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The amalgamation of South China Block and its role in the assembly and breakup of Rodinia superconti-
nent have been hotly debated in recent decades. However, the intensity of accreted arcs around South
China and the following exhumation were poorly constrained. Here we present combined U–Pb dating
and Hf isotopic analyses of detrital zircons for a stratigraphic section of the upper Shuangqiaoshan
Group in the eastern part of the Jiangnan Orogen (JO). U–Pb dating results suggest a general younging
trend of the maximum depositional ages from the Anlelin to the Xiushui Formations of the upper
Shuangqiaoshan Group, indicating a co-magmatic sedimentation in association with continental-arc
magmatism along the SE margin of the Yangtze Block. The Anlelin and Xiushui Formations were con-
strained to form in the periods of ca. 845–836 Ma and ca. 835–815 Ma, respectively. Provenance analysis
suggests two sources for these Neoproterozoic basement sequences. Neoproterozoic zircons with
positive-eHf(t) values represent detritus derived from the arc-related magmatic rocks to the southeast,
whereas >1000 Ma zircons and the other Neoproterozoic detrital zircons with negative eHf(t) values
are proposed to be sourced from the interior of the Yangtze Block to the northwest. Simultaneously,
the Hf isotope results of detrital zircons indicate that there was a rhythmic source change for the sedi-
ments in the upper Shuangqiaoshan Group, with the amounts of two separate sources from the
Yangtze Block to the west and from the arc terranes to the east increasing alternatively. This provides
solid evidence for a bidirectional water flow and supports a back-arc basin setting for the deposition
of the sediments. Combined with the published U–Pb and Hf isotopic data for detrital zircons from the
Neoproterozoic folded sedimentary sequences in the JO, we calculated the relative contribution of
arc-derived crustal materials in the basement sequences of the JO. The calculations suggest that the
proportion increases progressively from west to east and the back-arc basins represented by the folded
sedimentary sequences could be divided into three regions, plus an arc terrane region to the east. This
comparison further suggests that the orientation of Neoproterozoic accretion on the Southeastern margin
of the Yangtze Block was in a W–E direction, and the JO in Neoproterozoic may not have extended
1500 km as what we see today.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Yangtze Block is one of the most enigmatic cratons in East-
ern Asia, since its Archean and Paleoproterozoic basements (e.g.,
Gao et al., 2011; Greentree and Li, 2008; Guo et al., 2014; Li
et al., 2014a; Wang and Zhou, 2014), widespread Neoproterozoic
magmatism (e.g. Zheng et al., 2007b; Zhao et al., 2008, 2013a; Li
et al., 2009), amalgamation with the Cathaysia Block (e.g.,
Charvet et al., 1996; Li et al., 2002; Zhao and Cawood, 2012;
Wang et al., 2014; Zhao, 2015), and later Neoproterozoic glacia-
tions correlated with the ‘‘snowball earth” (Zhou et al., 2004;
Qian et al., 2012; Cui et al., 2015; Lan et al., 2015) are all unclear.
Among of them, it is widely accepted that the Yangtze Block was
welded with the Cathaysia Block to the southeast, resulting in
the nearly W–E trending �1500 km Jiangnan Orogen (JO) (e.g., Li
and McCulloch, 1996; Li et al., 2002; Wang et al., 2007; Zheng
et al., 2008) (Fig. 1A). After the amalgamation, the uniform South
China Block collided with the North China Craton in the Triassic
and with the Tibetan Plateau in Early Mesozoic, leaving the
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Fig. 1. Geological sketch map of the upper Shuangqiaoshan Group of South China. (A) Tectonic framework of the South China Block showing the location of the Jiangnan
Orogen (JO) in the South China Block. The bold broken line represents the rough geochemical boundary between the western and eastern segments of the JO, and the area to
the thin broken line represents the geochemical transition zone between the two segments. NCC, North China Craton; QL–DB Belt, Qinling–Dabie orogenic belt; ZJ, Zhejiang
Province; AH, Anhui Province; JX, Jiangxi Province; HN, Hunan Province; FJ, Fujian Province; GX, Guangxi Province; GZ, Guizhou Province; GD, Guangdong Province. (B)
Geological sketch map of the eastern segment of the JO showing the distributions of different Precambrian units in the area (modified after Wang et al., 2012c); (C) Geological
sketch map with sampling locations of the upper Shuangqiaoshan Group in Northwestern Jiangxi Province.
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formation of the Qinling–Dabie–Sulu orogenic belt to the north and
the Songpan–Ganzi Belt and the Xianshuihe and Longmenshan
faults to the west (e.g., Zheng et al., 2003; Wu et al., 2006a,b;
Zhao and Cawood, 2012; Dong and Santosh, 2016). Because of huge
thick Phanerozoic cover in the interior of the Yangtze Block, the
Precambrian basement complexes sporadically outcrop in the inte-
rior Yangtze Block, but are mainly found on the margins (e.g.,
Wang et al., 2013b and references therein). They open a window
to understand the Precambrian crustal evolution of the Yangtze
Block.

The basement sequences on the southeastern margin of the
Yangtze Block (i.e., the JO) were intruded by the ca. 830–800 Ma
mafic–felsic intrusive rocks and underlain by the Nanhua intracon-
tinental rift basins (e.g., Li et al., 1995; Li, 1999; Wang and Li,
2003). Neoproterozoic magmatic rocks were considered to record
the convergence history between Yangtze and Cathaysia blocks
(e.g., Charvet et al., 1996; Zhao and Cawood, 1999; Wang et al.,
2006, 2014), but the tectonic regimes and amalgamation history
are still hotly debated, with some tectonic models proposed,
including the plume-rift model (e.g., Li et al., 2003; Wang and Li,
2003; Wang et al., 2011b), orogenic model (e.g., Wang et al.,
2006, 2007, 2014), plate-rift model (Zheng and Zhang, 2007a,
Zheng et al., 2008), plume-subduction interaction model (Zhang
et al., 2013a), and double divergent subduction model (Zhao,
2015). In addition, recent studies have shown that the deposition
of the basement sedimentary sequences has been accomplished
mainly between �860 Ma and �820 Ma (e.g., Li et al., 2013a;
Wang et al., 2014; Cui et al., 2015). However, previous studies on
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the geochronology of the basement sequences were just based on
samples here and there and these results are difficult to be com-
pared with each other since the sedimentary sequences are tightly
folded and sometimes the divisions on sedimentary groups are not
well definite. This increases the confusion on tectonic setting of the
folded basement sequences and restricts our further understand-
ing on the evolution of JO and related amalgamation process with
the Cathaysia Block.

It has been widely accepted that both the interior of the Yangtze
Block and the arc terranes on its southeastern margin provided
detritus for the sedimentation of the basement sequences in the
JO (e.g., Wang et al., 2013c, 2014; Yao et al., 2015). In the interior
of the Yangtze Block, basement complex is only exposed in the
Kongling region, mainly including ca. 3300–2700 Ma orthog-
neisses, meta-sedimentary rocks and mafic granulite, together
with ca. 1850 Ma and 850-820 Ma tonalite, trondhjemite and
high-K granite (Gao et al., 1999, 2011; Liu et al., 2008; Zhao
et al., 2013a,b). And the arc terranes to the east JO mainly outcrops
Early Neoproterozoic (970–860 Ma) volcanic rocks and pyroclastic
rocks (Li et al., 2009; Wang et al., 2013a), together with a mass of
intrusive rocks (mainly of diorite, granodiorite, gabbro) having zir-
con U–Pb ages of 860–830 Ma and ca. 820 Ma (Jiang et al., 2014;
Xia et al., 2015 and our unpublished data). However, we do not
know the intensity of exhumations from individual source areas.
Previous studies have shown that the conglomerates of the north-
eastern part of the JO in the northwestern Zhejiang Province have
more detritus from the arc terranes to the east (e.g., Wang et al.,
2013a). If the basement sequences in the JO have been formed in
a back-arc basin or retro-arc foreland basin setting as previously
suggested, it is expected that the sediments on the northwestern
margin of the JO would have received more detritus from the
Yangtze Block to the northwest. Among all the basement
sequences in the JO, the Shuangqiaoshan Group is the most repre-
sentative one with the largest outcropping area. Based on present
distribution, the Shuangqiaoshan Group in the Xiushui county of
Jiangxi Province represents one of the basement sequences that
are closest to the Yangtze Block, and is expected to contain the
majority of detrital zircons sourced from the Yangtze Block.

In this study, we developed a detailed investigation on a strati-
graphic section (the Guanyin’ge section) of the sediments of the
Shuangqiaoshan Group in Northwestern Jiangxi Province. Com-
bined U–Pb dates and Hf isotopes of detrital zircons from the sec-
tion indicate a rhythmic source change from the bottom to the top
of the sediment cycle. This study confirms a back-arc basin setting
for the basement sequences in the JO and will shed light on the
Neoproterozoic tectonic evolution on the southeastern margin of
the Yangtze Block.
2. Geological setting and sampling

In the JO, the Neoproterozoic sedimentary sequences have been
divided into two low-greenschist metamorphic series separated by
an angular unconformity, which represents a regional orogenic
event (named as the ‘‘Jinningian Orogeny”) resulted from the amal-
gamation of the Yangtze and Cathaysia Blocks (Zhou and Zhu,
1993; Charvet et al., 1996; Wang et al., 2007). The Neoproterozoic
sedimentary sequences underlying the unconformity are com-
monly called as ‘‘basement sequences” since rare obvious older
basement rocks were reported in the JO, except for the ca.
1000 Ma Tianli schists in the eastern part of the JO (Li et al.,
2007) and the Tieshajie volcanic rocks with age of 1156 Ma ± 8 Ma
in the central part of JO (Li et al., 2013b). In contrast, the Neopro-
terozoic sedimentary sequences overlying the unconformity are
termed as Neoproterozoic ‘‘cover sequences”. The basement
sequences show flysch-like sedimentary characteristics and mainly
consist of slate, phyllite, siltstone, sandstone, and pelitic siltstone.
Voluminous ca. 830–750 Ma granitoids and a few of mafic–ultra-
mafic rocks intruded into the basement sequences (Wang et al.,
2004, 2008a; Zhao and Zhou, 2013). In addition, the basement
strata have experienced intense deformation, showing multiple
and complicated folds such as high-angle, tight, linear folds
(Wang et al., 2007). Whereas the cover sequences present minor
deformation and open folds with rifting-facies depositional fea-
tures (Wang and Li, 2003).

The eastern JO contains two tectonic units that can be approx-
imately divided by the NE Jiangxi Fault (Fig. 1B). To the west of
the NE Jiangxi Fault, the folded basement sequences mainly
comprise the Xikou Group in southern Anhui Province and the
Shuangqiaoshan Group in northern Jiangxi Province, with some
of NEE-extension granitic plutons (i.e., the Jiuling, Guanyinqiao,
Xiuning and Xucun plutons) intruding into them (Fig. 1B). In addi-
tion, two unique amphibolites-facies metamorphosed sequences
(the Xingzi Group in northwestern Jiangxi Province and the Zhou-
tan Group in central Jiangxi Province) were reported in eastern JO,
having similar depositional ages, sources and sedimentary setting
with aforementioned basement sequences (Li et al., 2013a; Wang
et al., 2013d). And to the east of the NE Jiangxi Fault, the
Neoproterozoic arc terranes related to an early Neoproterozoic
subduction also predominantly present a nearly NEE-trending
distribution, and the lower Heshangzhen Group is coeval with
the basement sequences. Additionally, two ophiolite suites are
exposed within the basement sequences along the NE Jiangxi
Fault: the Neoproterozoic (ca. 830 Ma; Zhang et al., 2012, 2013b)
South Anhui ophiolite suite and the Late Mesoproterozoic to Early
Neoproterozoic (ca. 1020–960 Ma; Li et al., 1994; Gao et al., 2009;
Wang et al., 2015) Northeast Jiangxi ophiolite suite, respectively.
However, the arc terranes and ophiolite suites have not been
identified in the western part of the JO (Wang et al., 2014).

The Shuangqiaoshan Group is widely distributed with a NEE
extending in Northern Jiangxi Province and can be divided into
the Hengyong, Jilin, Anlelin and Xiushui Formations from bottom
upwards with a total thickness of >2000 m (Chen et al., 2002;
Huang et al., 2003). The Hengyong Formation mainly consists of
dark green, tuffaceous slate, silty slate, greywacke and argillaceous
slate (Huang et al., 2003). Overlying the Hengyong Formation con-
formably, the Jilin Formation is characterized by a red, purple, clas-
tic sedimentary sequence and mainly consists of argillaceous slate
and silty slate that are interbedded by dark green siltstone and
greywacke. Moreover, less spilite and the quartz keratophyre have
been found in the Jilin Formation while the gabbros intruding in it
show arc-like characteristics (Wang et al., 2008b). The Anlelin For-
mation is constituted by a succession of dark green and dark yel-
low, tuffaceous sandstone, silty sandstone and greywacke while
the uppermost Xiushui Formation is comprised of the polymictic
conglomerate in the lower unit and dark and dark green sandstone,
siltstone, slate in the upper unit (Wu, 2007; Wang et al., 2013c). In
addition, all the four formations have multiple primary sedimen-
tary structures such as the horizontal bedding, graded bedding,
inclined bedding and sliding structures (Chen et al., 2002; Huang
et al., 2003; Wu, 2007; Wang et al., 2013c).

This study was focused on the Guanyin’ge section around the
Xiushui County, where thick sediments of the Anlelin and Xiushui
Formations (Fig. 1C) are well exposed and easily accessible. In this
area, the major rock types include dark green–dark yellow, thin-
layer, fine sandstone and pelite (Figs. 2 and 3. The Anlelin Forma-
tion shows significantly thick sequences with strong deformation,
leading to appearance of many fold and fault structures. Moreover,
intermediate-basic volcanic rock interlayer (Fig. 2D) is also sporad-
ically exposed in the Anlelin Formation. On the contrary, the
Xiushui Formation has a less thickness and weaker deformation.
The lowermost part of the Xiushui Formation is characterized by
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Fig. 2. Representative field photos. (A) and (B) sandstones of Xiushui Formation and Anlelin Formation respectively; (C) the conglomerate at the bottom of the Xiushui
Formation; (D) interlayers of intermediate-basic volcanic rocks in the Anlelin Formation.
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a ca. 20 m layer of polymictic conglomerate (Fig. 2C), in which the
gravels show different sizes and complex components. In addition,
the Xiushui Formation is unconformably overlain by tan, thick,
tuffaceous conglomerate of the Sinian Liantuo Formation.

Based on detailed geological field work on the Guanyin’ge sec-
tion (near N 29�02052.5300, E 114�34013.7300), a total of nine sedi-
mentary rocks were collected from the bottom to top of this
section (Fig. 4A) and the detailed sample information are listed
in Table 1.

3. Analytical procedures

The samples were crushed and processed by heavy liquid and
magnetic methods to separate zircons. Zircon grains were hand-
picked under a binocular microscope and embedded in epoxy resin
and then polished down to show the grain centers. The spots for
in situ isotopic analysis were selected according to their
transmitted-light and reflected-light micro images and cathodolu-
minescence (CL) images.

The U–Pb isotopic compositions of zircons were analyzed on an
Agilent 7500a ICP-MS coupled to a Geolas 193 nm laser ablation
system at the State Key Laboratory for Mineral Deposits Research
of Nanjing University, following the procedures described by
Jackson et al. (2004) and Wang et al. (2014). All analyses were car-
ried out with a spot size of 24 lm, a laser frequency of 5 Hz, and
70% energy. The U–Pb fractionation was corrected using zircon
standard GEMOC GJ-1 with 207Pb/206Pb age of 608.5 ± 1.5 Ma
(Jackson et al., 2004) and accuracy was monitored using the zircon
standard Mud Tank with an age of 732 ± 5 Ma (Black and Gulson,
1978). The U–Pb ages were calculated from the raw signal data
using the software Glitter (version 4.4) (www.mq.edu.au/GEMOC;
Griffin et al., 2008). Because 204Pb could not be measured due to
low signal and interference from 204Hg in the gas supply, common
lead correction was carried out for using the EXCEL program com-
mon Pb correction (Andersen, 2002).

The Lu–Hf isotope analyses were obtained on the same spot or
in the similar domains of previous U–Pb analyses according to CL
images, using a GeoLas 193 nm ArF3 laser ablation system attached
to a Neptune Plus MC-ICP-MS at the state Key Laboratory for Min-
eral Deposit Research, Nanjing University. Spot laser ablation was
adopted in this study with a beam size of 44 lm and a repetition
rate of 5 Hz. Each analysis takes about 30 s for 200 cycles. Refer-
ence zircon Mud Tank (176Hf/177Hf = 0.282507 ± 6; Woodhead
and Hergt, 2005) was used to monitor performing conditions and
analytical accuracy. Detailed analytical conditions and procedures
are similar to Griffin et al. (2000, 2006), Shu et al. (2011a,b) and
Wang et al. (2014). Corrections for isobaric interference of 176Yb
on 176Hf and 176Lu on 176Hf was performed measuring the intensity
of the interference-free 175Lu and using a recommended 176Lu/176-
Hf 0.02655 (Machado and Simonetti, 2001), following the methods
of Wu et al. (2006a,b).

For calculations on initial Hf isotope ratios (in term of eHf), a
decay constant of 1.867 � 10�11 per year (Söderlund et al., 2004)
for 176Lu and a chondritic model with 176Hf/177Hf = 0.282785 and
176Lu/177Hf = 0.0336 (Bouvier et al., 2008) were adopted. Singles
stage model ages (TDM1) and two-stage ‘‘crustal” model ages
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(TDM2) were calculated using the measured 176Lu/177Hf ratios,
referred to a model depleted mantle with a present-day 176Hf/177

Hf ratio of 0.28325 similar to that of average MORB (Nowell
et al., 1998) and 176Lu/177Hf = 0.0384 (Griffin et al., 2002); and
the TDM2 are calculated using corresponding U–Pb ages and bulk
crust 176Lu/177Hf of 0.015 (Griffin et al., 2002).
4. Results

A total of 434 detrital zircons were dated for the 9 clastic sedi-
mentary rocks from the upper Shuangqiaoshan Group (Table DR1
in the Supplementary Appendix A). Among them, 410 spot analy-
ses plot on the Concordia and the U–Pb Concordia plots for detrital
zircons of each sample are shown with Fig. 5A–I. 320 dated spots
were selected for further Hf isotope analyses (Table DR2 in the
Supplementary Appendix A).
4.1. CL images and Th/U ratios

Detailed CL images for each analyzed zircon together with cor-
responding U–Pb dates and eHf(t) values are given in Fig. DR1 of
the Supplementary Appendix B Appendix B. The zircon grains from
all samples generally have euhedral to subhedral morphology, with
sizes ranging from 50 to 120 lm in length and 30–80 lm in width.
In general, the grains from samples XS-3-1, XS-3-3, XS-5-1, XS-6
and XS-9-1 predominately show clear and well-developed oscilla-
tory fine zoning under CL. In contrast, the samples XS-3-2, XS-3-4,
XS-7-2 and XS-8-1 tend to present turbid zoning and lack internal
structures. In addition, a few grains from XS-3-3 and XS-3-4 are
found having an overgrowth. Almost all of the analyzed grains
have Th/U ratios within the range of 0.1–1.4 (generally > 0.3)



Table 1
Sample descriptions for the Guanyin’ge section of the upper Shuangqiaoshan Group, South China.

Sedimentary
sequences

Sample Rock type GPS Age
spectrum
(Ma)

Peak age
(Ma)

Maximum
depositional age (Ma)

Proportions of Neoproterozoic
positive-eHf(t) zircons (%)

N S

Xiushui Fm. XS-9-1 Fine
sandstone

29�02022.9900 114�34025.0200 811–2554 826 815 ± 8 27.5

XS-8-1 Pelite 29�02032.6600 114�34019.3600 823–2649 865 829 ± 13 50.0
XS-7-2 Pelite 29�02036.7900 114�34017.9900 828–2738 847 833 ± 9 48.6
XS-6 Fine

sandstone
29�02042.6600 114�34013.4500 833–2736 861 834 ± 13 30.8

Anlelin Fm. XS-3-1 Lithic
sandstone

29�02052.5300 114�34013.7300 831–2654 846 836 ± 9 55.3

XS-3-2 Sandstone 29�02058.6900 114�34014.9900 825–2953 845 837 ± 8 52.8
XS-3-3 Fine

sandstone
29�0302.0400 114�34014.4700 839–1965 860 840 ± 8 33.3

XS-3-4 Fine
sandstone

29�03010.5100 114�34014.8000 842–2537 900 846 ± 5 48.3

XS-5-1 Fine
sandstone

29�03044.4900 114�34022.7100 838–1850 849 846 ± 5 70.3
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except for two spot analyses XS-3-3-29 and XS-6-32 that have
Th/U ratios of 0.08 and 0.03, respectively (Table DR1).

4.2. U–Pb ages and Hf isotopic compositions

4.2.1. The Anlelin Formation
Of the total 239 analyses on 239 zircon grains from samples XS-

3-1, XS-3-2, XS-3-3, XS-3-4 and XS-5-1 of the Anlelin Formation,
225 analyses yield concordant ages in the range of 2953–825 Ma
which could be divided into five age populations (Fig. 5J;
Table DR1). The majority of the grains (78.7% of the total analyzed
grains) show ages ranging from 1008 Ma to 825 Ma, forming a
sharp peak in the histogram with a single age peak at ca. 850 Ma.
The rest four subordinate age populations are 1450–1050 Ma,
1750–1500 Ma, 2050–1800 Ma and 2750–2100 Ma, accounting
for 5.8%, 5.8%, 5.3% and 4.0% of the total analyzed grains and con-
stituting three peak ages at ca. 1230 Ma, ca. 1530 Ma and ca.
1850 Ma, respectively. In addition, one rounded grain gives the
oldest 207Pb/206Pb age of 2958 Ma with Th/U ratio of 0.41.

A total of 170 dated zircons were carried out for further Hf iso-
topic analyses. The results show similar variation of eHf(t) values
for each sample (Fig. 6A; Table DR2). The Neoproterozoic zircon
grains have largely varied eHf(t) (�20.2 to +13.4) and TDM2

(3050–900 Ma) values, and among them the grains with positive
eHf(t) constitute larger proportion (68.2%). In contrast, among of
the Mesoproterozoic, Paleoproterozoic and Late Archean zircon
grains, the positive-eHf(t) grains show less proportions of 37.5%,
35.3% and 25.0%, respectively. The Mesoproterozoic zircons show
eHf(t) values of �11.1 to +6.8, with TDM2 ranging from 2800 Ma
to 1850 Ma. The Paleoproterozoic zircons present eHf(t) values in
the range of �14.0 to +7.2, with corresponding TDM2 between
3400 Ma and 1950 Ma. The zircon grains at Late Archean and its
nearby ages (2710–2400 Ma) have relatively narrow eHf(t) range
(�9.4 to +3.0), with TDM2 values of 3750–2950 Ma. In addition,
the oldest zircon grain (2958 Ma) show eHf(t) value of +0.5, with
TDM2 of 3350 Ma.

4.2.2. The Xiushui Formation
195 zircon grains were analyzed for four samples (XS-6, XS-7-2,

XS-8-1 and XS-9-1) of the Xiushui Formation, yielding 183 concor-
dant spot analyses with ages ranging from 2738 Ma to 811 Ma.
These zircon dates could be also divided into five age populations
(Fig. 5J; Table DR1). Similar with the Anlelin Formation, the Neo-
proterozoic age population in the Xiushui Formation also presents
a sharp peak in the histogram with an age peak at about 845 Ma,
accounting for 68.0% of the total analyzed grains. Besides, the other
zircon grains (>1000 Ma) have larger proportion of total analyzed
grains than that of the Anlelin Formation (32% versus 21%), with
some weak age peaks. The Mesoproterozoic zircon grains (1280–
1030 Ma) are few in number (5.4% of the total analyzed grains)
with an age peak at about 1170 Ma. The Mesoproterozoic–Paleopro
terozoic zircon grains (1910–1470 Ma) take up 14.1% in all analy-
ses, and have two age peaks at 1840 Ma and 1600 Ma, respectively.
The Paleoproterozoic zircon grains (2265–2020 Ma) are very few in
number (n = 6; 3.3% of the total analyzed grains) and do not show
any obvious age peak, while the Paleoproterozoic–Late Archean
zircon grains are a bit more in number (9.2% of the total analyzed
grains) with an age peak of 2530 Ma.

A total of 150 zircon grains with concordant ages were analyzed
for Hf isotopes, yielding basically equal proportions of positive eHf
(t) and negative eHf(t) values in the range of �16.1 to +14.3
(Fig. 6A; Table DR2). The Neoproterozoic zircon grains have largely
varied eHf(t) (�14.2 to +14.3) and TDM2 (3850–850 Ma) values.
Among of them, the positive-eHf(t) grains are a bit more in number
with a ratio of 59.2%. Most of the Late Archean zircons show
positive-eHf(t) values. Moreover, the Mesoproterozoic zircon
grains have eHf(t) values ranging from �15.5 to +9.2 with the
TDM2 values of 2850–1650 Ma. The Paleoproterozoic (2260–
1600 Ma) zircons also show large eHf(t) variation (�16.1 to +6.6)
and their TDM2 vary from 3830 Ma to 1900 Ma. At last, the Late
Archean zircons yield eHf(t) values ranging from �13.5 to +5.8
with TDM2 values of 3850–2620 Ma.
5. Discussion

5.1. The Shuangqiaoshan Group: A co-magmatic sedimentation?

About ten years ago, the depositional age of the Shuang-
qiaoshan Group was commonly regarded as Mesoproterozoic
(BGMRJX, 1984; Qin et al., 2002; Huang et al., 2003; Wu, 2007).
However, recent dating results have proven it to be formed at ca.
860–820 Ma (e.g., Gao et al., 2008; Wang et al., 2008b; Wang
et al., 2013c, 2014). Wang et al. (2008b) firstly obtained Neopro-
terozoic age (ca. 870 Ma) for the volcanoclastic rocks from the
Hengyong Formation, the lowermost part of the Shuangqiaoshan
Group. Gao et al. (2008) subsequently constrained the bentonite
in the same section with a SHRIMP zircon U–Pb age of
831 ± 5 Ma, which is basically consistent with our new dating
result (848 ± 14 Ma; unpublished data). Recently, Wang et al.
(2013c, 2014) carried out systematic chronological studies on
detrital zircons from the sedimentary sequences as well as the
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interbedded volcanoclastic rocks from the Shuangqiaoshan Group,
and similar dating results were obtained.

It is noted that the recent dating results for detrital zircons of
the Shuangqiaoshan Group do not show any significant variation
(e.g., Wang et al., 2013c, 2014). Obviously, sporadically sampling
on the Shuangqiaoshan Group in northern Jiangxi Province could
not give precise evaluations on the age variation of the deposi-
tional successions, and it is necessary to carry out more zircon
U–Pb dating analyses on certain sections to reveal the fine sedi-
mentary variations. In this study, we continuously sampled sedi-
mentary rocks from the upper Shuangqiaoshan Group (i.e., the
Anlelin and Xiushui Formations), and carried out detailed U–Pb
dating for detrital zircons of each sample. The results show that
the maximum depositional ages of the samples gradually decrease
from bottom to the top of the section (Table 1; Figs. 4A and 5),
which suggests a co-magmatic sedimentation. That means, during
the sedimentation of the Shuangqiaoshan Group, magmatic activi-
ties were still ongoing in the source areas of the sediments. The
early sediments will thus contain materials due to the exhumation
of early-stage magmatic rocks, leading to an older maximum depo-
sitional age than those of the younger sediments. In this regard, it
can be inferred that the Shuangqiaoshan Group was located in an
active continental margin or a back-arc basin setting that is close
to an arc magmatic belt during Neoproterozoic, where continu-
ously intense magmatism occurred and kept supplying detritus
for the basement sequences. Therefore, a co-magmatic sedimenta-
tion indicates that the maximum depositional age of a certain
sequence suggested by detrital zircons could represent its deposi-
tional age.

In this study, the maximum depositional ages from lower to
upper sedimentary sequences in the Anlelin Formation vary con-
tinuously from 846 ± 5 Ma (n = 13, MSWD = 0.13) to 836 ± 9 Ma
(n = 14, MSWD = 0.056) (Table 1; Figs. 4 and 5). According to the
co-magmatic sedimentation process, the Anlelin Formation has
been formed at the period of ca. 845–835 Ma. However, the age
range is slightly older than the maximum depositional age
(818 ± 3 Ma) for one sample of the Anlelin Formation obtained by
Wang et al. (2013c) and that may be resulted from different sam-
pling locations, On the other hand, for the Xiushui Formation, the
maximum depositional ages from bottom to top also show a
younging trend from 834 ± 13 Ma (n = 5, MSWD = 0.006) to
815 ± 8 Ma (n = 9, MSWD = 0.048) (Table 1; Figs. 4 and 5), while
the age of 815 ± 8 Ma is in accordance with a weighted mean age
of 815 ± 5 Ma obtained from the youngest zircons by Wang et al.
(2013c) in the upper part of the Xiushui Formation. In addition,
Gao et al. (2012) dated the tuff in the middle part of the Xiushui
Formation and obtained a weighted mean age of 825 ± 5 Ma, which
is in harmony with the maximum depositional age range (834–
815 Ma) as we obtained in this study. Therefore, as indicated by
a co-magmatic sedimentation, the depositional ages of the Anlelin
Formation and Xiushui Formation should be at ca. 845–835 Ma and
ca. 835–815 Ma respectively.

In recent years, although many of chronological data were
obtained for the Shuangqiaoshan Group, the significance of the
maximum depositional ages for each samples remains obscured.
The ages of intruding Jiuling granitoids (ca. 820 Ma; Li et al.,
2003; Wang et al., 2014) can only provide an upper age limit for
their local wall rocks of the basement sedimentary sequences,
while the ages of the syn-sedimentary tuffs can only constrain
the age of their locally host sedimentary sequence. It is obvious
that the thick basement sequences like the Shuangqiaoshan Group
should be formed at a certain period. The aforementioned co-
magmatic sedimentation mechanism gives us inspirations that
the maximum depositional ages could better represent the real
depositional age for these basement sequences. According to the
available age data for the Hengyong Formation, the Shuang-
qiaoshan Group in the whole region is most likely to be deposited
between ca. 845 Ma and ca. 815 Ma, yielding an age duration of
about 30 m.y., and there is an age gap of about 10 m.y. or less
between the Shuangqiaoshan Group and the overlying volcanic
rocks of the Shangshu Formation (ca. 805–790 Ma; Wang et al.,
2012c) and the other equivalent strata.
5.2. Provenance analysis and crustal evolution

Detrital zircon U–Pb age spectrum is crucial for recognizing
zircon-forming events in source areas (e.g., Liu et al., 2012a,b;
Xia et al., 2014), while Lu–Hf isotope data of zircons can be used
to figure out whether reworked old continental crust has been
incorporated into the hosted magmas (e.g., Kinny and Maas,
2003; Liu et al., 2012c,d). A combination of U–Pb ages and Lu–Hf
isotopic compositions on detrital zircons thus has been thought
to be an important tool for provenance studies and for identifying
crustal evolution as well as reconstructing supercontinents (e.g.,
Griffin et al., 2004; Condie et al., 2005).

It has been widely accepted that both the interior of the Yangtze
Block and the Neoproterozoic (Shuangxiwu?) arc terranes provided
detritus for the sedimentation of the basement sequences on the SE
margin of the Yangtze Block (e.g., Wang et al., 2013c, 2014; Yao
et al., 2015). The contributions of different source areas for the
Shuangqiaoshan Group can be addressed below.
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First of all, theNeoproterozoic detrital zircons (ca. 1000–800 Ma)
that constitute the largest age peak in the U–Pb age histograms
mainly (65.5%) show positive eHf(t) values that are consistent with
theNeoproterozoic zircons in the arc terranes to the east (Chen et al.,
2009; Wang et al., 2013a; Jiang et al., 2014; Xia et al., 2015). How-
ever, the rest of Neoproterozoic detrital zircons with negative eHf
(t) values (�20.2 to 0) are likely to be sourced from the interior of
the Yangtze Block where Neoproterozoic magmatic rocks with sim-
ilar eHf(t) values in zircons have been reported in different part of
the Yangtze Block, such as the Huangling area (Zhao et al., 2013a),
Ebian area (Zheng et al., 2007b), and the northeastern Guizhou Pro-
vince (Wang et al., 2011a). These Neoproterozoic negative-eHf(t)
zircons show TDM2 from 2200 Ma to 1850 Ma, suggesting the
reworking of Paleoproterozoic crustal materials of the Yangtze
Block. Therefore, thenegative-eHf(t) Neoproterozoic detrital zircons
that takes a proportion of 34.5% should be derived from the Yangtze
Block to the west and they possibly imply that widespread Neopro-
terozoic magmatism also occurred in the interior of the Yangtze
Block. The arc terranes on the western and northwestern margins
of the Yangtze Block are impossible to be the source of the Neopro-
terozoic positive-eHf(t) zircons because they are separated from
studied basement sequences by the whole Yangtze Block.

Secondly, the 1800–1000 Ma detrital zircons are similar to
those of the Kunyang Group that is exposed on the southwestern
margin of the Yangtze Block (Sun et al., 2009; Wang et al.,
2012a) in the following three aspects (Fig. 6B): (1) the zircons with
age of ca. 1200 Ma are rare and are scattered in the eHf(t)-age dia-
gram; (2) the 1750–1500 Ma detrital zircons have similar initial
176Hf/177Hf ratios and show a linear trend in the eHf(t)-age dia-
gram; and (3) the ca. 1800 Ma detrital zircons mostly show nega-
tive eHf(t) values, with only a few having weakly positive eHf(t)
values. It should be noted that although coeval detrital zircons
have also been found in the Cathaysia Block or other areas of the
interior Yangtze Block but they do not show the above geochemical
features. For example, the 1.85–1.75 Ga zircons around in the Cath-
aysia Block generally show nearly equal amounts of positive and
negative eHf(t) values (Li et al., 2014b), which is different from
the Hf isotopic compositions of this study. Moreover, ca. 1150 Ma
volcanic rocks are also found in the Tieshajie area, NE Jiangxi Pro-
vince, but most of the rocks show positive Nd-Hf isotopic compo-
sitions (Li et al., 2013b), and they are too less to provide enough
detritus for the basement sequences in the JO. Therefore, the
1800–1000 Ma detrital zircons in the study area were probably
sourced from the same source areas as those of the Kunyang
Group, and they may represent the juvenile crustal growth at ca.
1750–1500 Ma. The 1750–1500 Ma magmatic and sedimentary
rocks are sporadically exposed on the southwestern margin of
the Yangtze Block, including the ca. 1750–1660 Ma Dahongshan
Group that consists of meta-volcanoclastic rocks, meta-basalts,
meta-siliciclastic rocks and marble (Pan et al., 2013 and references
therein), the ca. 1750–1500 Ma Dongchuan Group that is com-
prised of a sequences of greenschist facies meta-sedimentary and
meta-volcanic rocks (Sun et al., 2009; Zhao et al., 2010; Wang
et al., 2012a; Wang and Zhou, 2014) and the ca. 1800–1500 Ma
Tong’an Formation that has the similar lithology associations with
the Dongchuan group (Geng et al., 2012; Ren et al., 2014; Pang
et al., 2015). In this regard, we suggest that the 1750–1500 Ma
juvenile crustal growth was likely to be correlated with the
break-up of the supercontinent Columbia on the southern margin
of the South China Block at the present orientation.

Finally, for those ca. 2500 Ma detrital zircons, they show
approximately same proportions in positive- and negative-eHf(t)
values (Fig. 6A), in accord with the detrital zircons of the Sinian
strata that are exposed in the Kongling area (Liu et al., 2008).

Based on the above considerations, we conclude that the Neo-
proterozoic detrital zircons in the folded basement sequences can
have two dominant source areas. The Neoproterozoic positive eHf
(t) zircons and their hosted rock detritus were derived from the
arc terranes to the east, while the other Neoproterozoic detrital zir-
cons with negative eHf(t) values and the pre-Neoproterozoic detri-
tal zircons are most likely to have been derived from the interior of
the Yangtze Block to the west. This indicates that the Neoprotero-
zoic magmatism also occurred in the interior of the Yangtze Block,
representing partial melting of the Paleoproterozoic crustal materi-
als. But what is the intensity of the Neoproterozoic magmatism in
the interior of the Yangtze Block? What are the characteristics of
them? Further studies on these topics would be important to
understand the Neoproterozoic magmatism in South China.

5.3. A back-arc setting evidenced by a rhythmic source change

In recent years, more and more data support a Neoproterozoic
back-arc basin on the SE margin of the JO. Li et al. (2013a) sug-
gested an arc-back-arc environment for the pre-800 Ma igneous
rocks in the Lushan area. Zhang et al. (2013c) suggested a back-
arc basin setting for the ca. 850 Ma basaltic rocks from NE Hunan
and NW Jiangxi Provinces of the central JO based on an integrated
study of geochronology and geochemistry. Lately, Li et al. (2016)
proposed a back-arc basin developed in the entire JO during
850–810 Ma based on a study of the interlayered volcanic rocks
of the Shuangqiaoshan Group in south Anhui Province. However,
the geochemistry of the Neoproterozoic igneous rocks in South
China is highly debated (e.g., Li et al., 2004, 2006). Solid geological
evidence is necessary to prove the back-arc basin setting on the SE
margin of the JO. Even though many studies on U–Pb dating of
detrital zircons and whole-rock geochemistry have been published
on the Neoproterozoic folded sedimentary basement sequences in
recent years (e.g., Wang et al., 2012b; Xu et al., 2014), the sedimen-
tary environment for these strata is still ambiguous. For example, a
cycle of sedimentation from a back-arc basin to retro-arc foreland
basin was recently proposed by Wang et al. (2013c). In addition, as
the previous sampling locations are dispersed, it is difficult to con-
clude their sedimentary setting without exact analysis of sedimen-
tary features on these sequences. The analysis on a certain
stratigraphic section is an effective way to solve this problem.

At the bottom of the Xiushui Formation, a set of polymictic con-
glomerate with thickness of ca. 20 m was recognized in the field
(Fig. 2C). The gravels in the conglomerates show poor sorting and
varied compositions, not likely to the characteristics of the basal
conglomerate. On the other hand, the conglomerates are con-
formably overlying the Anlelin Formation and are also composed
of voluminous argillaceous-arenaceous gravels whose composi-
tions are consistent with the rocks of the Anlelin Formation. There-
fore, the conglomerates should contain a lot of eroded materials
from the Anlelin Formation, and can be attributed to intraforma-
tional conglomerate, implying a continuous sedimentation from
the underlying Anlelin Formation to the overlying Xiushui Forma-
tion. The appearance of the intraformational conglomerate was
possibly resulted from local tectonic uplifts of the source areas.
We compared the distribution of zircon eHf(t) values and U–Pb
ages for XS-6 and XS-3-1 (Figs. 5D and E; Table DR2) that were
sampled from the lowermost Xiushui Formation and the upper-
most Anlelin Formation, respectively. It is clear that XS-6 has more
zircons with negative eHf(t) and more old zircons (>1000 Ma) than
XS-3-1, implying that there was a relative uplift of the old conti-
nental crust (i.e. the Yangtze Block) after deposition of the Anlelin
Formation (�830 Ma) and this finally provided more ancient crus-
tal materials for the Neoproterozoic basins on the southeastern
margin of the Yangtze Block.

With regard to the sedimentary environment of the Shuang-
qiaoshan Group, the aforementioned discussions suggest a bidirec-
tional water flow from two source areas, i.e., the arc terranes to the
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east and the Yangtze Block to the west (the present orientation).
The existence of the two source areas on both sides of the strata
most likely implies a sedimentary environment of a back-arc basin.
To test this conjecture, we use the ratio of Neoproterozoic positive-
eHf(t) detrital zircons in total analyzed zircons for each of sample
since this ratio could reflect relative proportion of detritus from
the arc terranes to the east. From lower to the upper part of the
Shuangqiaoshan Group, the ratio shows a rhythmic change
(Fig. 4B). The fraction of detritus from arc terranes decreases at
the bottom of the Anlelin Formation (70.3–48.3%), and increases
in the middle Anlelin Formation (33.3–52.8%), then decreases in
the upper Anlelin Formation to the lowermost Xiushui Formation
(55.3–30.8%), and increases at the lower Xiushui Formation
(30.8–48.6%), and finally decreases in the upper Xiushui Formation
(50.0–27.5%). In the lower and middle parts of the section, much
more detrital materials from the arc terranes were supplied to
the sequences, while in the other parts of the section, much more
detrital materials from the ancient continent were provided. In
addition, this kind of fluctuation related to the variable source sup-
ply corresponds to the water dynamic condition of bidirectional
flow during the deposition of the Shuangqiaoshan Group, provid-
ing a solid piece of evidence for a back-arc basin setting of the
strata.

5.4. Thoughts and inspirations related to the tectonic evolution of the
JO

Due to contrasting crustal compositions and characteristics of
Neoproterozoic igneous rocks in different parts, the JO is com-
monly divided into eastern and western segments (e.g., Wang
et al., 2014) (Fig. 8A). Recently, Wang et al. (2014) compared the
eastern and western segments with U–Pb and Hf isotopic charac-
teristics of detrital zircons from the folded basement sequences
and found a gradual variation from east to the west in terms of dis-
tributions of U–Pb ages and eHf(t) values. For example, older
(>1000 Ma) detrital zircons are very scarce in the sedimentary
sequences of eastern segment; they gradually increase in the tran-
sition zone, and eventually dominant in the western segment
(Wang et al., 2014). Moreover, they found that the U–Pb and Hf iso-
topic characteristics in transition zone show that the variation
between the eastern and western segments isn’t an abrupt change
but a gradual change (Wang et al., 2014). However, the gradual
variation from northeast to southwest is a bit not accordance with
the distribution of the major geological elements in the JO because
the typical Shuangxiwu arc terrane is just located at the northeast-
ern end of the JO, whereas the huge back-arc basin extends about
1500 km (Wang et al., 2007) from the Shuangxiwu arc terranes to
the westernmost segment in northern Guangxi Province. If the arc
terranes were located at the present orientation and there was a
gradual variation in sedimentation from northeast to southwest,
it is expected to see a southwestward subduction during Neopro-
terozoic which, however, is conflict to all of the present models
and the geological observations. In contrast, if there was a north-
westward subduction to the Yangtze Block during Neoproterozoic
as commonly believed (e.g., Zhao et al., 2011; Li et al., 2013a; Wang
et al., 2014), it is expected to see a nearly NEE–SWW (present ori-
entation) trending back-arc basin and a vertical (NNW–SSE) varia-
tion in sediments of the back-arc basins. Based on this
consideration, the sampling location of this study (i.e., the Xiushui
area in Jiangxi Province), which is located at the northwestern-
most region of Shuangqiaoshan Group and is one of the closest
regions to the Yangtze Block at the present position, can provide
a good test to evaluate the provenance variations of the Neopro-
terozoic sediments since it is expected to have much more detritus
from the Yangtze Block and fewer detritus from the arc terranes
than the other areas in the eastern segment of the JO.
As indicated above, the Neoproterozoic detrital zircons with
positive eHf(t) values were predominantly derived from the arc
terranes to the east while the other Neoproterozoic detrital zircons
with negative eHf(t) values and the pre-Neoproterozoic detrital
zircons may come from the Yangtze Block to the west, so that
the proportions of Neoproterozoic positive-eHf(t) detrital zircons
in all analyzed zircons could be a useful indicator for evaluating
the relative amounts of detritus sourced from the arc terranes to
the east. Furthermore, in a back-arc tectonic-sedimentary setting,
regardless of the influence of other factors, the sedimentary
sequences with much more juvenile detritus are expected to be
located closer to the arc terranes. Therefore, the proportions of
Neoproterozoic positive-eHf(t) detrital zircons in all zircons of var-
ious basement sequences can indicate the relative distance to the
arc terranes. Based on the above considerations, we carried out a
rough calculation on source supply of the arc terranes and the
Yangtze Block for the basement sequences in different places of
the Neoproterozoic back-arc basin.

We firstly compared the Shuangqiaoshan Group of this study
with the data of the Xikou Group in southern Anhui Province since.
The Xikou Group is closer to the arc terranes at present orientation
and is expected to have fewer detritus from the Yangtze Block. The
calculation results prove this speculation by the proportion of Neo-
proterozoic positive-eHf(t) zircons of the Xikou Group (65.6%) over
that of the Shuangqiaoshan Group of this study (46.2%). Moreover,
in the eHf(t)-n diagrams, the peak eHf(t) value (+7.6) of the Xikou
Group is obviously higher than that (+2.2) of the Shuangqiaoshan
Group of this study (Figs. 7A and B). Therefore, based on the above
differences linked with the Hf isotopic compositions, it can be
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inferred that some parts of the Shuangqiaoshan Group and Xikou
Group may have different distances to the arc terranes. These con-
clusions are consistent with our initial conjecture and inspired the
further calculations on the basement sequences in the whole JO.

We collected the available Hf isotopic date in detrital zircons
from the Neoproterozoic basement sequences in the JO (Table 2),
and calculated the proportions of Neoproterozoic positive-eHf(t)
detrital zircons for all samples (Fig. 8A). According to aforemen-
tioned assumptions, in a calm sedimentary environment, the main
factor affecting the proportions is the distance to arc terranes while
the other factors, such as stratum horizon of sampling, have little
effect. Based on the calculations, the basement sequences as well
as the arc terranes in the JO could be divided into four regions
(Fig. 8).

(1) The juvenile arc terranes region (marked with ‘‘AT” in Fig. 8):
It is located between the NE Jiangxi Fault and the Jiang-Shao
Fault (Fig. 1). The basement sequences might be very rare in
this region and the majority of detrital zircons show positive
eHf(t) values.

(2) The northeastern region (marked with ‘‘NE” in Fig. 8): It is
located to west of the NE Jiangxi Fault with the same E–W
trending, including the most parts of the Shuangqiaoshan
Table 2
A compilation of proportions of Neoproterozoic positive-eHf(t) zircons from the basement

Basement sequences Sample Rock Type Location G

N

Xikou Group 07XK-02 Sandy slate NE Jiangxi 2
07XK-06-1 Tuffaceous sandstone S Anhui 2
06XK-11 Sandstone 2
06XK-13 Sandstone 2
WW1004 Siltstone 2
WW1012 Sandstone 2
WW1025 Sandstone 2
12gys-3 Siltstone 2

Shuangqiaoshan Group XS-3-1, etc Pelite, sandstone NW Jiangxi 2
WW236 Sandstone 2
WW176 Siltstone 2
WW247 Sandstone 2
06SQS-07 Sandstone NE Jiangxi 2

Xingzi Group 07GZS-06 Garnet schist N Jiangxi 2

Zhoutan Group JX-6-1-3 Garnet-biotite schist Central Jiangxi 2
JX-6-3-2 Garnet-biotite schist 2

Lengjiaxi Group 08YY-5-11 Tuffaceous sandstone N Hunan 2
LJX-1 Sandstone NE Hunan –
LJX-2 Sandstone –
LJX04 Pelite 2
LJX05 Sandstone NW Hunan 2

Fanjingshan Group 06FJS-25 Sandstone NE Guizhou 2
06FJS-01 Sandstone 2
06FJS-22 Sandstone 2
FJS-1 Sandstone 2
FJS-5 Sandstone 2
FJS-25 – 2
FJS-26 – 2

Sibao Group 04YBS-38-
2

Plagioclase-quartz schist N Guangxi 2

04WT-31 Sandstone 2
YP-5 Sandstone 2
WW30 Sandstone 2
WW47 Siltstone 2
WW141 Sandstone 2
13SB01 Sandstone –
13SB03 Sandstone –

Arc terranes 1161 Greywacke NE Jiangxi 2
1164 Phyllite W Zhejiang 2

Note: S – total analyzed zircons number; A – the Neoproterozoic zircons number in total
P/A – the proportions of positive-eHf(t) zircons in total analyzed zircons.
Group and local areas of the Xikou, Lengjiaxi and Zhoutan
Groups, and the proportions are basically at around 70%.

(3) The northwestern region (marked with ‘‘NW” in Fig. 8): It is
located to the northwest of the NE Jiangxi Fault with an E–W
trending, including the most parts of the Xikou, Lengjiaxi
and Xingzi Groups, and the proportions in this region are
centralized in 40–70%.

(4) The southwestern region (marked with ‘‘SW” in Fig. 8): It is
located at the southwestern part of the JO, with more detri-
tal zircons showing negative eHf(t) values. In general, the
whole western JO could be attributed to one region with a
N–E trending, including the Sibao Group, the Fanjingshan
Group and southern part of the Lengjiaxi Group. Addition-
ally, it’s noteworthy that the proportions between the Sibao
and Fanjingshan Groups seem to have a slight difference.
However, the boundary between the two parts is obscure
by now. More studies are required to testify whether the
two parts could be distinguished in the western JO.

Since the mean proportions of these regions could reflect their
relative distance to the arc terranes, they can be used to restore
the original appearance of the back-arc basins along the southeast-
ern margin of the Yangtze Block. Assuming that the western JO in
sequences of the JO.

PS S A P P/S References

E

9�32019.400 117�48029.400 27 19 11 40.7% Wang et al. (2014)
9�41024.500 117�59040.700 14 11 10 71.4% Wang et al. (2014)
9�39050.400 117�59005.200 19 17 14 73.7% Wang et al. (2014)
9�37054.300 117�58053.200 28 12 8 28.6% Wang et al. (2014)
9�37025.200 117�44025.900 56 44 42 75.0% Wang et al. (2013c)
9�38020.800 117�4505.400 56 42 37 66.1% Wang et al. (2013c)
9�59044.200 118�02039.400 67 61 50 74.6% Wang et al. (2013c)
9�53031.800 118�15031.300 32 26 24 75.0% Cui et al. (2015)

9�02052.5300 114�34013.7300 325 229 150 46.2% This work
9�21023.100 115�01’28.800 54 47 37 68.5% Wang et al. (2013c)
9�20057.100 115�08034.100 52 44 40 76.9% Wang et al. (2012c)
9�02052.200 114�33059.300 40 25 17 42.5% Wang et al. (2013c)
9�47052.100 117�11007.500 29 21 15 51.7% Wang et al. (2014)

9�26038.100 115�56033.500 47 43 31 66.0% Wang et al. (2014)

8�1202000 117�250200 19 17 12 63.2% Wang et al. (2014)
8�1201700 117�2602100 27 23 19 70.4% Wang et al. (2014)

8�35030.300 112�20054.700 39 33 23 59.0% Wang et al. (2014)
– 13 11 11 84.6% Wang et al. (2014)
– 26 20 16 61.5% Wang et al. (2014)

8�25042.3300 112�39053.4300 54 41 30 55.6% Meng et al. (2013)
7�23044.0400 112�18034.5100 58 31 7 12.1% Meng et al. (2013)

7�54055.800 108�38007.400 31 4 1 3.2% Wang et al. (2014)
7�52040.500 108�44025.500 13 9 1 7.7% Wang et al. (2014)
7�54031.900 108�38047.300 34 5 2 5.9% Wang et al. (2014)
7�5402800 108�3901000 29 14 7 24.1% Wang et al. (2010)
7�5403300 108�3804800 81 21 3 3.7% Wang et al. (2010)
7�510500 108�460400 47 31 25 53.2% Wang et al. (2010)
7�510600 108�460500 64 34 6 9.4% Wang et al. (2010)

5�1805000 109�1403400 20 10 5 25.0% Wang et al. (2014)

5�11047.400 108�4007.400 39 18 7 17.9% Wang et al. (2014)
5�11046.900 108�4007.200 41 14 8 19.5% Wang et al. (2014)
5�07006.600 108�46045.000 30 9 1 3.3% Wang et al. (2012b)
4�55038.800 108�47014.200 30 14 5 16.7% Wang et al. (2012b)
5�05044.300 108�47005.300 10 7 2 20.0% Wang et al. (2012b)

– 108 97 14 13.0% Yang et al. (2015)
– 102 64 30 29.4% Yang et al. (2015)

9�54.8150 120�03.8890 47 47 44 93.6% Yao et al. (2013)
8�34.0740 117�30.3470 45 45 39 86.7% Yao et al. (2013)

analyzed zircons; P – positive-eHf(t) zircons number in the Neoproterozoic zircons;
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Fig. 8. A cartoon map showing the division of different regions with different source contributions in the basement sequences of the JO. (A) the present map marked with the
proportions of Neoproterozoic positive-eHf(t) zircons in all zircons on the basis of all Hf isotopic data for basement sequences in the JO and four regions with different colors
could be divided by the proportions; (B) the simulative sketch map for relative positions of the four regions in the Neoproterozoic; (C) A speculated tectonic-sedimentary
sketch map during the deposition of the Neoproterozoic basement sequences. The black star may represent the sample locations of this study.

J.-Y. Li et al. / Precambrian Research 280 (2016) 46–60 57



58 J.-Y. Li et al. / Precambrian Research 280 (2016) 46–60
the Neoproterozoic had same orientation as present, the restora-
tion results are shown in the Fig. 8B. The Shuangxiwu arc terrane
with maximum ratios lie to the east of back-arc basin while the
west of the back-arc basin shows the minor ratios and acquired
more detritus from the Yangtze Block, with the sedimentary sketch
map showed in the Fig. 8C. Moreover, based on the restoration, the
Neoproterozoic JO may not extend as long as ca. 1500 km as what
we see today. However, the present Shuangxiwu arc terrane seems
to be relatively small for the whole JO as its present scale. It is pos-
sible that some of the arc terranes of that time may have been
overlain by later sequences or moved/extended to somewhere.
Judging by the present outcrops, the extension of the Neoprotero-
zoic JO may have been moved to South Korea where Neoprotero-
zoic sedimentary sequences also have similar U–Pb and Hf
isotopic distributions. More works are necessary to test this
speculation.
6. Conclusions

Based on detailed U–Pb geochronological and Hf isotopic stud-
ies in detrital zircons from the Guanyin’ge section of the upper
Shuangqiaoshan Group in northwestern Jiangxi Province, we
observed a gradual decrease of the maximum depositional ages
of nine samples from the bottom to top of the section. The young-
ing trend of the sedimentary sequences reveals a co-magmatic sed-
imentation for the Neoproterozoic basement sequences in the
eastern Jiangnan Orogen. Therefore, based on the new zircon U–
Pb dates, it can be concluded that the Anlelin and Xiushui Forma-
tions of the upper Shuangqiaoshan Group were deposited in the
periods of ca. 845–836 Ma and ca. 835–815 Ma, respectively. In
addition, this also indicates an age gap of about 10 Myr or less
between the Neoproterozoic basement sequences and the cover
rifting-related sequences in the eastern Jiangnan Orogen. Prove-
nance analyses confirmed that the upper Shuangqiaoshan Group
received detritus from the arc terranes to the east and the Yangtze
Block to the west. A bidirectional water flow in a back-arc basin
setting was detected and it is consistent with a rhythmic source
change from the bottom to top of the upper Shuangqiaoshan
Group. Integrating the above conclusions and combining all the
published U–Pb and Hf isotopic data for detrital zircons from the
basement sedimentary sequences in the JO, we suggest that arc-
derived materials in the basement sequences of the JO increase
progressively from west to east and the back-arc basin sediments
could be divided into three regions, plus a region with arc terranes
to the east. In particular, our calculations suggest that the JO in the
Neoproterozoic may not extend 1500 km as what we see today.
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