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The ongoing controversy on the timing of amalgamation of the Yangtze and Cathaysia Blocks (either prior to 890
Maor later than830 Ma) impedes a proper understanding of geological evolution of the South China Block and its
role in the breakup of Rodinia supercontinent. In this study, we report ~850 Ma LA-ICP-MS zircon U\\Pb ages and
whole rock geochemistry of theDongling granites from the southeastern Yangtze Block that did not receivemuch
geoscientific attention as compared to the better-studied 830–760 Ma sedimentary and igneous rocks in the
South China Block. The studied Dongling granites have high K2O + Na2O (7.44–9.09 wt%) and low MgO
(0.07–0.54 wt%) and CaO (0.16–1.21 wt%) contents. Their high FeOT/(FeOT +MgO) (0.82–0.94) and Ga/Al (N
2.6) values and HFSE abundance (Zr + Nb+ Ce+ Y= 443–965 ppm) allow their grouping as A-type granite.
In the chondrite normalized diagrams, these granites display right-inclined REE patterns and strong tomoderate
negative Eu anomalies (Eu/Eu* = 0.32–0.70). The Dongling granites have variable and negative whole-rock
εNd(t) (−14.6 to −8.6) and zircon εHf(t) (−12.8 to −4.4) with Paleoproterozoic two-stage Nd (2.20–2.69 Ga)
and Hf model ages (2.01–2.41 Ga). Zircon saturation parameters (TZr) suggest N 850 °C temperature and other
geochemical characteristics reveal lowmelting pressure (N 350 to b 700 MPa) and 1.9–2.6 wt%H2O content. Geo-
chemical and isotopic characteristics indicate derivation of the Dongling A-type granites by partial melting of an
ancient granulitic metasedimentary source, after a previous melt extraction episode. Emplacement of the
Dongling A-type granites is inferred in an extensional setting following the arc-continent collision along the
southeastern Yangtze Blockmargin. The oceanic slab continued to subduct underneath the southeastern margin
of the Yangtze Block, leading to the extensive 840–820 Ma arc-related magmatism and coeval sedimentation.
These arc-related igneous and sedimentary rocks indicate that the continental arc systems started from 850
Ma, and hint at the collision between the Yangtze and Cathaysia blocks after 850Ma.

© 2018 Elsevier B.V. All rights reserved.
Keywords:
Dongling A-type granites
Petrogenesis
Geodynamic setting
Neoproterozoic
South China Block
1. Introduction

It has been widely accepted that the South China Block was amal-
gamated during the Neoproterozoic by convergence of the Yangtze
and Cathaysia Blocks along the Jiangnan Orogenic Belt (Li et al., 2009;
Wang et al., 2013; Zhang et al., 2012; Zhang and Zheng, 2013; Zhao et
al., 2011; Zhao and Cawood, 2012; Zheng et al., 2013). Therefore, proper
understanding of the Jiangnan Orogenic Belt is crucial not only for
constraining the tectonic evolution of the South China Block but also
for refining the assembly and breakup history of the Rodinia supercon-
tinent (Li et al., 2008c). The timing of amalgamation of the South China
Block and its geodynamic setting are still controversial on account of
diverse age constraints (Chen, 1991; Li et al., 2010a; Lyu et al., 2017;
Wang et al., 2014, 2014a; Zhang et al., 2013a; Zhao et al., 2011; Zhou
et al., 2002). The unresolved key issues are the secular tectonic evolu-
tion of the South China Block during ca. 890–830 Ma (Li et al., 2010b;
Wang et al., 2014; Wu et al., 2006; Zhao et al., 2011; Zheng et al.,
2008; Zhou et al., 2002). Some researchers suggest that the Yangtze
and Cathaysia Blocks did not collide until ~830Maor later, and interpret
that the igneous and sedimentary rocks older than 830Mawere formed
in a subduction-collision setting (Zhou et al., 2002, 2004; Wang et al.,
2006, 2014, 2018a; Zhao et al., 2011; Li et al., 2013; Su et al., 2014;
Zhang et al., 2015b; Zhao, 2015; Cui et al., 2017; Liu and Zhao, 2018;
Huang andWang, 2018; Xia et al., 2018). An alternative proposition en-
visages amalgamation of the two blocks at ~890 Ma, followed by the
850 Ma mantle plume induced continental rifting and associated
Rodinia breakup (Li et al., 2003, 2010a, 2010b; Lyu et al., 2017). Despite
limited outcrops, the 880–830 Ma rocks hold a key position in the
Neoproterozoic geodynamics of the South China Block. In this study
we present petrological, zircon U-Pb-Hf isotopic, whole rock geochem-
ical and isotopic data on the 850 Ma A-type Dongling granites in the
JiangnanOrogenic Belt, South China (Fig. 1). Thefindings provide robust
age constraints and offer definitive evidence for derivation of these
granites by high temperature and low pressure melting of a granulitic
metasedimentary source.
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Fig. 1.Geological map showing position of Dongling Complex in the Yangtze and Cathaysia Blocks, adapted fromZhao et al. (2011), Zhao and Cawood (2012) and Zheng et al. (2013). 852
Maperaluminous granitoids (Wu et al., 2018); 848MaGangbian Alkaline Complex (Li et al., 2010b); 860–840Mabimodal volcanic rocks (Li et al., 2010a; Lyu et al., 2017); 849Ma Shenwu
doleritic dykes (Li et al., 2008b); 847–842Ma Shanhou and Jiangshang pluton (Liu et al., 2015); 863 Ma Daolinshan diabases and 855Ma Yuanbaoshan gabbros (Yao et al., 2014); 847Ma
Fanxi dolerites (Zhang et al., 2013b); 849–846 Ma meta-diorites and meta-basites (Sun et al., 2017); 830 Ma Yiyang and Sibao high-Mg basalts (Zhao and Zhou, 2013); 831–814Ma
Fanjingshan mafic-ultramafic rocks (Wang et al., 2014); 780Ma A-type granites (Wang et al., 2010); 871–864Ma andesites (Yao et al., 2015).
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2. Geological background and sampling

The South China Block comprises the Yangtze Block in the northwest
and the Cathaysia Block in the southeast, separated by the JiangnanOro-
genic Belt (Zhao and Cawood, 2012; Zheng et al., 2013). It is separated
from the North China Craton by the Qinling-Dabie-Sulu Orogenic Belt
in the north, from the Songpan-Gantze terrane by the Longmenshan
Fault in the northwest and from the Indochina Block by the Ailaoshan-
Songma suture zone in the southwest (Zhao and Cawood, 2012;
Zheng et al., 2013).

The basement of the Yangtze Block is represented by sporadically
exposed Archean Kongling TTG rocks in the northern part (Gao et al.,
2011; Guo et al., 2014; Qiu et al., 2000), and Paleoproterozoic to early
Mesoproterozoic metamorphic, sedimentary and igneous rocks along
the margin of the block (Min et al., 2008; Sun et al., 2009; Yin et al.,
2013; Chen et al., 2014; Wang and Zhou, 2014; Han et al., 2017; Zhou
et al., 2014). These rocks are unconformably overlain by late
Mesoproterozoic to early Neoproterozoic sedimentary sequences and
associated magmatic rocks. These sedimentary and magmatic rocks
can be further subdivided into the Jiangnan Orogenic Belt along the
southeast margin and Panxi-Hannan Orogenic Belt along the western-
northwestern margin of the Yangtze Block (Zhao and Cawood, 2012;
Zheng et al., 2013).Within the Jiangnan Orogenic Belt, widespreadMid-
dle Neoproterozoic marine clastic sedimentary sequences, such as the
Shuangqiaoshan Group in Jiangxi Province and the Sibao Group in
Guangxi Province (Fig. 1), were traditionally regarded as
Mesoproterozoic rocks but actually Neoproterozoic in ages (Li et al.,
2016; Wang et al., 2008, 2013; Ye et al., 2007; Zhao et al., 2013; Zhou
et al., 2009). The emplacement age of the Fuchuan Ophiolite in the east-
ern segment of Jiangnan Orogenic Belt has also been revised to 850–
820 Ma (SHRIMP and LA-ICP-MS zircon age) (Zhang et al., 2012,
2013), previously dated to 935 ± 10 Ma (mineral Sm\\Nd isochron
age) (Chen, 1991). The overlying Middle Neoproterozoic Banxi Group
and contemporary sedimentary sequences were deposited in the
intra-continental Nanhua rift basin during 800–715 Ma (Wang et al.,
2015; Wang and Li, 2003). The Precambrian units, in turn, are overlain
by lower Paleozoic marine and upper Paleozoic continental sequences,
showing strong deformation related to intraplate orogenesis in the
South China Block (Chu et al., 2012a, 2012b; Qiu et al., 2016; Yan et
al., 2003).

TheDongling Complex is a NE-trending (30 km2) body located at the
southeastern margin of the Yangtze Block (Chen and Xing, 2016; Zhang
et al., 2015a) (Fig. 2). It comprises phyllite, muscovite quartz schist, al-
bite quartz schist, interlayered silicate and amphibolitic schist in the
upper part, and biotite plagioclase gneiss, biotite K-feldspar gneiss and
amphibolites in the lower part (BGMRAP, 1987), indicative of sedimen-
tary and volcanic protolith (Zhang et al., 2015a). The Dongling Complex
is intruded by the Cretaceous Hongzhen granite (Zhu et al., 2010). Re-
gional extension and emplacement of Hongzhen granite have resulted
in the uplift of the Dongling Complex from the middle crustal to the
shallow crustal level (Grimmer et al., 2003; Zhu et al., 2010).

The Dongling granites are exposed in the Dongling area and also
form the basement for the Quaternary sediments. The granites range
from alkali feldspar granite to syenogranite and show evidence of
minor deformation and low-grademetamorphism (Fig. 3a, b). The alkali
feldspar granites comprise quartz (30–35%), K-feldspar (50–55%),
minor plagioclase (~5%) and biotite (~5%), and accessory minerals
(~2%), such as zircon and ilmenite (Fig. 3c, d). The syenogranitesmainly
comprise quartz (25–30%) and K-feldspar (50–55%), minor plagioclase
(10%) and biotite (~2%) and accessory zircon and ilmenite (~2%)
(Fig. 3e, f). Anhedral biotite occurs along the boundary between
euhedral plagioclase and quartz (Fig. 3c-f), implying that the biotite is
a later crystallizing phase. The Dongling granites showminor alteration,
indicated by partial sericitization of feldspars.



Fig. 2. Sketch geological map of theDongling Complex (modified from Zhu et al. (2010), Zhang et al. (2015a) and Chen and Xing (2016)). The structural trends and data are from Zhu et al.
(2010).

178 S.-F. Huang et al. / Lithos 318–319 (2018) 176–193
3. Analytical methods

3.1. Zircon U\\Pb dating and Hf isotope analyses

Zircon grains were separated using standard heavy liquid and mag-
netic techniques, and handpicked using a binocular microscope. The
separated zircons were mounted on epoxy resin and were polished to
about half of their original size. Cathodoluminescence (CL) images of
the zircons were taken using a Gatan Mono CL 3 attached to a
JXA-8100 electron probe microanalyzer at the Guangzhou institute of
Geochemistry, Chinese Academy of Sciences.

In-situ U\\Pb isotope analyses of zircons were carried out using a
Nu Instrument MC-ICP-MS, attached to a Resonetics Resolution
M-50-HR excimer laser ablation system, at the University of Hong
Kong. The laser beam diameter (with energy density of 5 J·cm−2

and 4 Hz repetition rate) was set at 30 μm. Helium was used as carrier
gas to transport aerosol to the MC-ICP-MS system. Zircon 91,500 was
used as the external standard to correct mass bias and element frac-
tion, and GJ-1 was analyzed as the unknown sample to monitor the
accuracy of the zircon age (Jackson et al., 2004). Raw data reduction
was conducted off-line by software ICPMSDataCal program (Liu et
al., 2010) and the results are reported with 1σ error. Common Pb
was corrected following Andersen (2002). ISOPLOT software was
used to calculated weighted zircon ages and depicted a Concordia
plot (Ludwig, 2003). The concordant age of zircon GJ-1 is 598 ± 4
Ma (n = 32, MSWD = 0.13) (Supplementary Table 1), which coin-
cides with the recommended age (GJ-1: 599.8 ± 1.7 Ma) (Jackson et
al., 2004).

Lu\\Hf isotope analyses were done using a Neptune Plus multi-col-
lector (MC)-ICP-MS equipped with a 193 nm ArFexcimer laser ablation
system, at the State Key Laboratory of Geological Process and Mineral
Resources (SKLGPMR), China University of Geosciences, Wuhan. Diam-
eter of the laser beam (with energy density of 15 J·cm−2 and pulse rate
of 10 Hz) was set at 55 μm. Aerosol was transported to the ICP-MS
systemby helium, used as carrier gas. Details on laser ablation operating
conditions and the MC-ICPMS instrument are provided in Li et al.
(2010c). Protocol given in Liu et al. (2010) was followed for isobaric in-
terference and instrumental mass bias corrections. Zircon 91,500 was
used for quality control and zircon GJ-1was analyzed as unknown sam-
ple to evaluate the accuracy of the analytical data. Raw data reduction
was conducted off-line by software ICPMSDataCal program (Liu et al.,
2010) and the results are reported with 1σ error. For calculation of
εHf(t), TDM1, TDM2 and fLu/Hf, the 176Lu decay constant of 1.867 × 10−11

year−1, 176Hf/177HfCHUR = 0.282772, 176Lu/177HfCHUR = 0.0332,
176Hf/177HfDM = 0.233251 and 176Lu/177HfDM = 0.0384 for the Chon-
dritic Uniform Reservoir (CHUR) and Depleted Mantle (DM) were
adopted (Blichert-Toft and Albarède, 1998; Griffin et al., 2002;
Söderlund et al., 2004).
3.2. Whole-rock major and trace element analyses

Whole-rockmajor compositions were analyzed on fused glass beads
using a Philips PW 2400 X-ray fluorescence spectrometer (XRF), at the
University of Hong Kong. Trace element abundances were obtained
using a Quadrupole ICP-MS, at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang. One hundred milligrams sample powder each was digested
with 0.5 ml of 68% HNO3 (v/v) and 1 ml of 38% HF (v/v) in screw top
PTFE-lined stainless steel bombs at 190 °C for 12 h. Closed beaker in
high-pressure bombs was used to ensure complete dissolution. Insolu-
ble residues were dissolved using 8 ml of 40% HNO3 (v/v) heated to
100 °C for 3 h in an electric oven. All zircons were completely dissolved
with nearly 100% recovery, therefore, this analytical procedure is partic-
ularly suitable for analyzing Zr and Hf. Detailed chemical separation and
element measurement procedures are given in Qi et al. (2000). Pure el-
emental standards were used for external calibration and OU-1 and
AMH-1 were used as reference materials. Accuracies of the XRF and
ICP-MS analyses are better than 2% for major elements and 5% for
most trace elements.



Fig. 3. Representative hand-specimen and thin section images of the Dongling granites. Abbreviations: Kfs: K-feldspar, Pl: Plagioclase, Qz: Quartz, Bt: Biotite, Ilm: Ilmenite, Ser: Sericite.
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3.3. Whole-rock Rb\\Sr and Sm\\Nd isotopic determinations

Whole rock Rb\\Sr and Sm\\Nd isotopic analyses were carried out
using aMultiple Collector Inductively Coupled PlasmaMass Spectrome-
ter (MC-ICP-MS), at the Institute of Mineral Resource, Chinese Academy
of Geological Sciences, Beijing, China. The sample powderwas dissolved
in distilled acetic acid for 24 h at 60 °C. The residues were further
digested with HF+HNO3 in Teflon capsules. The mixture was separat-
ed by conventional cation-exchange techniques. Strontium and Rare
Earth Elements (REE) were separated and purified on quartz columns
by conventional ion exchange chromatography with a 5-ml resin bed
of AG 50W-X12 (200–400 mesh) after sample decomposition. Nd and
Sm were further separated from other REE on quartz columns using
1.7-ml Teflon powder coated with HDEHP, di(2-
ethylhexy)orthophosphoric acid, as cation exchange medium. Further
details on the analytical procedures are given in Chen et al. (2009).Mea-
sured 143Nd/144Nd and 87Sr/86Sr ratios were corrected formass fraction-
ation relative to reference values of 146Nd/144Nd= 0.7219 and 87Sr/86Sr
= 0.1194, respectively. The results are reported in 2σ errors.
3.4. Electron Probe Micro Analyses (EPMA) of plagioclase and biotite

Compositions of plagioclase and biotite were determined at
SKLGPMR, with a JEOL JXA-8100 Electron Probe Micro Analyzer
equipped with four wavelength-dispersive spectrometers (WDS).
Prior to analyses, the samples were coated with a ca. 20 nm conductive
carbon film and the coated carbon way was suggested by Zhang and
Yang (2016) to minimize the difference of carbon film thickness be-
tween sample and coating. The standards used for plagioclase were
sanidine for K and Al, pyrope garnet for Fe, diopsode for Ca and Mg,
jadeite for Na, rhodonite forMn, rutile for Ti and olivine for Si. Addition-
al standards used for biotite were fluorite for F, barite for Ba and alman-
dine for Fe. Five μm and 10 μm spot sizes for plagioclase and biotite,
respectively, with an accelerating voltage of 15 kV and a beam current
of 20 nA working conditions were maintained during analyses. The
peak and background counting time for majority of elements (Na, Mg,
Al, Si, K, Ca, Fe and F) were 10 s and 5 s, respectively. For Ti and Mn,
the double time relative to above elements peak and background
counting timewas used. On-line ZAF (atomic number, absorption, fluo-
rescence) correction procedure was performed to calibrate the data.
4. Results

4.1. Zircon U\\Pb ages and Hf isotopes

The CL images of representative zircons are shown in Fig. 4 and the
results of LA-ICP-MS U\\Pb and Lu\\Hf isotopic analyses are presented
in Supplementary Tables 2 and 3.



Fig. 4. LA-ICP-MSU\\Pb zircon concordia diagrams for theDongling granites (DL12–03, DL12–15, DL12–16 andDL12–27), South China. The inset diagram shows representative CL images;
small yellow solid and large red dashed circles indicate areas of U\\Pb and Lu\\Hf isotope analyses, respectively. The corresponding ages and ɛHf(t) have also been indicated.
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4.1.1. Alkali feldspar granite (DL12–03)
Zircon grains from this sample are 70–200 μm long, euhedral to

subhedral in shape with length-width ratio between 1:1 and 1:3
(Fig. 4a). They have high Th/U ratios (0.47 to 1.35) (Supplementary
Table 2) and exhibit oscillatory zoning or homogeneous internal struc-
tures. Majority of zircon grains show dark brown color in CL images,
which is very likely due to high U and Th concentrations, implying a
magmatic origin (Feng et al., 2014; Li et al., 2011). Someother granis ap-
pear colorless, probably due to later thermal overprint resulting in Pb
loss. Thirty analyses were conducted on 26 zircon grains, in which
eight analyses are not included in further calculation and discussion
due to their discordant U\\Pb ages or deviation from the major age
group. In the concordia plot (Fig. 4a), the remaining 22 analyses define
a discordia line with an upper intercept at 850 ± 11Ma (MSWD= 1.3,
n=22),which is regarded as the crystallization age of the granite and is
consistent with the weighted mean 207Pb/206Pb age of 843 ± 7 Ma
(MSWD=1.1, n= 22).

Magmatic zircons from this sample have initial 176Hf/177Hf ratio of
0.281989–0.282114 and εHf(t) values ranging from −8.8 to −4.4 with
a weighted average εHf(t) value of −6.8 ± 0.8 (n=12, MSWD= 2.7).
These zircons have single-stage Hf isotopic model ages from 1.60 to
1.77 Ga while two-stage Hf isotopic model ages range from 2.01 to
2.29 Ga.

4.1.2. Alkali feldspar granite (DL12–15)
Zircon grains separated from alkali feldspar granite sample (DL12–

15) are 50 to 200 μm long, euhedral to subhedral and have length-
width ratio from 1.5:1 to 3:1 (Fig. 4b). Zircon grains show characteristic
oscillatory zoning and have high Th/U ratios of 0.42 to 1.62 (Supple-
mentary Table 2), indicative of an igneous origin. Seven of the thirty
analyses are not included in the age calculation and subsequent discus-
sion, due to their discordant U\\Pb ages. In the concordia plot (Fig. 4b),
remaining 23 analyses yield a discordia line that intersects the
concordia curve at 847 ± 12Ma (MSWD= 1.2, n=23), which is con-
sistent with the weighted mean 207Pb/206Pb age of 839 ± 6 Ma
(MSWD = 0.76, n = 23) and is interpreted as the crystallization age
of the rock.

Magmatic zircons from this sample have initial 176Hf/177Hf ratio of
0.281989–0.282078 and εHf(t) values ranging from −9.0 to −5.8 with
a weighted average εHf(t) of −7.6 ± 0.6 (n = 12, MSWD = 1.4). The
single-stage Hf isotopic model ages vary from 1.65 to 1.80 Ga and
two-stage Hf isotopic model ages range from 2.10 to 2.29 Ga.

4.1.3. Alkali feldspar granite (DL12–16)
Zircon grains from this sample are 60 to 200 μm long, euhedral to

subhedral in shape and length/width ratio ranging from 1:1 to 3:1
(Fig. 4c). These zircon grains show homogeneous internal structures
with high Th/U ratios of 0.48 to 2.01, implying a magmatic origin (Sup-
plementary Table 2). A single, out of the twenty five analyses is not in-
cluded in the age calculation due to its discordant U\\Pb age. In the
concordia plot (Fig. 4c), the rest 24 analyses define a discordia line
intersecting the concordia curve at 850 ± 11 Ma (MSWD= 1.0, n =
24), which is consistent with the weighted mean 207Pb/206Pb age of
851± 5Ma (MSWD= 0.89, n= 24) and interpreted as the crystalliza-
tion age of the rock.

Magmatic zircons from this sample (except #01 spot) have initial
176Hf/177Hf ratio from 0.281879 to 0.282085 and εHf(t) values varying
from −12.8 to −5.5 with a weighted mean εHf(t) of −8.0 ± 0.6 (n =
11, MSWD = 2.1). The corresponding single-stage Hf isotopic model
ages range from 1.63 to 1.95 Ga and two-stage Hf isotopic model ages
from 2.08 to 2.53 Ga. The εHf(t) value of #01 spot is −21.9 and 3.09
Ga as the two-stage Hf isotope model age (Supplementary Table 3).

4.1.4. Syenogranite (DL12–27)
Zircon grains from syenogranite sample ((DL12–27) are 80 to 200

μm long, subhedral, colorless and have length-width ratio ranging
from 2:1 to 3:1 (Fig. 4d). Most crystals show weak oscillatory zoning
but high Th/U ratios (0.41 to 1.30) (Supplementary Table 2), indicating
igneous origin. Two of twenty five analyses were discarded due to dis-
cordant U\\Pb ages. Remaining 23 analyses define a discordia line



Table 1
Major element (in wt%) and trace element (in ppm) concentrations of the Dongling granites.

Sample DL12–01 DL12–03 DL12–04 DL12–06 DL12–08 DL12–10 DL12–15 DL12–16 DL12–18 DL12–13 DL12–25 DL12–27 DL12–28 DL12–29 DL12–30 DL12–32

Alkali feldspar granite Syenogranite

Major elements
SiO2 74.6 74.9 77.2 76.9 73.9 73.5 73.0 74.6 75.0 74.6 71.8 73.1 72.1 69.5 69.8 71.9
TiO2 0.19 0.20 0.19 0.18 0.17 0.20 0.19 0.19 0.18 0.19 0.29 0.27 0.21 0.59 0.42 0.39
Al2O3 12.9 13.5 12.9 13.0 13.3 14.0 13.3 13.6 13.5 13.3 13.7 14.0 13.5 13.7 13.5 13.8
Fe2O3

T 2.02 2.10 1.18 0.63 1.94 1.87 2.37 2.08 2.05 2.35 2.81 2.43 2.46 4.88 4.45 3.61
MnO 0.03 0.05 0.02 0.01 0.05 0.03 0.04 0.03 0.06 0.08 0.07 0.06 0.07 0.07 0.09 0.05
MgO 0.20 0.18 0.07 0.13 0.19 0.18 0.14 0.14 0.13 0.15 0.34 0.26 0.27 0.54 0.29 0.26
CaO 0.30 0.28 0.21 0.21 0.16 0.25 0.41 0.40 0.21 0.71 1.21 0.89 0.97 1.02 1.10 0.90
Na2O 2.00 1.87 2.85 2.89 2.12 1.94 2.65 2.37 2.05 3.31 4.15 3.40 4.18 4.05 3.90 3.44
K2O 6.11 6.00 4.59 5.15 6.47 6.85 6.44 5.98 6.48 4.71 4.42 4.70 4.83 4.38 4.98 4.38
P2O5 0.04 0.03 0.03 0.03 0.03 0.04 0.02 0.03 0.03 0.03 0.05 0.04 0.03 0.15 0.07 0.06
LOI 1.19 1.13 0.99 0.81 0.99 1.20 0.67 0.68 0.63 0.52 0.62 0.59 0.75 0.75 0.72 0.65
TOTAL 99.6 100.2 100.2 99.8 99.3 100.0 99.2 100.1 100.3 99.9 99.4 99.7 99.4 99.6 99.3 99.4
A/NKa 1.30 1.41 1.34 1.25 1.26 1.32 1.17 1.32 1.30 1.26 1.18 1.31 1.11 1.20 1.14 1.33
A/CNKb 1.23 1.34 1.29 1.21 1.23 1.27 1.10 1.23 1.26 1.12 0.99 1.14 0.97 1.03 0.98 1.15
Na2O + K2O 8.11 7.87 7.44 8.04 8.59 8.79 9.09 8.35 8.53 8.02 8.57 8.09 9.01 8.43 8.87 7.82
FeOT/(FeOT + MgO) 0.90 0.91 0.93 0.94 0.90 0.91 0.94 0.93 0.82 0.93 0.88 0.89 0.89 0.89 0.93 0.93

Trace elements
Li 12.2 3.99 1.01 6.47 12.9 4.74 7.44 15.90 5.70 5.39 7.59 5.04 3.99
Be 2.58 1.68 1.66 2.70 2.11 2.74 2.05 4.14 4.13 4.68 3.19 4.10 5.76
Sc 8.11 9.83 3.76 10.1 10.2 10.0 5.99 12.5 12.0 11.7 9.06 10.8 14.0
V 2.44 0.73 1.18 2.17 1.03 0.85 1.81 9.22 8.23 7.39 13.70 7.77 1.90
Cr 1.56 0.67 6.21 1.83 1.98 1.58 5.23 4.84 2.46 1.97 5.87 4.96 2.67
Co 0.76 0.54 0.56 1.08 0.65 0.43 0.87 2.56 1.39 1.37 2.45 1.95 0.83
Ni 0.14 0.14 2.45 0.84 0.27 0.12 2.45 2.57 0.84 0.65 2.65 3.00 0.53
Cu 30.6 4.32 7.79 3.00 8.25 2.89 8.30 7.30 2.31 1.77 7.15 9.60 3.12
Zn 313 19.2 60.5 120 96.5 76.4 137 151 73.6 69.5 114 79.9 88.3
Ga 21.7 17.7 12.7 20.6 21.0 22.6 18.0 24.0 22.5 21.9 20.9 23.0 25.1
Ge 0.96 0.81 0.78 0.91 0.90 1.05 0.88 1.30 1.28 1.26 1.22 1.69 1.31
As 0.13 0.14 1.93 0.10 0.12 0.11 4.12 2.44 0.12 0.11 2.42 1.84 0.16
Rb 134 102 127 170 155 169 137 145 141 139 130 132 112
Sr 75.9 52.9 41.9 65.6 63.4 65.2 68.3 104 88.8 93.0 93.8 155 73.1
Y 64.6 55.3 26.9 46.6 55.9 60.0 59.2 64.2 62.8 61.2 57.8 75.3 79.7
Zr 427 412 308 402 419 428 318 603 437 432 361 579 712
Nb 22.5 22.0 20.7 27.9 22.0 21.6 22.5 25.2 22.7 22.7 23.7 24.4 25.2
Sb 0.10 0.07 0.32 0.13 0.03 0.05 0.3 0.78 0.02 0.06 0.40 0.28 0.07
Cs 1.49 1.09 0.98 1.72 0.53 0.86 0.46 1.22 0.59 0.56 0.66 0.76 0.38
Ba 1009 995 1040 1044 1019 1017 885 1320 1017 1031 982 1540 1056
La 63.4 48.2 48.1 52.1 68.1 69.7 66.8 58.3 67.3 68.6 62.0 63.0 73.2
Ce 125 98.6 87.7 109 133 120 120 112 133 135 118 121 149
Pr 14.4 10.8 10.0 10.9 15.4 15.1 14.7 14.2 15.5 15.6 13.6 15.1 17.7
Nd 51.8 38.7 37.3 39.2 55.4 54.3 53.1 53.9 56.0 55.9 49.6 57.4 66.6
Sm 10.2 7.79 6.66 7.78 10.8 10.6 9.97 10.9 11.1 10.9 9.55 12.1 13.8
Eu 1.01 0.77 0.67 1.02 0.98 1.10 0.96 2.38 1.10 1.11 1.09 2.51 2.28
Gd 8.02 6.44 6.05 6.43 8.17 7.62 9.09 9.87 8.34 8.61 7.73 11.05 10.70
Tb 1.83 1.50 0.96 1.42 1.76 1.70 1.61 1.86 1.89 1.87 1.54 2.05 2.44
Dy 10.8 9.03 5.09 8.13 9.55 9.94 9.77 11.4 10.8 10.6 9.29 12.7 13.9
Ho 2.53 2.14 0.97 1.93 2.20 2.36 2.01 2.30 2.50 2.43 1.86 2.60 3.23
Er 7.04 6.07 2.87 5.27 6.19 6.92 6.38 7.18 6.96 6.76 5.85 8.15 8.95
Tm 1.04 0.92 0.38 0.76 0.92 1.06 0.93 1.11 1.03 1.00 0.87 1.23 1.31
Yb 6.68 6.07 2.41 5.05 6.05 7.07 5.94 7.48 6.76 6.70 5.75 8.05 8.56
Lu 0.99 0.90 0.34 0.73 0.91 1.07 0.91 1.08 1.01 0.99 0.87 1.19 1.28

(continued on next page)
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with an upper intercept age of 844 ± 9 Ma (MSWD = 1.2, n = 23)
(Fig. 4d), which is in close agreement with the weighted mean
207Pb/206Pb age of 846± 6Ma (MSWD=1.3, n = 23) and interpreted
as the crystallization age of the rock.

Magmatic zircons from this sample have initial 176Hf/177Hf ratio
ranging from 0.281935 to 0.282115 and εHf(t) values from −10.9 to
−4.6 with a weighted average εHf(t) of −7.9 ± 1.1 (n = 12, MSWD
= 5.8). The single-stage Hf isotopic model ages vary from 1.60 to 1.83
Ga and two-stage Hf isotopic model ages from 2.02 to 2.41 Ga.

4.2. Whole-rock major and trace elements

Sixteen samples were analyzed for whole rock major oxides and 13
samples for trace elements (Table 1). In the total alkali-silica (TAS) dia-
gram all the samples classify as granite (Fig. 5a). In the Q′-ANOR dia-
gram the samples can be discriminated into alkali feldspar granite and
syenogranite (Fig. 5b), consistent with the modal mineral assemblages.

The Dongling alkali feldspar granites have high SiO2 (73.0 to 77.2
wt%) and total alkalis (K2O + Na2O = 7.44 to 9.09 wt%), low Al2O3

(12.9 to 14.0 wt%), Fe2O3
T (0.63 to 2.37 wt%) and CaO (0.16 to 0.41

wt%) contents. The syenogranites have relatively lower SiO2 (69.5 to
74.6 wt%), and higher Al2O3 (13.3 to 14.0 wt%), Fe2O3

T (2.35 to 4.88
wt%) and CaO (0.71 to 1.21 wt%) contents but similar total alkali abun-
dance (K2O + Na2O = 7.82–9.01 wt%) as compared to the alkali feld-
spar granite. In the diagram of the A/CNK vs A/NK (Fig. 5c), the alkali
feldspar granite are strongly peraluminous with high A/CNK values
(1.10 to 1.34) while syenogranites have relatively lower A/CNK ratios
(0.97 to 1.15). Moreover, these granites have high FeOT/(FeOT +MgO)
(0.82–0.94) and low P2O5 (0.02 to 0.15 wt%). In the Harker diagrams
(Fig. 6), the SiO2 shows inverse correlation with Al2O3, Fe2O3

T, TiO2,
P2O5, MgO, MnO, Sr, Zr and Ba, and covariancewith Na2O, K2O and CaO.

The ΣREE concentrations for Dongling alkali feldspar granites and
syenogranites range from 210 to 319 ppm and 288 to 373 ppm, respec-
tively. The alkali feldspar granites are characterized by moderately to
highly fractionated REE patterns ((La/Yb)N = 5.69–14.3) with flat
heavy REE patterns ((Gd/Yb)N = 0.88–2.08) and remarkably negative
Eu-anomalies (Eu/Eu* = 0.32 to 0.44) (Fig. 7a; Table 1). These granites
are enriched in high field strength elements (HFSE) and large ion
lithophile elements (LILE), such as Sr (41.9–75.9 ppm), Ba (995–1044
ppm), Zr (308–428 ppm), Nb (20.7–27.9 ppm), Y (26.9–64.6 ppm)
and Zr + Nb + Ce + Y (443–639 ppm). The Dongling syenogranites
exhibit similar REE patterns with (La/Yb)N values (5.59–8.07) and
(Gd/Yb)N values (1.02–1.27) and moderately negative Eu anomalies
(Eu/Eu* = 0.31 to 0.70) (Fig. 7a; Table 1) similar to the alkali feldspar
granites. However, syenogranites have higher LILE (Sr = 68.3–155
ppm, Ba = 885–1540 ppm) and HFSE (Zr = 318–712 ppm, Nb =
22.5–25.2 ppm, Y = 59.2–79.7 ppm, Zr + Nb + Ce + Y = 520–965
ppm) concentrations as compared to alkali feldspar granite. In the prim-
itivemantle normalizedmulti-element spider diagrams, all the samples
definepronounced negative anomalies for Nb, Ta, Sr, Ti and slightly neg-
ative anomaly for Ba (Fig. 7b).

4.3. Whole-rock Rb\\Sr and Sm\\Nd isotopes

Eight Dongling granite samples were analyzed for whole rock
Sr\\Nd isotopic analyses and the data are presented in Table 2. Initial
Sr\\Nd isotopic compositionswere calculated back to the emplacement
ages of 850 Ma. The samples show a wide range of Rb/Sr (1.49–2.59)
and 87Sr/86Sri ratios (0.677399 to 0.715292). Three samples (DL12–10,
DL12–15 and DL12–16) have unrealistically low initial 87Sr/86Sr ratios
(b 0.699), calculated by high 87Rb/86Sr ratios resulting from hydrother-
mal alteration, therefore, not discussed further. The analyzed samples
have 147Sm/144Nd ratios from 0.1175 to 0.1253 and initial 143Nd/144Nd
ratios from 0.510793 to 0.511104, corresponding to εNd(t) values of
−14.6 to −8.6. Their single-stage model ages for Nd isotope range



Fig. 5. (a) TAS classification diagram (after Middemost et al., 1994); (b) Q′-ANOR
normative composition classification diagram (after Streckeisen and Maitre, 1979) of
the Dongling granites, where Q′ = 100 × Q/(Q + Or + Ab + An) and ANOR = 100 ×
An/(Or + An); (c) A/NK versus A/CNK diagram for the Dongling granites. A/NK = Al/
(Na + K) (molar ratio). A/CNK = Al/(Ca + Na + K) (molar ratio). The Gangbian
Alkaline Complex and 850 Ma rhyolite major and trace element data are from Li et al.
(2010a, 2010b) and Lyu et al. (2017).
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from 2.21 to 2.68 Ga and two-stage model ages from 2.20 to 2.69 Ga
(Table 2).

4.4. Plagioclase and biotite mineral chemistry

A total of 43 spots on plagioclase grains of three syenogrnaite sam-
ples were analyzed by EPMA and the results are given in Table 3. The
analyses show consistent SiO2 (63.3–68.1 wt%), Al2O3 (19.7–21.6 wt%)
and Na2O (9.21–11.1 wt%) contents and lower and variable CaO
(0.71–4.92 wt%), K2O (0.10–1.45 wt%) and FeOT (0.01–0.22 wt%) con-
centrations. Based on 8 oxygens in formula unit, the An content varies
from 3.43 to 22.0 and Ab ranges from 74.4 to 96.0, characterizing
Dongling syenogranite plagioclase as oligoclase-albite. Biotite data
from Dongling alkali feldspar granite are presented in Table 4. Cations
and related-parameters were calculated on 22 oxygens in formula unit
of biotite and Fe2+ and Fe3+ values were obtained from Zheng (1983).
Biotites have high FeOT (25.5 to 29.4 wt%), consistent Al2O3 (17.1–
19.0 wt%), SiO2 (34.0–35.9 wt%) and moderate TiO2 (2.29–4.10 wt%)
contents (Table 4). High Ti4+ (0.27 to 0.48) and constant Fe2+/(Fe2+

+Mg2+) (0.81–0.84) of these biotites suggest unaltered chemical com-
positions, unaffected by any post-magmatic overprint (Table 4). Low
MgO contents (2.39–2.82 wt%) and high FeO/(FeO + MgO) (0.91–
0.92) (Table 4) values suggest that biotites are oxybiotite, specific type
being sidero-phyllite.

5. Discussion

5.1. Effect of hydrothermal alteration on chemical compositions

The Dongling granites generally experienced slight but occasionally
strong deformation and low-grade metamorphism, implying possible
modification in geochemical signatures. Zr is considered as a highly im-
mobile element and thus has been successfully employed as alteration-
independent index of geochemical variations (Pearce and Peate, 1995;
Polat et al., 2002). A positive correlation between Zr and TiO2 further
suggests insignificant modification and post-magmatic overprint on
TiO2 (Fig. 8a, except sample DL12–29). Therefore, TiO2 could be
employed as an alternative immobile element to evaluate the mobility
of the major elements. In the present case, most elements, including
LILE (K2O, Na2O, CaO, Sr and Ba), HFSE (Nb, Ta and Y) and REE (La, Ce,
Nd, Sm and Yb) as well as some transition elements (Fe2O3

T), show
well correlated relationshipwith TiO2 and/or Zr, indicating their relative
immobility during post-magmatic processes (Fig. 8b-h). Therefore,
these immobile elements can be used to discuss and interpret the petro-
genesis and geodynamic setting during the emplacement of the
Dongling granites.

5.2. Emplacement age of the Dongling granites

The precise time for emplacement of the Dongling granites is loosely
constrained prior to the present study. The Dongling Complex is tradi-
tionally considered as a counterpart of the Archean Kongling Complex
in the northern Yangtze Block in spite of little reliable geochronological
evidence. Whole rock Sm\\Nd isochronal ages of 1895± 72Ma (Xing
et al., 1993) and 1439± 56Ma (Dong andQiu, 1993) for the plagioclase
amphibole-schist have been considered as the robust evidence to regard
the Dongling Complex as Paleoproterozoic terrane. This interpretation
is broadly consistent with 1846 ± 20 Ma zircon mean 207Pb/206Pb
protolith age for a drill core orthogenesis sample from the Dongling
Complex (Chen and Xing, 2016). However, single zircon evaporation
207Pb/206Pb dating of a paragneiss in the Dongling Complex yielded
three age populations, namely 2377–2370 Ma, 2016–1971 Ma and
783–692 Ma (Grimmer et al., 2003). These ages are in general agree-
ment with the in-situ U\\Pb detrital zircon ages from upper Dongling
Complex with age clusters at N 2.4 Ga, ~2.0 Ga and 730–830 Ma
(Zhang et al., 2015a). Therefore, the precise timing for the Dongling
granites is still unclear and more data are needed.

In this study, zircons from the Dongling granites preserve oscillatory
zoning and have high Th/U ratios (0.41–2.01), diagnostic of a magmatic
zircon. Thus, the crystallization ages of 850± 11Ma, 847 ± 12Ma, 851
± 5Ma and 844± 9Ma, are coherent and can be considered as the em-
placement age of the Dongling granites. Although the 880–830 Ma was
generally thought to be the period of magmatic quiescence in tectonics
(Li et al., 2003, 2010b), abundant 860–840 Ma detritus, locally sourced,
in sedimentary sequences younger than ~830 Ma in the Jiangnan Oro-
genic Belt indicate magmatic activity during this period (Sun et al.,
2009; Wang et al., 2012, 2013; Zhao et al., 2011). More recent studies
have identified significant magmatism within the Yangtze Block during
this period, such as the 849± 7Ma Shenwu dolerites (Li et al., 2008b),
the 849 ± 6Ma Zhenzhushan bimodal volcanic rocks (Li et al., 2010a),
the 848 ± 4Ma Gangbian Alkaline Complex (Li et al., 2010b), the 860
± 9Ma to 840 ± 5Ma Huangshan and Meiling bimodal volcanic rocks



Fig. 6.Diagrams showing SiO2 variation relative to major and trace elements in Dongling granites. The Gangbian Alkaline Complex and 850Ma rhyolite major and trace element data are
from Li et al. (2010a, 2010b) and Lyu et al. (2017).
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(Lyu et al., 2017), the 852 ± 5Ma strongly peraluminous granites (Wu
et al., 2018) and some intermediate-basic magmatic rocks (Sun et al.,
2017; Yao et al., 2014, 2015) (Fig. 1). All these data suggest that
magmatism during 880–830 Ma was far more extensive than seen in
present day limited exposures.

5.3. Temperature-pressure-water conditions of melting

Zircon saturation thermometry (TZr) can be used to estimate the ini-
tial temperature of the melting source, based on the zircon solubility,
which is a function of temperature and magma composition (Miller et
al., 2003; Watson and Harrison, 1983). The Dongling granites have cal-
culated TZr of 856 to 947 °C (average 893 °C) (Table 1). This temperature
may represent the minimum melt temperature because the Dongling
granite magma was Zr under-saturated, as inferred from the absence
of inherited and/or xenocrystic zircons. Therefore, the melting temper-
ature must have been higher than 850 °C, similar to those of “hot gran-
ites” (Miller et al., 2003).

Ti content of biotite can serve as a geothermometer to evaluate its
crystallization temperatures (Henry et al., 2005). Biotites from the
Dongling granites have consistent XMg (0.13 to 0.16) and Ti4+ (0.27 to
0.48), corresponding to crystallization temperatures of 608 to 702 °C
(average 660 °C) (Table 4), significantly lower than the zircon satura-
tion temperatures. The textural relationships identify biotite as a late
crystallizing phase (Fig. 2c-f), therefore, the biotite crystallization tem-
perature represents a later stage temperature during the magma
evolution.

High temperature-pressure experimental studies have established
that anorthite (An) content of plagioclase as a function of temperature
and H2O content of the coexisting felsic melts (Dall'Agnol et al., 1999;



Fig. 7. (a) Chondrite-normalized REE diagram for Dongling granites. (b) Primitivemantle-
normalized multi-element spider diagram for the Dongling granites. Chondrite and
primitive mantle normalizing data are from Sun and McDonough (1989) and upper
continental crust reference value is from Rudnick and Gao (2003). The Gangbian
Alkaline Complex and 850Ma rhyolite data are from Li et al. (2010a, 2010b) and Lyu et
al. (2017).
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Klimm et al., 2003). On the other hand, Klimm et al. (2008) argue that
the mineral assemblage is controlled by major chemical composition
and H2O content of the melt. Based on An content (3.43–22.0: Table
3) andmineral assemblages, the least H2O content of the Dongling gran-
ites has been estimated between 1.9 wt% and 2.6 wt% at 850 °C.

Uchida et al. (2007) summarized a pressure empirical equation,
which can be used to estimate the solidification pressure of granitic
rocks using total Al content of the biotite:

P MPað Þ ¼ 3:03� TAl–6:53 �0:33ð Þ� �� 100

where TAl designates the total Al in biotite. Biotite from the Dongling
granites have TAl values ranging from 3.22 to 3.47 (Table 4),
corresponding to a solidification pressure between 322 and 397
MPa (average 350 Mpa). Therefore, the pressure of the primary
magma formed should be higher than 350 MPa. The granites have
high Y (N 46 ppm, except sample DL12–06) and flat HREE patterns
(Fig. 7a), indicating no garnet residue in the source region and partial
melting at pressure lower than 700 MPa (Patiño Douce and Beard,
1996).

5.4. A-type granites and granulitic metasedimentary source

The Dongling granites have high K2O + Na2O = (7.44–9.09 wt%),
ΣREE (210–373 ppm) and HFSE (Zr + Nb+ Ce+ Y= 443–965 ppm)
contents as well as high 10,000 × Ga/Al ratios (N 2.6, except sample
DL12–06), typical of A-type granites (Eby, 1992; Eby and Kochhar,
1990; Frost et al., 2001; Li et al., 2016; Whalen et al., 1987). Although



Table 3
Chemical compositions (wt%) of plagioclase from the Dongling syenogranite.

Spot. SiO2 TiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O Total An Ab Or

DL12–28-01 67.6 – 20.8 0.10 0.01 – 1.91 10.9 0.16 101.4 8.78 90.4 0.9
DL12–28-02 65.2 0.01 21.4 0.10 0.02 0.05 2.68 9.67 0.63 99.7 12.8 83.6 3.6
DL12–28-03 66.7 – 20.6 0.07 – – 1.63 10.7 0.12 99.8 7.73 91.6 0.7
DL12–28-04 67.1 0.03 21.1 0.08 0.00 – 2.14 10.3 0.28 101.0 10.2 88.3 1.6
DL12–28-05 67.7 – 20.6 0.11 – 0.03 1.58 10.0 0.21 100.2 7.94 90.8 1.3
DL12–28-06 66.7 0.02 21.0 0.12 0.00 0.02 2.06 10.6 0.37 100.8 9.51 88.5 2.0
DL12–28-07 66.8 – 20.9 0.17 – 0.02 2.06 10.4 0.38 100.8 9.64 88.3 2.1
DL12–28-08 67.8 – 20.6 0.08 – – 1.27 10.9 0.15 100.9 5.97 93.2 0.9
DL12–28-09 66.8 – 20.5 0.01 – 0.00 1.63 10.4 0.36 99.7 7.79 90.1 2.1
DL12–28-10 66.7 – 20.8 0.15 0.00 – 1.90 10.6 0.41 100.6 8.79 88.9 2.3
DL12–28-11 66.2 – 20.7 0.09 – – 2.09 10.2 0.28 99.5 10.0 88.4 1.6
DL12–28-12 66.5 – 20.7 0.13 – – 1.98 10.2 0.40 99.9 9.47 88.3 2.3
DL12–28-13 67.0 0.00 20.7 0.10 – 0.02 1.83 10.4 0.35 100.3 8.69 89.3 2.0
DL12–28-14 67.1 – 20.8 0.03 0.03 – 1.94 10.4 0.34 100.6 9.21 88.9 1.9
DL12–28-15 67.0 – 20.7 0.07 – – 1.96 10.4 0.31 100.5 9.26 89.0 1.8
DL12–27-01 67.1 – 20.9 0.11 0.01 – 2.31 10.2 0.30 101.0 10.9 87.4 1.7
DL12–27-02 67.1 – 21.1 0.08 0.08 0.02 2.03 10.2 0.34 100.8 9.75 88.3 1.9
DL12–27-03 67.6 – 20.6 0.10 0.01 – 1.79 10.4 0.39 100.9 8.47 89.3 2.2
DL12–27-04 67.3 – 21.0 0.11 – 0.00 2.12 10.0 0.47 101.0 10.2 87.1 2.7
DL12–27-05 67.5 – 20.6 0.12 0.01 0.00 1.90 10.2 0.33 100.7 9.17 88.9 1.9
DL12–27-06 67.1 – 20.8 0.15 0.02 – 2.01 10.2 0.40 100.7 9.59 88.1 2.3
DL12–27-07 66.5 – 20.6 0.09 0.01 0.01 1.93 10.3 0.30 99.7 9.25 89.0 1.7
DL12–27-08 66.4 0.02 20.8 0.10 0.01 0.01 2.11 10.6 0.26 100.3 9.78 88.8 1.4
DL12–27-09 68.1 0.01 19.7 0.21 0.00 0.00 0.71 11.1 0.10 99.9 3.43 96.0 0.6
DL12–27-10 67.2 0.01 20.5 0.09 0.00 – 1.60 10.7 0.24 100.4 7.51 91.2 1.3
DL12–27-11 64.4 0.00 21.5 0.15 0.02 0.05 2.55 9.47 1.45 99.6 11.9 80.0 8.1
DL12–27-12 67.4 0.01 21.3 0.22 – 0.02 1.16 10.2 0.85 101.2 5.63 89.5 4.9
DL12–27-13 67.1 – 20.8 0.16 0.03 0.05 1.52 10.1 0.51 100.4 7.43 89.6 3.0
DL12–27-14 66.3 – 20.6 0.13 – – 2.11 10.2 0.38 99.8 10.0 87.8 2.2
DL12–27-15 65.8 – 21.1 0.07 – – 2.17 10.2 0.29 99.7 10.3 88.1 1.6
DL12–27-16 65.5 – 21.6 0.11 0.01 – 2.02 9.83 0.49 99.6 9.89 87.3 2.9
DL12–27-17 66.9 – 20.8 0.12 0.02 0.01 1.91 10.4 0.31 100.5 9.02 89.2 1.8
DL12–27-18 67.4 – 20.7 0.13 0.02 0.03 1.91 10.4 0.47 101.1 8.99 88.4 2.6
DL12–30-01 65.6 0.01 21.3 0.13 – 0.00 2.77 10.1 0.35 100.3 12.9 85.1 1.9
DL12–30-02 66.6 – 21.3 0.09 0.00 – 2.44 10.4 0.14 100.9 11.4 87.8 0.8
DL12–30-03 66.1 – 21.5 0.17 0.01 0.01 2.47 10.0 0.14 100.4 11.9 87.3 0.8
DL12–30-04 66.6 – 21.4 0.26 – – 2.47 10.3 0.27 101.2 11.5 87.0 1.5
DL12–30-05 66.5 – 20.8 0.11 0.01 – 2.22 10.6 0.10 100.3 10.3 89.1 0.6
DL12–30-06 66.4 – 21.2 0.11 – – 2.42 10.4 0.20 100.7 11.3 87.6 1.1
DL12–30-07 63.3 0.02 20.5 0.07 0.03 0.04 4.92 9.21 0.69 98.8 22.0 74.4 3.7
DL12–30-08 66.8 0.01 20.0 – – – 2.52 10.7 0.16 100.3 11.4 87.7 0.9
DL12–30-09 67.1 0.01 21.3 0.12 – – 1.96 10.1 0.39 101.0 9.43 88.4 2.2
DL12–30-10 66.6 – 21.1 0.09 0.00 0.02 2.08 10.2 0.36 100.5 9.93 88.0 2.0
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the Dongling granites have high A/CNK values (0.97–1.34), their A-type
affinity is further supported by rather low P2O5 contents (0.02 to 0.15
wt%) and no phosphate observation in the sections (Bonin, 2007; King
et al., 1997). In the discriminating plots (Fig. 9a-d), the Dongling granite
samples are plotted in the A-type granite fields. These granites are
ferroan alkali-calcic to alkaline in composition and have high FeO-
T/(FeOT +MgO) (0.82–0.94) and moderate Na2O + K2O – CaO (6.92–
8.68 wt%) (Fig. 9e, f). The A-type affinity of the Dongling granites is
also in agreementwith the estimated highmelting temperature (higher
than 850 °C) and thus can be regarded as the first identified ~850 Ma
A-type felsic pluton in the Yangtze Block, South China.

TheA-type granites are chemically variable and could be formed from
diverse source rocks and petrogenetic processes (Bonin, 2007). Proposed
models include (1) fractionation of mantle-derived alkaline basaltic or
tholeiitic magmas (Frost et al., 1999; Frost and Frost, 1997; Turner et al.,
1992); (2) partial melting of granulitic crustal residues after extraction
of early granite magmas (Anderson and Thomas, 1985; Bea and
Montero, 1999; Clemens et al., 1986; Collins et al., 1982; Creaser et al.,
1991; Whalen et al., 1987); (3) low pressure melting of calc-alkaline
rocks at upper crustal levels (Patiño Douce, 1997; Skjerlie and Johnston,
1992) and (4) integrated crustal- and mantle-derived materials, either
crustal assimilation and fractional crystallization of mantle-derived
magmas, or hybridization between mantle-derived melts and anatectic
graniticmagmas (Griffinet al., 2002; Kempet al., 2005; Yang et al., 2006).
The Dongling granites have remarkably negative zircon εHf(t)
(−12.8 to −4.6) and whole rock εNd(t) (−14.6 to −8.6), which
are significantly lower than the coeval intermediate-mafic juvenile
crust (Fig. 10), ruling out the possibility of the granites being
differentiation products of mantle-derived magmas and suggesting
a mature crustal source. Chemical characteristics of biotite also
suggest a crustal origin for the Dongling granites, ruling out any
crust-mantle maxing (Fig. 11). This interpretation is also supported
by the absence of mafic enclaves and acicular apatite as well as no
bimodal distribution of zircon εHf(t) and whole rock εNd(t) values
representing magma mixing. In the εNd(t) vs 87Sr/86Sri
diagram (Fig. 12), the samples plot in themature continental crustal
field, substantiating derivation from partial melts of ancienct
continental crustal. Therefore, we interpret a mature continental
crustal source for the Dongling granites without any notable mantle
input.

At higher crustal levels, high temperature melting of tonalite and
granodiorite can potentially generate metaluminous A-type magmas
(Patiño Douce, 1997; Skjerlie and Johnston, 1992). The Dongling
granites are weakly to strongly peraluminous (A/CNK= 0.97 to 1.34)
(Fig. 5c), and formed under N 350 to b 700 MPa pressure, inconsistent
with their derivation from calc-alkaline felsic igneous rocks in the
upper crust. The zircon saturation thermometry suggests melting at
temperatures above 850 °C. Such high temperatures can be realized in



Table 4
Chemical compositions (wt%) of biotite from the Dongling alkali feldspar granite (DL12–16).

Spot. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

SiO2 35.9 34.4 34.6 34.8 34.4 34.4 34.4 33.7 34.4 34.7 35.1 34.7 34.0 34.6 34.5 34.8 34.6 34.6 34.5 34.7
TiO2 2.65 2.85 2.84 3.27 2.29 3.51 2.91 3.36 3.27 3.31 3.62 3.55 3.02 2.90 2.60 3.10 4.10 3.49 3.15 3.08
Al2O3 19.0 18.3 17.3 18.2 17.3 17.8 17.8 17.8 17.5 17.6 17.9 18.4 17.1 18.3 17.8 17.9 17.5 17.5 18.2 18.0
FeOT 25.5 27.7 28.7 27.0 29.4 27.9 27.5 28.1 28.0 27.8 27.2 26.5 28.3 27.2 28.0 27.2 27.2 27.7 27.6 27.5
MnO 0.32 0.34 0.30 0.29 0.33 0.30 0.31 0.32 0.32 0.34 0.26 0.30 0.29 0.30 0.36 0.31 0.26 0.29 0.29 0.31
MgO 2.48 2.50 2.53 2.68 2.77 2.63 2.40 2.63 2.59 2.49 2.82 2.39 2.56 2.63 2.63 2.60 2.43 2.54 2.48 2.59
Na2O 0.12 0.19 0.11 0.14 0.09 0.12 0.29 0.12 0.14 0.21 0.21 0.21 0.24 0.26 0.23 0.21 0.24 0.18 0.14 0.19
K2O 9.41 9.62 9.60 9.66 9.22 9.57 9.47 9.63 9.47 9.47 9.44 9.52 9.35 9.35 9.52 9.74 9.58 9.47 9.72 9.57
F 0.72 0.75 0.73 0.65 0.66 0.49 0.84 1.08 0.67 0.73 0.05 0.52 0.49 0.62 0.80 1.13 0.54 0.98 0.80 0.65
Total 95.9 96.4 96.6 96.5 96.2 96.6 95.5 96.3 96.1 96.2 96.6 95.9 95.2 95.9 96.1 96.6 96.2 96.3 96.7 96.3

Cations based on 22 oxygens
Si 5.57 5.40 5.46 5.43 5.45 5.40 5.44 5.32 5.43 5.45 5.48 5.44 5.44 5.44 5.44 5.43 5.43 5.42 5.40 5.44
AlIV 2.43 2.60 2.54 2.57 2.55 2.60 2.56 2.68 2.57 2.55 2.52 2.56 2.56 2.56 2.56 2.57 2.57 2.58 2.60 2.56
T-site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AlVI 1.03 0.78 0.67 0.79 0.68 0.70 0.76 0.61 0.69 0.70 0.78 0.84 0.67 0.82 0.74 0.72 0.67 0.66 0.76 0.77
Ti4+ 0.31 0.34 0.34 0.38 0.27 0.41 0.35 0.40 0.39 0.39 0.43 0.42 0.36 0.34 0.31 0.36 0.48 0.41 0.37 0.36
Fe3+ 0.84 0.62 0.60 0.67 0.55 0.61 0.65 0.65 0.64 0.67 0.60 0.71 0.55 0.65 0.61 0.71 0.67 0.72 0.66 0.64
Fe2+ 2.47 3.01 3.19 2.86 3.35 3.05 2.98 3.06 3.05 2.98 2.96 2.76 3.24 2.93 3.08 2.84 2.90 2.91 2.96 2.97
Mn 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.03 0.04 0.04 0.04 0.05 0.04 0.03 0.04 0.04 0.04
Mg 0.57 0.59 0.59 0.62 0.65 0.62 0.57 0.62 0.61 0.58 0.66 0.56 0.61 0.62 0.62 0.61 0.57 0.59 0.58 0.61
B-site 5.27 5.39 5.43 5.36 5.55 5.43 5.34 5.38 5.42 5.37 5.45 5.33 5.47 5.40 5.41 5.28 5.33 5.33 5.36 5.39
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.04 0.06 0.03 0.04 0.03 0.04 0.09 0.04 0.04 0.06 0.06 0.06 0.07 0.08 0.07 0.06 0.07 0.06 0.04 0.06
K 1.86 1.93 1.93 1.92 1.86 1.92 1.91 1.94 1.91 1.90 1.88 1.90 1.91 1.87 1.91 1.94 1.92 1.89 1.94 1.92
A-site 1.90 1.99 1.97 1.96 1.89 1.95 2.00 1.97 1.95 1.96 1.95 1.97 1.98 1.96 1.98 2.00 2.00 1.95 1.98 1.97
TAl 3.47 3.38 3.22 3.36 3.23 3.30 3.32 3.30 3.26 3.25 3.30 3.40 3.23 3.38 3.30 3.29 3.25 3.24 3.36 3.33
Fe2+/(Fe2+ + Mg2+) 0.81 0.84 0.84 0.82 0.84 0.83 0.84 0.83 0.83 0.84 0.82 0.83 0.84 0.83 0.83 0.82 0.84 0.83 0.84 0.83
Mg/(Mg + Fe) 0.15 0.14 0.14 0.15 0.14 0.14 0.13 0.14 0.14 0.14 0.16 0.14 0.14 0.15 0.14 0.15 0.14 0.14 0.14 0.14
FeO/(FeO + MgO) 0.91 0.92 0.92 0.91 0.91 0.91 0.92 0.91 0.92 0.92 0.91 0.92 0.92 0.91 0.91 0.91 0.92 0.92 0.92 0.91
P(MPa)a 397 372 322 365 325 347 353 346 335 332 345 378 325 371 348 345 331 328 366 356
T(°C)b 631 646 646 667 608 679 650 673 669 670 683 680 658 648 631 658 702 678 661 658

Note: aP (MPa)= (3.03 × TAl− 6.53 (±0.33)) × 100,where TAl designates the total Al in biotite on the basis of O= 22; bT= {[ln(Ti4+)− a− c × XMg
3 ]/b}0.333, a =−2.3594, b=4.6482×

10−9, c =−1.7283, XMg=Mg/(Mg+ Fe).
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the deeper crust (Clemens, 1990 and references there in), further rule
out an upper crustal origin.

Alternatively, A-type granites can be generated by high tempera-
ture melting of granulitic metasedimentary/metaigneous residues
after early granitic melt extraction (Anderson and Thomas, 1985;
Clemens et al., 1986; Collins et al., 1982). Experiments have revealed
that refractory granulitic residues, after partial melting of a wide
range of crustal rocks, are depleted in total alkalis and TiO2 relative
to Al2O3 and MgO, respectively (Patiño Douce and Beard, 1995,
1996). The Dongling granites have low (Na2O + K2O)/Al2O3

(0.56–0.68) and TiO2/MgO (0.78–2.64) ratios, indicating that these
granites were derived from a granulitic residues. However, Creaser
et al. (1991) have suggested that the residual source remaining after
generation of I-type granite is unlikely to generate a partial melt
with the appropriate major element characteristics of A-type granites.
Experimental studies on granitic melts indicate that pelite-derived
granites tend to have lower CaO/Na2O ratios (b 0.3) than psammite/
igneous-derived counterparts (Jung and Pfander, 2007; Sylvester,
1998). The Dongling granites have CaO/Na2O ratios ranging from
0.07 to 0.29 (Table 1), similar to those of pelite-derived granites
(Jung and Pfander, 2007). Some Proterozoic granulitic metapelitic
rocks have been reported in the northern Yangtze Block (Sun et al.,
2008). Metasedimentary rocks may contain appropriate minerals and
geochemical compositions required for A-type magmatism, as
evidenced from the Ivrea zone of the south Alps where granulite facies
metapelites (stronalites) contain quartz, K-feldspar, plagioclase, and
subordinate biotite (Bea and Montero, 1999). In addition, the
Dongling granites also have variable two-stage Nd and Hf model
ages (2.01–2.69 Ga), indicating a heterogeneous source region similar
to sedimentary rocks. Therefore, the 850 Ma Dongling granites were
derived from a granulitic metasedimentary source.
5.5. Geodynamic setting of the Dongling A-type granites and its implica-
tions on the early Neoproterozoic tectonic evolution of the South China
Block

The A-type granites were considered to have generated in
anorogenic or within plate settings (Collins et al., 1982; Dong et al.,
2011; Eby, 1990, 1992; Turner et al., 1992; Whalen et al., 1987; Zhao
et al., 2008, 2018), however, recent studies also suggest their emplace-
ment in localized extensionwithin an active convergentmargin, such as
the back-arc extensional environment (Hu et al., 2018; Li et al., 2016;
Liu et al., 2018; Wang et al., 2018b). Although the A-type classification
is not source specific, Eby (1990, 1992) proposed their discrimination
into A1- and A2- type, depending upon their source characteristics.
The A1-type granites represent differentiates of magmas derived from
sources like oceanic-island basalts, thus generated under intraplate set-
ting. In contrast, the A2-type granites represent magmas derived from
continental crustal or underplated crust that has been through a cycle
of continent-continent collision or island-arc magmatism, and are at-
tributed to continental crust at convergentmargins. The Dongling gran-
ites have high Y/Nb (1.3–3.1) and Ce/Nb (3.9–6.1) ratios, resembling A-
type magmas derived from sources chemically similar to continental
margin basalts rather than oceanic-island basalts (Eby, 1992; Fig. 13a),
which is also evidenced by their high Yb/Ta (2.2–5.9) ratios. The Y/Nb-
Sc/Nb, Nb-Y-Ce and Nb-Y-3Ga plots clearly underline A2-type affinity
for the Dongling granites (Fig. 13b, c). All the above discussed geochem-
ical parameters underline emplacement of theDongling A-type granites
in a post-collision extensional environment in a convergent continental
margin.

The extensional setting at ca. 850 Ma is also supported by several
volcanic and intrusive rocks exposed along the southeastern margin of
the Yangtze Block, such as the Shenwu dolerites, the strongly



Fig. 8. Bi-elemental plots of the TiO2 and Zr versus CaO, Na2O, Fe2O3
T, Sr, Ga, Y and La to evaluate themobility of these elements (including LILE, REE and HFSE) in studied Dongling granites

during metamorphism and hydrothermal alteration.

188 S.-F. Huang et al. / Lithos 318–319 (2018) 176–193
peraluminous Nage granites, the Gangbian Alkaline Complex and the
Zhenzhushan, Huangshan and Meiling bimodal volcanic rocks (Li et
al., 2008b, 2010a, 2010b; Lyu et al., 2017; Wu et al., 2018) (Fig. 1). On
the other hand, the sporadically distributed ~850Ma bimodal volcanic
rocks in the Jiangnan Orogenic Belt are not a definitive indicator of con-
tinental rifting or plume-related regional extensional settings. Several
present-day and ancient bimodal volcanic associations, such as the
Villarrica-Lanin volcanic chain in the Andes (Hickey-Vargas et al.,
1989) and the Estancia Glencross Area volcanic rocks in the southern-
most South America (D'Orazio et al., 2001) and the Neoproterozoic
Sindreth and Punagarh volcanic rocks in Malani igneous Suite in north-
west India (Wang et al., 2017, 2018b), were formed in an extensional
setting within convergent continental margin. Some A-type granites
were also formed at covergent continental margin, including the early
Carboniferous K-feldspar granites in northern Tibetan Plateau (Liu et
al., 2018), the granitic gneisses of the North Lhasa terrane (Hu et al.,
2018) and the ca. 830 Ma felsic volcanic rocks in the eastern Jiangnan
Orogen (Li et al., 2016).
The SSZ-type Fuchuan Ophiolite in the eastern Jiangnan Orogenic
Belt was formed at 850–820 Ma in a setting similar to the modern Izu-
Bonin-Mariana trench-arc-basin system in thewestern Pacfic, the latter
associated with extension within a back-arc basin (Zhang et al., 2012,
2013). Widely distributed 840–815 Ma igneous rocks, such as the 830
Ma high-Mg basalts and diorites in the Sibao and Yiyang region (Chen
et al., 2014a; Zhao and Zhou, 2013) and the 830–815 Ma Fanjingshan
mafic-ultramafic rocks (Wang et al., 2014; Zhou et al., 2009), are tightly
associatd with slab suduction. On the other hand, numerous S-type
granite plutons, emplaced during 835–800 Ma in the southeastern
Yangtze Block are associated with collision setting (Yao et al., 2014;
Zhao et al., 2013). Moreover, the presumably Mesoproterozoic sedi-
mentary basement in the southeastern Yangtze Block has now been
precisely dated to 840–810 Ma and a subduction setting such as back-
arc and/or retro-arc foreland basin has been interpreted (Wang et al.,
2008, 2012, 2013; Zhang et al., 2017; Zhou et al., 2009). Continued sub-
duction of the oceanic crust induced back-arc extension in the south-
eastern Yangtze margin only after ~850 Ma and consequently, the



Fig. 9. Discrimination diagrams for A-type granites of the eastern Jiangnan Orogenic Belt (afterWhalen et al. (1987) and Frost et al. (2001)). The Gangbian Alkaline Complex and 850Ma
rhyolite data are from Li et al. (2010a, 2010b) and Lyu et al. (2017).
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Neoproterozoic amalgamation in the South China Block did not have
any linkage with global Grenvillian orogenesis.

In view of the above mentioned synthesis, the Neoproterozoic tec-
tonic evolution of the Jiangnan Orogenic Belt is proposed as below and
illustrated in Fig. 14:

1) Convergence of the oceanic-oceanic plates in the southeast (present
orientation) of the Yangtze Block resulted in formation of the
Shuangxiwu arc at ca. 1000–880 Ma (Li et al., 2009) (Fig. 14a).
Leucogranitic lenses within the Northeast Jiangxi Ophiolite suggest
Fig. 10. Plots of εHf(t) versus zircon U\\Pb ages. The magmatic zircon data of the juvenile
crust are from Yao et al. (2014, 2015).
that ophiolite was emplaced at ca. 880 Ma, coeval with the amal-
gamation of Shuangxiwu arc and the Yangtze Block (Li et al.,
2008a) (Fig. 14b).

2) Absence of the 880–870Ma continental-arc related magmatic rocks
suggests that the subduction of the oceanic crust had ceased by then.
However, there are a number of ca. 850 Ma igneous rocks in the
southeasten Jiannnan Orogenic Belt, such as bimodal volcanic rocks
(Lyu et al., 2017), Gangbian Alkaline Complex (Li et al., 2010b),
strongly peraluminous Nage granites (Wu et al., 2018) and A-type
Fig. 11. Plots of Fe3+− Fe2+−Mg2+ triangular diagram of biotite chemical compositions
of Dongling granites for material origin.



Fig. 12. Initial 87Sr/86Sr versus εNd(t) (t=850Ma) diagram of the Dongling granites. The
Kongling granitic gneiss, Shangxi Group, Dongling Group and the Neoproterozoic juvenile
crust Sr\\Nd isotopes data are from Chen et al. (2001), Wu et al. (2006) and Gao et al.
(2009).
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granites (present study), related to the break-off regime of the pre-
viously subducted oceanic crust (Fig. 14c).

3) Voluminous 840–820Mamagmatic rocks (mafic to felsic) and 840–
815 Ma sedimentary deposits (Sibao Group and its equivalents)
from the southeastern part of the Yangtze Block represent a back-
arc basin setting, suggesting that the oceanic crust subducted again
after 850 Ma (Fig. 14d), therefore collision between Yangtze and
Cathaysia blocks should be later than 850 Ma.
Fig. 13. (a) Ce/Nb versus Y/Nb, (b) Sc/Nb versus Y/Nb and (c) representative trivariate
plots for Dongling A-type granites. IAB: island arc basalts; OIB: oceanic island basalts.
Dashed line corresponds to Y/Nb ratio of 1.2 (after Eby, 1992).

Fig. 14. Simplified model showing Neoproterozoic tectonic evolution of the South China
Block. (a) The Shuangxiwu arc formation by northwestward subduction of oceanic crust
N 880 Ma; (b) The Shuangxiwu arc collision with Yangtze Block and the subducting
oceanic crust break-off at ca. 880 Ma; (c) Extension of post arc-continental collision
resulting from the subducting oceanic crust break-off during 880–850 Ma; (d) The
oceanic crust from the Cathaysia Block resuming subduction post 850 Ma resulting in
the formation of the continental arc in the southeastern Yangtze Block.
6. Conclusions

1) The Dongling A-type granites in eastern Jiangnan Orogenic Belt,
South China, were emplaced at ca. 850 Ma, as established by LA-
ICP-MS zircon U\\Pb geochronology.

2) The Dongling A-type granites were generated bymelting of a granu-
litic metasedimentary source after a previousmelt extraction, at low
pressure and high temperature.

3) The Dongling A-type granites formed in a rift setting resulting from
the subduction slab break-off at 880–850 Ma. Resumption of sub-
duction of oceanic crust after ~850 Ma resulted in emplacement of
arc-related magmatic rocks and sedimentation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2018.08.016.
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