to expose a cross section of the
apatite grains for electron microprobe (EMP) and LA-ICP-MS analyses.

Major elements in the apatite were analyzed using a JXA8230 JEOL
electron microprobe operated with wavelength-dispersive spectrome-
ters (WDS) at the Shandong Bureau of China Metallurgical Geology



Fig.2. (a)Simplified geological map of theHYG body, showing themajor rock units and sample localities (after Liu et al., 2012;Wang et al., 2018); (b–e) Field and photomicrographs of the
HYG intrusive rocks, (b)field photograph of syenogranite (sample 16HYG01); (c)thin section photograph of syenogranite (sample 16HYG01, cross-polarized light); (d)field photograph of
quartz syenite (sample 16HYG07); (e)photomicrograph of quartz syenite (sample 16HYG07, cross-polarized light). Mineral abbreviations: Qtz = quartz, Kfs = potassium feldspar, Pl =
plagioclase, Bt = biotite.
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Bureau, Shandong, China. During the analytical process, the experiment
was conducted using 15 kV, 10 nA, 10 μm defocused beam. The stan-
dards used were norbergite for F, Ba5(PO4)3Cl for Cl, and apatite for Ca
and P analyses. Fluorine and Cl were analyzed for 10 s in order to
avoid volatile loss, and 20 s for other elements. Fluorine and Cl were
measured using the Kα line on a LDE1 crystal and a PET crystal, respec-
tively. Analytical precision for most of themajor elements is better than
1%, but for F and Cl precision is around 5%.

Minor and trace elements in apatite were determined using a LA-
ICP-MS at the State Key Laboratory of Ore Deposit Geochemistry, Insti-
tute of Geochemistry, ChineseAcademyof Sciences (IGCAS). TheAgilent
7700X ICP-MS instrument is coupled to a Resonetics 193 nm ArF
excimer laser ablation system. In situ LA-ICP-MS analyses were per-
formed on the same apatite measured by electronmicroprobe analyses.
Ablation protocol employed a spot diameter of 44 μm at 4 Hz repetition
rate for 40 s (equating to 160pulses). Each analysis incorporated a back-
ground acquisition for approximately 14 s (gas blank) followed by 35 s
of data acquisition. The Ca concentration obtained by electron micro-
probe analysiswas taken as the internal standard. The external standard
NIST SRM 610 was analyzed to evaluate the reliability of measurement.
NIST glasses 612 and the Madagascar and Durango apatite standards
were repeatedly analyzed to determine the experimental precision.
Data reduction was performed on the ICPMSDataCal software (after
Liu et al., 2008). The precision for elements is b10% for Mn, Sr, Nb, La,
Ce, Pr, and Nd, from 10 to 20% for Y, Zr, Ba, Pb, Th, U and the rest of
the REEs (Mao et al., 2016).

Apatitemajor and trace element compositions are listed inAppendix
Table2.

4. Analytical results

4.1. Whole-rock geochemistry

The syenogranite group (SiO2 contents of 74.8–76.6 wt%) has lower
Al2O3(11.3–11.4 wt%), Na2O (3.67–3.80 wt%) and K2O (4.69–4.80 wt%),
in comparison with the quartz syenite group (SiO2 contents of 66.1–
66.9 wt%) which has Al2O3 of 16.3–16.6 wt%, Na2O of 5.50–5.62 wt%
and K2O of 6.19–6.30 wt%. The syenogranites are sub-alkaline, and the
quartz syenites are falling into the alkaline area (Fig.4). They are
bothmetaluminous with alumina saturation index ASI [=molar Al2O3/
(CaO + Na2O + K2O)] varying from 0.94 to 0.98 (Fig.4), and belong to
ferroan series in the Fe* [FeOt/(FeOt + MgO)] diagram (Fig.5). In the



Table1
Major (wt%) and trace (ppm) elements data of the HYG pluton.

Sample 16HYG01 16HYG02 16HYG03 16HYG04 16HYG05 16HYG06 16HYG07

Rock type Syenogranite Syenogranite Syenogranite Syenogranite Quartz syenite Quartz syenite Quartz syenite

Major elements (wt%)
SiO2 76.4 75.9 76.6 76.6 66.9 66.2 66.1
TiO2 0.19 0.19 0.19 0.20 0.44 0.54 0.48
Al2O3 11.4 11.3 11.3 11.4 16.3 16.6 16.4
Fe2O3

T 2.20 2.16 2.09 2.29 2.45 2.47 2.54
MnO 0.10 0.13 0.19 0.01 0.13 0.13 0.13
MgO 0.03 0.06 0.07 0.07 0.26 0.31 0.28
CaO 0.15 0.30 0.20 0.21 0.80 0.88 0.69
Na2O 3.80 3.69 3.67 3.75 5.50 5.63 5.42
K2O 4.72 4.76 4.69 4.80 6.19 6.30 6.26
P2O5 0.01 0.01 0.01 0.01 0.04 0.05 0.04
L.O.I. 0.47 0.56 0.53 0.35 0.58 0.58 0.67
Total 99.5 99.1 99.5 99.8 99.6 99.7 99.0

Trace elements (ppm)
Sc 3.31 4.02 3.98 4.19 8.42 8.84 7.73
V 4.87 4.60 3.96 4.63 18.9 20.1 19.2
Cr 0.46 0.27 0.30 0.37 0.51 0.56 1.99
Ga 30.0 29.4 29.3 29.7 22.8 23.5 23.1
Rb 444 450 472 467 124 128 127
Sr 5.86 4.81 6.21 6.97 46.1 45.8 41.0
Y 74.9 82.0 76.9 104 91.4 115 105
Zr 769 1016 978 622 660 823 720
Nb 74.2 89.3 104 92.7 30.8 36.5 34.5
Cs 1.27 2.22 1.64 1.27 1.83 1.87 1.57
Ba 7.80 9.63 9.55 8.29 210 210 183
La 41.1 41.6 47.1 45.1 153 170 138
Ce 79.8 81.7 94.4 90.3 309 355 295
Pr 7.48 7.78 9.17 8.67 33.3 39.4 32.7
Nd 22.5 23.5 28.3 26.2 116 140 116
Sm 5.27 5.46 6.50 6.26 21.6 27.4 21.8
Eu 0.36 0.40 0.43 0.44 1.67 2.03 1.59
Gd 5.76 5.81 6.93 7.13 17.3 22.3 19.0
Tb 1.27 1.30 1.41 1.65 2.89 3.67 3.13
Dy 9.19 9.66 10.0 12.6 17.6 22.2 20.0
Ho 2.12 2.28 2.30 2.94 3.23 4.22 3.76
Er 7.60 8.25 8.08 10.9 9.63 12.0 10.9
Tm 1.41 1.58 1.53 1.91 1.33 1.67 1.53
Yb 10.3 11.5 11.3 13.9 8.28 10.2 9.51
Lu 1.65 1.88 1.80 2.22 1.19 1.43 1.34
Hf 24.8 31.5 32.3 20.4 14.7 17.7 16.4
Ta 4.69 5.34 6.76 5.87 2.08 2.57 2.39
Pb 40.7 27.6 91.6 52.8 16.6 17.1 16.4
Th 61.1 48.5 57.1 53.3 17.9 18.4 20.7
U 13.2 12.1 18.8 15.1 3.11 3.56 4.34
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K2O vs SiO2 diagram, they plot into the high-Kcalc-alkaline field and
shoshonitic field, respectively. In the MALI (Na2O+ K2O-CaO) diagram,
syenogranite samples fall in the alkali-calcic field, and quartz syenites in
the alkalic one (Fig.5).

The syenogranite group display different Chondrite-normalizedREE
patterns from the quartz syenite group (Fig.6). The syenogranites
show ‘V-shaped’ chondrite-normalizedREE patterns with low (La/Yb)N
ratios (2.33–2.99) and strongly negative Eu anomalies (δEu = 0.19–
0.21) (Fig.6a). In contrast, the quartz syenites display LREE-enriched
patterns with higher (La/Yb)N ratios (10.4–13.3) and δEu values
(0.23–0.26) (Fig.6a). In the primitive mantle-normalized trace element
spider diagram(Fig.6b), theHYGgranites all showenrichment in Rb, Th,
U and LREE and relative depletion in Ti, Ba, Sr, Eu and P. It is noted that
the syenogranite group hasmore depleted Ti, Ba, Sr, Eu and P compared
with the quartz syenite group, and exhibits noNb-Ta depletion (Fig.6b).
They all show high Ga/Al ratios (10,000 × Ga/Al = 4.91–4.96 for the
syenogranites 2.64–2.68 for the quartz syenites) and Zr + Nb + Ce
+ Y concentrations (909–1269 ppm for the syenogranites and 1092–
1329 ppm for the quartz syenites).

Fluorine contents in the studied rocks vary from 600 to 2010 ppm.
The syenogranites have higher F contents (from 1030 to 2010 ppm)
than the quartz syenites (from 600 to 760 ppm) (Table1).
4.2. Zircon O-Hf isotopic compositions

Thirty-five zircon grains from the studied granite samples were se-
lected for in-situ oxygen isotopic analyses (Fig.3). They have δ18O values
between 4.7‰ and 7.8‰ (Table2). The syenogranite (16HYG01) has
lower values of zircon δ18O from 4.7‰ to 6.0‰, compared with quartz
syenite (16HYG07) with the zircon δ18O values ranging from 7.0‰ to
7.8‰ (Fig.7). Forty-three zircon grains were analyzed for in-situ Hf iso-
tope (Fig.3). Zircon grains from syenogranite (16HYG01) have weakly
negative εHf(t)values, ranging from −1.5 to −3.6, but obviously differ
from quartz syenite (16HYG07) varying from −3.3 to −6.9.
4.3. Whole-rock Nd isotopic composition

Four whole-rock samples were analyzed for their Nd isotopic com-
positions. Two syenogranites display nearly same 147Sm/144Nd
(0.140–0.141) and 143Nd/144Nd (0.51232) ratios. Calculated initial εNd
(t)values are−5.30 to−5.36. The quartz syenite yield different Nd iso-
topic compositions from the syenogranites, with 147Sm/144Nd=0.118–
0.114 and 143Nd/144Nd= 0.51219. The initial εNd(t) values are−7.42 to
−7.52.



Fig.3. Cathodoluminescence images of representative zircon grains analyzed for O and Lu-Hf isotopes of the HYG A-type granites. The red circles indicate the analytical areas for SIMS
O-isotopes, and the large blue circles denote the LA-MC-ICPMS analytical spots for Lu-Hf isotopes. Numbers near the analytical spots are the δ18O values (within parentheses) and εHf
(t)values [within square brackets].
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4.4. Apatite major and trace element compositions

All apatite grains arefluorapatite andmostly intact prismatic crystals
with smooth surface, which are typical for igneous apatite. Apatite
grains from the quartz syenite have relatively high F and low Cl concen-
trations, with F contents varying from 2.52 to 4.12 wt%, and Cl contents
from b.d.l. (below the detection limit) to 0.03 wt%. The apatite grains
contain low MnO contents from 0.26 wt% up to 0.53 wt%, but low
MgO ≤ 0.05 wt%, and FeO ≤ 0.13 wt%. They have right inclined, LREE-
enriched chondrite normalized REE patterns, with high (La/Yb)N ratios
(8.2 to 33.8) and strong negative Eu anomalies (0.10 to 0.32).
5. Discussions

5.1. Petrogenetic type: A-type affinity

Loiselle and Wones (1979) introduced the term “A-type granite” to
represent granitic rocks with characteristic high alkaline concentra-
tions, high Ga/Al ratios, enrichments in Nb, Ta, Zr and Hf, and highmag-
matic temperature (Collins et al., 1982; Whalen et al., 1987). A number
of geochemical classification schemes have been put forward to distin-
guish A-type from other types of granites (Eby, 1990; Frost et al.,
2001; Whalen et al., 1987). Eby (1992) divided A-type granite into
two sub-types (A1 and A2) with different origins and tectonic back-
grounds. A1-type granites have chemical characteristics similar to
those observed for oceanic island basalts and are emplaced in intraplate
setting (Eby, 1992). Whereas, A2-type granites have geochemical affin-
ities similar to island arc basalts, which are developed at convergent
margins (Eby, 1992). Some researchers proposed oxidized and reduced
subgroups to stress the significance of redox state and water content in
the formation of A-type granites (Anderson and Morrison, 2005;
Dall'Agnol and Oliveira, 2007). They proposed that oxidized A-type
magmas were derived from melts with appreciable H2O contents
(≥4 wt% H2O). Reduced A-type granites are suggested to be derived
from sources with low H2O contents (2–3 wt%) (Dall'Agnol and
Oliveira, 2007; Patiño Douce, 1997 and references therein).

The characteristic interstitial nature of themafic phases of HYG gran-
ites (Fig.2) is unique for A-type granite (Collins et al., 1982). Moreover,
the characteristic high FeOt/MgO ratios (10.5 to 26.4), high K2O+ Na2O
(8.36 wt%–8.55 wt% and 11.7 wt%–11.9 wt%), high field strength ele-
ments (Zr + Nb + Ce + Y = 909 ppm–1269 ppm and 1092 ppm–
1329 ppm) and high Ga/Al ratios (10,000 × Ga/Al = 4.91–4.96 and
2.64–2.68), also suggest an A-type affinity (Fig.9a and b). Samples in
this study are plotted in the “within-plate granite” field in the diagrams
of Pearce et al. (1984)(Fig.8) and in the field of “A-type granites” in the
discrimination diagrams of Whalen et al. (1987). According to the
three-fold subdivision of Eby (1992), syenogranites belong to the
A1sub-group, and quartz syenites belong to the A2sub-group(Fig. 9c and
d). Furthermore, based on the discrimination diagrams proposed by
Dall'Agnol and Oliveira (2007), the A1 subgroup falls into the reduced
A-type granite field, and A2subgroup belong to the oxidized part (Fig.
9e and f).
5.2. Estimation of physical and chemical properties

Physico-chemical conditions, such as temperature, redox state and
water content, play an important role in the granite petrogenesis and
evolution. Magmatic temperature has significant implications for the
granite petrogenesis. Whole-rock zircon saturation thermometry (TZr)
is generally used to constrain magma temperatures. Based on the equa-
tion proposed byWatson and Harrison (1983), the calculated TZr values
of A-type granites vary from 897 to 972 °C (the A1sub-group 917 to 972
°C, the A2sub-group 897 to 917 °C). Boehnke et al. (2013) improved the
experimental design and computation methods and proposed a new
formula for zircon saturation thermometry. The calculated zircon satu-
ration temperature from this new formula is probably a better



Table2
In-situ zircon O-Hf isotopic data of the HYG pluton.

Spot# Age (Ma) 176Lu/177Hf 2σ 176Hf/177Hf 2σ εHf(t) δ18O/‰ 2σ

16HYG01-01 125 0.000683 0.000013 0.282654 0.000008 −1.5 4.88 0.25
16HYG01-02 125 0.001455 0.000012 0.282619 0.000009 −2.8 5.06 0.19
16HYG01-03 125 0.000477 0.000010 0.282633 0.000010 −2.2 5.57 0.18
16HYG01-04 125 0.000157 0.000001 0.282643 0.000009 −1.8 5.53 0.21
16HYG01-05 125 0.003229 0.000003 0.282625 0.000010 −2.7 5.97 0.22
16HYG01-06 125 0.002344 0.000003 0.282617 0.000010 −2.9 5.72 0.21
16HYG01-07 125 0.001587 0.000003 0.282637 0.000009 −2.2 4.83 0.22
16HYG01-08 125 0.005455 0.000008 0.282635 0.000011 −2.5 5.00 0.23
16HYG01-09 125 0.002141 0.000004 0.282624 0.000010 −2.7 5.40 0.24
16HYG01-10 125 0.000442 0.000003 0.282629 0.000011 −2.4 4.97 0.18
16HYG01-11 125 0.002737 0.000004 0.282615 0.000009 −3.0 5.35 0.18
16HYG01-12 125 0.000163 0.000003 0.282605 0.000010 −3.2 4.91 0.25
16HYG01-13 125 0.002899 0.000005 0.282622 0.000009 −2.8 5.02 0.23
16HYG01-14 125 0.003331 0.000010 0.282628 0.000011 −2.6 4.98 0.27
16HYG01-15 125 0.000067 0.000000 0.282611 0.000010 −3.0 5.68 0.17
16HYG01-16 125 0.004264 0.000006 0.282604 0.000011 −3.6 4.99 0.27
16HYG01-17 125 0.000736 0.000007 0.282628 0.000010 −2.4 4.95 0.24
16HYG01-18 125 0.001392 0.000005 0.282620 0.000010 −2.8 4.72 0.21
16HYG01-19 125 0.000717 0.000001 0.282619 0.000010 −2.7
16HYG01-20 125 0.000953 0.000003 0.282623 0.000009 −2.6
16HYG01-21 125 0.000903 0.000003 0.282627 0.000009 −2.5
16HYG07-01 125 7.46 0.23
16HYG07-02 125 0.002564 0.000014 0.282540 0.000009 −5.7 7.69 0.24
16HYG07-03 125 0.001922 0.000011 0.282509 0.000011 −6.7 7.21 0.26
16HYG07-04 125 0.002172 0.000027 0.282506 0.000010 −6.9 7.00 0.24
16HYG07-05 125 0.003534 0.000003 0.282518 0.000011 −6.5 7.08 0.23
16HYG07-06 125 0.001595 0.000010 0.282518 0.000012 −6.4 7.38 0.23
16HYG07-07 125 0.001641 0.000004 0.282503 0.000011 −6.9 7.25 0.25
16HYG07-08 125 0.002378 0.000002 0.282510 0.000011 −6.7 7.37 0.19
16HYG07-09 125 0.001636 0.000003 0.282544 0.000012 −5.5 7.17 0.19
16HYG07-10 125 0.001636 0.000003 0.282544 0.000012 −5.5 7.47 0.18
16HYG07-11 125 0.001275 0.000001 0.282524 0.000011 −6.1 7.38 0.17
16HYG07-12 125 0.003917 0.000002 0.282601 0.000013 −3.6 7.31 0.29
16HYG07-13 125 0.002901 0.000095 0.282518 0.000012 −6.5 7.14 0.17
16HYG07-14 125 0.003079 0.000008 0.282596 0.000013 −3.8 7.27 0.25
16HYG07-15 125 0.001420 0.000002 0.282561 0.000011 −4.8 7.45 0.21
16HYG07-16 125 0.001724 0.000005 0.282566 0.000011 −4.7 7.47 0.22
16HYG07-17 125 0.003841 0.000031 0.282520 0.000013 −6.5 7.83 0.16
16HYG07-18 125 0.003841 0.000031 0.282530 0.000013 −6.1
16HYG07-19 125 0.002578 0.000004 0.282588 0.000011 −4.0
16HYG07-20 125 0.002264 0.000001 0.282607 0.000012 −3.3
16HYG07-21 125 0.003685 0.000013 0.282605 0.000011 −3.5
16HYG07-22 125 0.002714 0.000010 0.282566 0.000012 −4.8
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estimation of the magma temperature. The calculated TZr values are
860–964 °C (the syenogranites 896 to 964 °C, the quartz syenites 860
to 882 °C; Fig.5). To be noted is that zircon saturation temperatures cal-
culated from whole rock compositions provide the minimum tempera-
ture estimates if the magma was unsaturated in Zr (Miller et al., 2003).
No inherited zircons were found in the studied samples, so themagmas
that formed these granites were likely unsaturated in Zr and thus their
calculated TZr values are the minimum estimates of their initial
Fig.4. (a)SiO2 versus K2O + Na2O diagram for intrusive rocks; (b)A/NK vs. A/CNK diagram. Th
A/CNK = Al2O3/(CaO + Na2O + K2O) (molar ratio). Grey circles stand for data from previous
magmatic temperature (Miller et al., 2003), which are consistent with
the experimental temperatures at which A-type granitic melts are pro-
duced (Patiño Douce, 1997; Skjerlie and Johnston, 1993).

Variations in redox states revealed by minerals, offer an important
insight into both the magma source and tectonic settings (e.g.,Foley,
2011; Ishihara, 2004). Zircon incorporates a variety of trace elements
during crystallization. Partitioning of Ce4+ into the crystal structure is
favored relative to Ce3+(Shannon, 1976). The proportion of Ce3+
e HYG granite shows a metaluminous nature. A/NK = Al2O3/(Na2O + K2O) (molar ratio).
studies of the HYG intrusion by H. Li et al. (2012) and Wang et al. (2018).



Fig.5. Harker-type major and trace element plots for the HYG A-type granites. Grey circles stand for data from previous studies of the HYG intrusion by H. Li et al. (2012) andWang et al.
(2018).
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relative toCe4+ is a function of the oxygen fugacity. Thus, theCe4+/Ce3+

ratio of zircon is a direct indicator of themagma oxidation state (Ballard
et al., 2002; Trail et al., 2012). The trace element chemistry of zircons
Fig.6. (a)Chondrite-normalized REE diagrams; (b)primitive mantle-normalized trace elem
McDonough (1989).
and the whole-rock compositions of the HYG granites (Li et al., 2012)
are used to calculate the Ce4+/Ce3+ ratios. These results are mostly
lower than 1000 (from 7.33 to 4401) (Appendix Table3). Among these
ent spidergrams for the HYG A-type granites. Normalization values are from Sun and



Fig.7. Probabilistic histogram of δ18O (a)and εHf(t)(b)values for the HYG zircon.
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zircons, the Ce4+/Ce3+ values for A1-type granites are systematically
lower than those of A2-type granites, with the average 114 and 950, re-
spectively (Appendix Table3). The zircon Ce anomaly estimation indi-
cates that the A2-type granites are systematically more oxidized than
A1-type granites, which favors the classification result (Fig. 9e and f).

Magma viscosity (expressed as η) controls themagma transport dy-
namics and rates of physicochemical processes in natural magmas
(Giordano et al., 2008 and reference therein). It is strongly dependent
on temperature and dissolved volatile (H2O and F)contents, hotter
and wetter melts have lower viscosity (Giordano et al., 2004). Fluorine
is one of the most important volatiles in granitic systems. The presence
of F has a great significance for the petrogenesis in F-rich differentiated
felsic magmas (Giordano et al., 2004). Low viscosity is a general signa-
ture of A-type granitic magmas as indicated by their generally shallow
intrusive level, the presence of miarolitic textures and lack of xeno-
liths or other residual materials from the magma source (Martin,
2006). Whole-rock compositions of the HYGA-type granites (including
measured bulk F concentrations and estimated H2O contents)
Fig.8. Tectonic discrimination diagrams after Pearce et al. (1984). ORG - ocean ridge granite;
combined with zircon saturation temperatures are used to calculate
melt viscosities on the basis of the model modified by Giordano et
al. (2008). The HYGA-type granites display low magma viscosities,
with η values of 105–106 Pa s for A1-type granites and 104 Pa s for
A2-type granites (Appendix Table4). The negative correlation exists
between η and F concentrations within the A1 and A2 subgroup. How-
ever, no linear relationship is observed within the pluton. This might
be influenced by the H2O contents in the different source areas, for
dissolved volatiles exert strong effect on the magmatic viscosity
(Giordano et al., 2004).

5.3. The petrogenesis of A-type granites

Although A-type granites are generally formed under extensional
tectonic settings, there is no clear consensus on their origin (Bonin,
2007). The petrogeneticmodels include (1)direct fractionationproducts
of mantle-derived magmas, with or without involvement of crustal
rocks (Eby, 1990; Turner et al., 1992); (2)low degree partial melting of
VAG - volcanic arc granite; syn-COLG - syn-collision granite; WPG - within-plate granite.



Fig.9.Discrimination diagrams forA-type granites in theHYG intrusion. (a)and (b)afterWhalen et al. (1987); (c), (d), (g)and (h)after Eby (1992); (e)and (f)Dall'Agnol andOliveira (2007).
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lower crustal granulitic residue that were extracted by previous melt
(Collins et al., 1982; Landenberger and Collins, 1996; Whalen et al.,
1987); (3)anatexis of underplated I-type tonalitic crustal source in the
shallow crust level (Creaser et al., 1991; Sylvester, 1989; Skjerlie and
Johnston, 1993; PatiñoDouce, 1997); (4)crustalmeltsmixingwithman-
tle-derived mafic magmas (Wickham et al., 1996; Yang et al., 2006).
5.3.1. The origin of A1-type granites: fractional crystallization of lithospheric
mantle derived magma

Zircons in equilibriumwith pristinemantle-derivedmelts have a nar-
row range of δ18O (5.3 ± 0.3‰) (1SD, Cavosie et al., 2009; Valley, 2003).
This range is constant because the attendant rise in bulk rock δ18O is com-
pensated for by an increase in zircon/liquid δ18O fractionation, from



Fig.10. Plot of in-situ zircon εHf(t)and δ18O of the HYG A-type granites. Mixing lines are
drawn to fit data points and to reflect differences in Hf content ratios between crust (C)
and mantle (M)derived members. Grey circles are the Qinghu zircons (εHf(t) = 11.6 ±
0.3, δ18O = 5.4 ± 0.3‰), which are representative end-member values of the mantle
sources in South China during the Late Mesozoic (Li et al., 2009). Hafnium‑oxygen space
of “S-type zircons” is after Kemp et al. (2007). The “mantle zircon” value is after Valley
et al. (2005). VSMOW– Vienna standard mean ocean water.
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+0.5‰ for mafic melts to +1.5‰ for silicic derivatives (Valley, 2003).
Values of δ18O in zircon that significantly deviate from the limited range
(5.3 ± 0.3‰) fingerprint an 18O-enriched supracrustal component
(Eiler, 2001) or an 18O-depleted hydrothermally altered component in-
volved in the magma from which the zircon crystallized. Some studies
proposed that b1‰ variations of δ18OZrn could be the result of parental-
melt compositions and crystallization temperature (Bindeman and
Valley, 2001; Grimes et al., 2011; Zhao and Zheng, 2003). Moreover, the
uncertainty of 0.1–0.2‰ (1SD) exists for SIMSzircon O-isotopemeasure-
ment should also be taken into account (Tanget al., 2015), a slight “deple-
tion” in δ18O compared tomantle values (5.3±0.3‰)might not indicate
interaction with hydrothermal fluids (Gao et al., 2017). Granites with
δ18OZrn of b4.6–4.7‰ (95% confidence level) can be considered to be
“low-δ18O” ones (Gao et al., 2017). Thus, δ18O values of A1-type granite
(ranging from 4.7‰ to 6.0‰) are roughly overlapwithmantle values, in-
dicating rare involvement of “low-δ18O” components.

According to Eby (1992), the A1-type granite is supposed to be
formed by differentiation of magmas like those of oceanic-island ba-
salts. Reduced A-type granite is thought to be derived from tholeiitic
rocks or quartz-feldspathic igneous sources (e.g.,Dall'Agnol and
Oliveira, 2007; Frost and Frost, 1997; Patiño Douce, 1997) or the high-
Fig.11. Cartoon illustrating synchronous formation of A1- and A2-type granites in the LYRB, e
transfer components into the overlying lithospheric mantle, the proportion of which is of prim
up to partial melting has caused a major enrichment in high field-strength elements, including
temperature melting of granulitic metasedimentary rocks (Huang et
al., 2011). Themantle-like oxygen values of HYG A1-type granite pre-
clude the possibility ofmetasediments as the dominant sourcematerial.

Enrichedmantle source of the HYG A1-type granite is also supported
by both trace element as well as zircon Hf isotopic compositions. The
samples plot in the OIB field in the Yb/Ta versus Y/Nb and Ce/Nb versus
Y/Nb diagrams (Fig. 9g and h). The higher Nb (74.2 to 104 ppm) and Ta
(4.69 to 6.76 ppm) contents and lack of Nb-Ta depletion (Fig.6b) sup-
port that the magma was derived from an enriched mantle and rare
crustal involvement. The slightly negative εHf(t)values (−1.5 to −3.6)
and εNd(t)values (−5.30 to−5.36) also favor the enriched source com-
ponent for the A1-type granite (Fig.10), and the low Y/Nb ratios (0.74 to
1.12) indicate little crustal involvement. Recent studies show that the
Late Mesozoic lithospheric mantle under the LYRB was enriched,
which is characterized by Sr-Nd-Pb isotopic enrichment (e.g.,Ling et
al., 2009; Ling et al., 2011; Wang et al., 2013).

A recent study by Gao et al. (2017) proves that the fractional crystal-
lization plays an important role in producing the slightly low δ18O signa-
ture. The trend of 18O during magmatic evolution is dependent on the
type of and sequence of mineral crystallizing, which is controlled
bythe magma composition and physic-chemical conditions (Taylor,
1968). The low water content of the reduced A-type granites sup-
pressed the biotite and hornblende crystallization. And the low fO2 is re-
sponsible for minor precipitation of magnetite. Those two factors cause
the slightly depleted 18O. The very low MgO, CaO, Al2O3, Sr, Ba and Eu
with high SiO2 infer that the HYG A1-type granite experienced highly
fractional crystallization, which is also supported by their extremely
high Rb/Sr ratios (up to 94) (Halliday et al., 1991). Thus, a
ferrogabbro-type fractional crystallization may be responsible for pro-
ducing the geochemical characteristics and oxygen isotope variations,
as well as ~0.5‰ δ18O depletion in A1-type granite.

Thus, integrated the mantle-like δ18OZrn ratios, enriched isotopic
compositions and geochemical characteristics, the HYG A1-type granite
is most likely produced by intensive ferrogabbro-type fractionation
ofreduced, anhydrous basaltic melts derived from the enriched litho-
spheric mantle (Fig.11).

5.3.2. The origin of A2-type granites: contributions from metasomatized
lithospheric mantle

The δ18O values of A2-type granite zircons are lower than 8‰, pre-
cluding the possibility of metasediments as the dominant source mate-
rials. The unimodal distribution of the zircon O-Hf isotope does not
support a hybrid model (Fig.7). Relatively lower SiO2 contents (b
67wt%) are not consistentwith the dehydrationmelting of calc-alkaline
granitoids in the shallow crust, which produces the high-silica
metaluminous A-type granites (Patiño Douce, 1997). Partial melting of
astern China. The upward migration of fluids/melts offers a very efficient mechanism of
ordial importance in the nature of the melting reactions. The metasomatic step leading
the rare earths, and these patterns of enrichment are reflected in the magmas produced.
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granulitic residue from which a granitic melt had previously been ex-
tracted is also not suitable for the A2-type granites. Because experimen-
tal results show that melts produced by partial melting of refractory
granulitic residues are depleted in alkalis (Creaser et al., 1991; Patiño
Douce, 1997). Here, we contend that the HYG A2-type granites are orig-
inated from the partial melting of the metasomatized mantle.

The calculated F and Cl concentrations of the magma, on the basis of
apatite compositions and partition coefficients (DF

ap/melt = 23.8, DCl
ap/melt

= 1.3;Webster et al., 2009), are 995 to 1280 ppm and 0 to 231 ppm, re-
spectively. While, F and Cl abundances in primitive mantle are esti-
mated at 25 and 17 ppm, respectively (e.g.,McDonough and Sun,
1995), and an order of magnitude higher in the average continental
crust (553 and 244 ppm, respectively; Rudnick and Gao, 2003). More-
over, the crystallization of apatite cannot lead to a strong enrichment
or depletion of Cl in granitic melts, indicating constant Cl concentration
over a large temperature range. Similarly, F concentrations derived from
apatite compositions do not change significantly within the crystalliza-
tion interval (Zhang et al., 2012). Thus, there must be other geological
processes responsible for the high volatile components in the source
areas. Recent study suggests that the breakdownofminerals duringpar-
tial melting of subducted oceanic crust makes important contributions
to the volatile components in A-type granites (Jiang et al., 2018).

The A2-type granites have high potassium contents (K2O/Na2O =
1.1–1.5) and enriched Sr-Nd and Hf isotopic compositions (ISr(t) =
0.7072–0.7084, εNd(t) = −7.46–−7.67 and εHf(t) = −3.3–−6.9;
(Wang et al., 2018) and this study), which are similar to the magmatic
rocks derived from the lithospheric mantle (Xie et al., 2011; Xing,
1998; Yan et al., 2008; Yan et al., 2015). The higher zircon δ18O values
(7.0‰–7.8‰) than themantle value 5.3± 0.3‰ (Valley et al., 2003), in-
dicating some kind of high δ18Omaterials in the source of A2-type gran-
ites. However, they are clearly lower than melts of basaltic rock and/or
sediments in the upper part of the oceanic crust (δ18O values about
9‰ to 20‰), and also higher than melts derived from hydrothermally
altered gabbros from the interior of the oceanic crust (δ18O values of ap-
proximately 2‰ to 5‰) (Bindeman et al., 2005). The addition of terrig-
enous sediment in subduction zone into the magma source may be an
important candidate that cause an increase in K2O/Na2O, 87Sr/86Sr ra-
tios, δ18O values, fO2 and a decrease in εHf(t)and εNd(t)values (Wang et
al., 2013). The island-arc chemical characteristics for the whole-rock
compositions of the A2-type granites might be introduced through sub-
duction-released fluids (Chen et al., 2016; Li et al., 2012; Li et al., 2014).
Therefore, the A2-type granites are supposed to have been formed by
partial melting of the lithospheric mantle which was fertilized by sub-
duction slab-derived fluids/melts (Fig.11).

Overall, the studies on the Cretaceous A-type granites in the LYRB
imply that alternative distributions of A1- and A2-type granites along
the bank are attributed to partial melting of lithospheric mantle with
rare metasomatism and enriched lithospheric mantle which was
metasomatized by slab derived fluids/melts, respectively (Jiang et al.,
2018; Li et al., 2012).

5.4. Geodynamic model for the generation of HYGA-type granites

A-type granites generally develop in extensional tectonic environ-
ments regardless of the origin of the magma source (Eby, 1992;
Turner et al., 1992; Whalen et al., 1987). Integrating the observations
with previous studies, we envisage a geodynamic model to link the pet-
rogenesis of the HYGA-type granite and other Late Cretaceous A-type
granites in the LYRB to the ridge subduction between the Pacific and
Izanagi Plates (e.g.,Jiang et al., 2018; Li et al., 2012; Ling et al., 2009).

In the late Early Cretaceous (after ca. 130 Ma), slab-rollback due to
the changes of platemovement direction and the angle of the Paleo-Pa-
cific Plate subduction (e.g.,Gu et al., 2017; Li et al., 2012; Sun et al., 2007;
Wang et al., 2014; Wu et al., 2017), caused the regional extension and
placed the LYRB in a back-arc setting (e.g.,Gu et al., 2017; Yan et al.,
2015). The widespread of A-type granites (129 to 120 Ma) (e.g.,Li et
al., 2012; Xing and Xu, 1994), the coeval shoshonites and volcanic
rocks, and the development of expanding basins, all clearly denote
such extensional tectonic regime (e.g.,Ling et al., 2009; Sun et al.,
2007; Wang et al., 2014; Xie et al., 2011; Yan et al., 2015). The higher
magma temperature conditions for the younger magmatic events indi-
cates an increasing heat supply from the upwelling asthenosphere and
an increasing intensity of extensional activity, which are also supported
by the numerical modeling results (Zhao et al., 2016). The regional ex-
tension and the upwelling asthenospheric mantle-derived melt trig-
gered thepartial melting of the metasomatizing lithospheric mantle
(by slab-derived fluid/melts) (Li et al., 2012; Ling et al., 2009; Wang et
al., 2013). After partial melting of the lithospheric mantle, the initial
magma ascended and stalled in the continental upper crust. The initial
magmas may be heterogeneous in terms of chemical and isotopic com-
positions with addition of various amounts of sediments/fluids to their
igneous source (Wang et al., 2013). The magma chamber in the mid-
dle-upper crust provided the environment formagmas to further evolve
(Fig.11). The ultimately developed A1- and A2-type granites belts are
roughly parallel to each other. As explained by H. Li et al. (2012), the in-
fluence of subduction released fluids decreases from the ridge outward.
HYG was likely located near the transition from A1- to A2-type granites.
Therefore, A1- to A2-type granites coexist in this single pluton.

In summary, the metasomatism and decompression of lithospheric
mantle, and later fractional crystallization play critical roles in the for-
mation of HYGA-type granites as well as A-type granites developed in
the LYRB. A1-type granites were derived from the enriched lithospheric
mantlewherewas hot, reduced and dry, in contrast to the A2-type gran-
ites which were originated from partial melting of lithospheric mantle
metasomatized by slab derived fluids/melts during the subduction
process.

6. Conclusions

1) The HYG granites are characterized by high alkali, high
HFSEconcentrations and elevated Ga/Al ratios, indicative of an
A-type affinity. According to the whole-rock geochemical com-
positions, the HYG pluton can be further divided into A1- and
A2-typesubgroups that are also reduced and oxidized A-type
granite, respectively. These two subgroups not only display dif-
ferent whole-rock geochemical signatures but also are formed
under diverse physico-chemical conditions. The A1-type granites
are formed under hot, reduced and dry conditions, compared to
the relatively cold, oxidized andwet setting for the A2-type ones.

2) In-situ zircon O-Hf isotope compositions of HYG A1- (δ18O =
4.7‰–6.0‰, εHf(t) = −1.5–−3.6) and A2- (δ18O = 7.0‰–7.8‰,
εHf(t) = −3.3–−6.9) subgroups suggest different source mate-
rials for them in the single one pluton. Themantle-like δ18O ratios
and negative εHf(t)values of A1-type granites indicate an
enriched lithospheric mantle source. The whole-rock geochemi-
cal characteristics suggest fractionation plays an important role
in the magmatic evolution process. In contrast, the higher δ18O
values and more enriched εHf(t)values of A2-type granites favor
the derivation from the partial melting of the lithospheric mantle
which are metasomatized by fluids/melts originated from
downgoing subducted slab.

3) A1- and A2-type granites can be synchronously formed under the
extensional setting with the thinning of lithospheric mantle and
upwelling of the asthenosphere. The heterogeneous source com-
ponents induced by subduction, play a vital role in the formation
of coexisting A1- and A2-type granites.
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