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a  b  s  t  r  a  c  t

Combined  LA-ICP-MS  U–Pb  dating  and  LA-MC–ICP-MS  Lu–Hf  isotopic  analyses  were  carried  out  on
detrital  zircons  from  the  conglomerates  of  three  representative  Neoproterozoic  metasedimentary  cover
sequences,  South  China  Block  (SCB):  the Luojiamen,  Baizhu  and  Xiuning  Formations.  U–Pb  dating  results
suggest  that  the  maximum  depositional  ages  for the  Luojiamen,  Baizhu  and  Xiuning  Formations  are
863  ± 10  Ma,  826  ±  7 Ma and  763  ± 10 Ma,  respectively.  One zircon  grain  from  the  Baizhu  Formation  gives
a  concordant  U–Pb  age  at  3918  ± 32 Ma, with  Hf  model  age  of  ca.  4290  Ma,  indicating  Hadean  crust  growth
in  its source.  The  integrated  U–Pb  ages  and Hf-isotopes  in zircons  from  each  formation  show  different
crustal  evolution  in their  source  areas.  The  Luojiamen  detrital  zircons  in  the  eastern  JO  are  all  of  Early  Neo-
proterozoic  (ca. 965–855  Ma)  with  positive  εHf(t) (+6  to  +15),  suggesting  a  provenance  featured  by juvenile
arc-related  igneous  rocks  with  a duration  of ca.  965–855  Ma.  Their  εHf(t) values  intersect  the  depleted
mantle curve  at  ca.  920–880  Ma  and  decrease  steadily  with  ages,  probably  indicating  a transition  from
oceanic  arc  to  continental  arc  magmatism  in  their  source.  In contrast,  recycling  of old  continental  crusts  is
significant  in  the  sources  of  the Baizhu  and  Xiuning  Formations.  Hf  isotope  results  of  detrital  zircons  from
the  Baizhu  Formation  suggest  two  major  crust  reworking  periods:  one  at 1600–800  Ma  by  1700–1600  Ma
juvenile  crusts,  and the other  at  2500–1700  Ma  by 3300–2500  Ma juvenile  crusts.  The  ca.  2000  Ma  age
peak  of  the  Xiuning  Formation  is  more  significant  than those  of  the  underlying  folded  metasedimen-
tary  sequences  in  the  eastern  JO,  suggesting  that the  Xiuning  Formation  received  more  detritus  from
the  Yangtze  Block  and  thus  the  back-arc  basins  or peripheral  basins  along  the  JO may  have been  closed

at ca.  765  Ma.  Based  on  comparisons  of detrital  zircon  U–Pb age  spectrums  and  Hf isotopic  characters
with  worldwide  continents,  we  propose  that  the  Early  Neoproterozoic  sediments  at  the  southeastern
margin  of  the  Yangtze  Block  have  close  affinities  with  those  from  the India  and  East  Antarctica,  which
matches  a northwestern  margin  position  for the  SCB  in the  configuration  of supercontinent  Rodinia.  Our
results  suggest  that conglomerates  can  provide  important  and  unrevealed  information  for  crust  growth
and  evolution  especially  when  their  sources  were  eroded  or poor  in  the field.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Detrital zircons can provide important constraints on the
aximum depositional ages of stratigraphic successions, pro-

enance characteristics and early crustal evolution of the Earth

Wysoczanski et al., 1997; Fedo et al., 2003; Gerdes and Zeh, 2006;
avosie et al., 2007; Wang et al., 2007; Yu et al., 2010; Liu et al.,
012a,b). The U–Pb age spectrum of detrital zircon populations

∗ Corresponding author at: State Key Laboratory for Mineral Deposits Research,
chool of Earth Science and Engineering, Nanjing University, Nanjing 210093, China.
el.: +86 25 83686336; fax: +86 25 83686016.

E-mail addresses: wxl@nju.edu.cn, xlwang@geology.wisc.edu (X.-L. Wang).

301-9268/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.precamres.2013.05.005
gives valuable information on the zircon-forming events in the
source area (Williams and Claesson, 1987; Ross and Parrish, 1991;
Corfu and Sage, 1992; Claesson, 1987; Liu et al., 2012a,b), while Hf
isotopes on the dated zircons can be used to determine whether
zircons were formed in a juvenile continental crust or from the
remelting of an old crust that had undergone multiple tectonic
events (Patchett et al., 1981; Vervoort and Patchett, 1996; Griffin
et al., 2000; Gerdes and Zeh, 2006; Liu et al., 2012c,d). Most studies
on the U–Pb and Hf isotopes of detrital zircons were carried out on
sandstones, siltstones and river sands (e.g. Qiu et al., 2000; Fildani

et al., 2003; Van Hattum et al., 2006; Wang et al., 2012a), but few
on conglomerates which formed in a rapid erosion–sedimentation
setting and may  contain small pieces of source rocks. The
provenance of conglomerates may  be completely eroded or be

dx.doi.org/10.1016/j.precamres.2013.05.005
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
mailto:wxl@nju.edu.cn
mailto:xlwang@geology.wisc.edu
dx.doi.org/10.1016/j.precamres.2013.05.005
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uried by later sediments, and thus could not provide detritus for
ounger sedimentary basins. Therefore, conglomerates sometimes
ndeed provide more information on crustal evolution than other
edimentary rocks. For example, the oldest zircon grain on the
arth was found in the meta-conglomerate from Jack Hills, Western
ustralia (Wilde et al., 2001).

Many studies have been carried out on detrital zircons from
andstones and siltstones from the South China Block (SCB) and
ave provided significant insights into Precambrian crustal evolu-
ion of the SCB, as well as its position in the supercontinent Rodinia
Qiu et al., 2000; Li et al., 2002, 2007; Wang et al., 2007, 2010; Yu
t al., 2008). However, no studies on detrital zircons so far have
een carried out on conglomerates in the area. Our research was
iming to study the U–Pb and Hf isotopes of detrital zircons from
he conglomerates of the SCB in order to unravel some possible
nknown crustal information in the area.

The SCB consists of two sub-blocks: the Cathaysia Block to the
outheast and the Yangtze Block to the northwest (Fig. 1A). The
ssembly of the Yangtze and Cathaysia blocks may  have taken place
t Neoproterozoic, leading to the formation of the Jiangnan orogen
JO) (Wang et al., 2007; Shu et al., 2011a,b; Zhao and Guo, 2012;
hao and Cawood, 2012). Over the past decades, the Precambrian
rustal evolution of the JO and the SCB has received consider-
ble attention (e.g. Li et al., 1998; Qiu et al., 2000; Wang and Li,
003; Greentree et al., 2006; Wang et al., 2007; Zheng and Zhang,
007; Zheng et al., 2007). However, there are still some controver-
ial issues, such as the existence of Grenville-aged orogen in the
CB (Li et al., 2001; Zhang et al., 2007; Zhou et al., 2008; Wang
t al., 2008; Zhao et al., 2010; Qiu et al., 2011), the duration of
eoproterozoic arc magmatic activities in the eastern JO (Wang
t al., 2004, 2006, 2008; Zheng et al., 2008; Li et al., 2009; Zhang
t al., 2012a,b) and the differences in crustal compositions between
he Yangtze and Cathaysia Blocks (Ma  and Chen, 2000; Xu et al.,
007; Li et al., 2008a; Wong et al., 2011; Xia et al., 2012; Yu et al.,
012).

Furthermore, the position of the SCB in the supercontinent
odinia still remains unclear or controversial (Li et al., 1995; Piper,
000; Meert and Torsvik, 2003; Yang et al., 2004; Yu et al., 2008;
i et al., 2008c; Wang and Zhou, 2012). It was originally placed
etween southeastern Australia and southwestern Laurentia (Li
t al., 1995, 2002, 2008a,b,c). In contrast, other scholars suggested
hat the SCB has been probably adjacent to India and East Antarctica
uring the Rodinia breakup to Gondwana assembly in Neoprotero-
oic time, rather than in the interior of Rodinia (Yu et al., 2008; Yang
t al., 2004; Wang et al., 2006; Zhou et al., 2009).

In this study, we present combined U–Pb and Hf isotope data for
he detrital zircons from the conglomerates of three representative

etasedimentary cover sequences in the JO. The results provide
ew insights into the Neoproterozoic sedimentary provenances
nd Precambrian crustal evolution of the SCB.

. Geological background

The Jiangnan orogen (JO) (Fig. 1A), nearly W–E  trending over
500 km,  extends from northwestern Zhejiang via southern Anhui,
orthern Jiangxi, northern and western Hunan and northeastern
uizhou to northern Guangxi Provinces (Zhou and Zhu, 1993).
eoproterozoic metasedimentary sequences and igneous rocks in

he JO may  record the convergence history of the Yangtze and
athaysia Blocks (Charvet et al., 1996; Zhao and Cawood, 1999;
hao and Cawood, 2012; Wang et al., 2006, 2012c,d). The Neopro-

erozoic sedimentary sequences have been metamorphosed to low
reenschist-facies, and can be divided into two series separated by
n angle unconformity: the underlying folded sequences and the
verlying cover sequences.
arch 233 (2013) 223– 236

The Neoproterozoic amalgamation between the Yangtze and
Cathaysia Blocks led to aforementioned angular unconformity
(BGMRJX, 1984; BGMRGX, 1985; BGMRHN, 1987; Xing et al., 1992;
Zhou and Zhu, 1993). The underlying folded sequences have formed
at 860–800 Ma  based on the detrital zircon U–Pb dating results
(Wang et al., 2007, 2010, 2012c; Zhou et al., 2009; Yao et al., 2011;
Zhao et al., 2011; Gao et al., 2012) and the U–Pb ages of the intrud-
ing granites (ca. 835–800 Ma)  and volcanic rocks (Li et al., 1999,
2003a,b; Zhong et al., 2005; Wang et al., 2006, 2008). At the bot-
tom of the overlying cover sequences, two  sets of conglomerates
can be recognized: one just over the regional unconformity in the
JO (named set-1 conglomerates) and the other within the cover
sequences and over directly the Neoproterozoic volcanic sedimen-
tary strata of the cover sequences in the eastern JO (named set-2
conglomerates).

Both sets of conglomerates belong to the Lower Sinian Sys-
tem which includes the Danzhou Group in the northern Guangxi
Province, the Banxi Group in the Hunan Province, the Heshangzhen
Group in the northwestern Zhejiang Province, and the Likou Group
in the southern Anhui Province (Table 1). The main rock types
include sandstone, siltstone, slate and phyllite. Some volcanic rocks
were found in the lower part of the Lower Sinian System, with zir-
con U–Pb ages ranging from ca. 805 Ma  to ca. 760 Ma  (Wang et al.,
2008, 2011). The set-1 conglomerates are widespread within the
whole JO, while the set-2 conglomerates are typically located at
the bottom of the Xiuning Formation in southern Anhui Province
(BGMRGX, 1985; BGMRAH, 1987; BGMRZJ, 1989). The studied set-1
and set-2 conglomerates were collected from three representative
metasedimentary cover sequencers and the detailed descriptions
for them are given below.

2.1. The Luojiamen Formation, Heshangzhen Group

The Luojiamen Formation in northwestern Zhejiang Province
belongs to the lower part of the Heshangzhen Group (Fig. 1D;
Table 1). It is composed mainly of conglomerates (set-1 type) and
sandstones in the lower parts and turbidites in the upper parts. The
gravel contents of the gray-green conglomerates in the area vary
greatly (up to 80%). The cements are mostly replaced by chlorite.
In some outcrops, the gravels can be as big as 40 cm in diameter.
The gravels are dominated by gray andesites and flesh pink granites
with an average size of about 2 mm,  with less gravels of siltstone,
sandstone and tuff (Fig. 2A and B), which is in accord with the
predecessors’ observations (Cheng, 1991; Ye et al., 1996). The Luoji-
amen Formation unconformably overlies the Early Neoproterozoic
arc volcanic rocks in the Shuangxiwu area, northwestern Zhejiang
Province (Fig. 1D) (Li et al., 2008a,b,c), possibly representing a fore-
land basin in the area (Cheng, 1991). The volcanic rocks within the
overlying Hongchicun Formation gave zircon SHRIMP U–Pb age of
797 ± 11 Ma  (Li et al., 2003b).

2.2. The Baizhu Formation, Danzhou Group

The Baizhu Formation in northern Guangxi Province belongs to
the lowermost part of the Danzhou Group (Table 1) which is mainly
composed of metapelitic-silty rocks with flysch rhythm and Bouma
sequence, with lesser carbonate rocks, spilites and volcanic clas-
tic rocks (Guo et al., 1985; BGMRGX, 1985). The Baizhu Formation
(Fig. 1B) typically contains angular boulders (set-1 type) with an
average grain size of about 1 cm.  In some places their sizes are
bigger than 3 cm or smaller than 0.5 cm.  Most of the gravels in
the gray-green conglomerate consist of granodiorite, with a few

being sandstone, phyllite and slate. The Baizhu Formation shows
continental molasses (alluvial and fluvial facies) and volcanoclas-
tic sedimentary facies associations (Wang and Li, 2003). It overlies
the Bendong and Sanfang granitoids which have been dated at
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Fig. 1. Geological sketch map  of the (A) South China Block, (B) northeastern Z
ource: Modified after (A) Wang (2000) and Li et al. (2003a,b), (B) BGMRZJ (1989), (

a. 835–800 Ma  using SHRIMP and LA-ICP-MS zircon U–Pb dating
ethods (Wang et al., 2006; Li et al., 1999).

.3. The Xiuning Formation

The Xiuning Formation is unconformably overlying the Likou
roup that contains a suit of clastic rocks with some volcanic rocks

Xia et al., 1994; BGMRAH, 1987). The Likou Group, with a width
ore than 1087 m,  is divided into two formations in southern Anhui

rovince: the Dengjia Formation on the bottom and the Puling
ormation on the top (BGMRAH, 1987). The Xiuning Formation
Fig. 1C) is composed of conglomerates (set-2 type), coarse-grained
andstones, siltstones, mudstones with or without pebbles and
ntercalated with tuffs. The red-purple conglomerate in the Xiun-
ng Formation contains gravels of varying sizes, from 0.5 cm to
0 cm.  The proportion of gravels is generally about 85% and the
ements occupy about 15%. Most of the gravels with high psephicity
how elongated spheroidicity in their shapes. Gravels show dif-
erent colors in the field with different compositions (Fig. 2C and
). The approximate contents of different gravels in the conglom-
rates are as follows: andesitic gravels (30%) > tuffaceous gravels
20%) > sedimentary gravels (15%). The possible provenance for the
ravels is the volcanic-sedimentary rocks of the underlying Pul-
ng Formation since their color and compositions are very similar

o each other. Cross-bedding, current-bedding, horizontal bedding
nd ripple mark are well developed in the Xiuning Formation
BGMRAH, 1987). In some areas, the Xiuning Formation overlies the
ingtan Formation (equivalent to the Likou Group and Heshangzhen
g Province, (C) northern Guangxi Province, and (D) southern Anhui Province.
ng (2000) and Wang et al. (2006), and (D) BGMRAH (1987).

Group) which is mainly composed of 776 ± 10 Ma  volcanic rocks
(Zheng et al., 2008). Furthermore, Wang et al. (2011) presented
LA-ICP-MS zircon U–Pb ages of 794 ± 7 Ma and 760 ± 7 Ma for the
volcanic rocks in the Shangshu Formation of the Heshangzhen
Group and the Puling Formation of the Likou Group, respectively.

Conglomerates can be found in the lowermost part of afore-
mentioned three formations. Based on detailed geological field
work, three representative samples were selected for this study
(Fig. 1B–D): 10ZJ-4-2 (N29◦53′25.9′′, E120◦02′28.4′′) from the
Luojiamen Formation of northwestern Zhejiang Province, 04BZ-
27 (N25◦11′44.4′′, E108◦39′10.2′′) from the Baizhu Formation
of northern Guangxi Province and 09WN-7-1 (N29◦58′43.7′′,
E117◦31′10.56′′) from the Xiuning Formation of the southern Anhui
Province. The former two samples belong to the set-1 conglomer-
ates and the latter one belongs to the set-2 conglomerates. The
sampling location of 04BZ-27 from northern Guangxi is also shown
as the field photo Fig. 4a of Wang et al. (2007). In order to study the
Luojiamen sample in detail, one granitic gravel sample (13ZJ-1-1)
within the Luojiamen conglomerate was also selected for zircon
U–Pb dating.

3. Analytical procedures

Zircon grains were separated from crushed samples using

conventional heavy liquid and magnetic techniques and then
handpicked under a binocular microscope. Representative zircon
grains were mounted in epoxy resin and then polished down
to show the grain centers. The mounts were photographed in
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Table 1
Stratigraphic division of Neoproterozoic cover sequences in the Jiangnan orogen, South China.
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nconformity ( ); disconformity (- - -); hiatus ( ); Fm.: Formation.

ransmitted and reflected lights under microscope for identifying
nalyzed grains or grain areas (avoiding cracks and inclusions)
efore coated with high-purity gold. Cathodoluminescence (CL)

mages of the zircons were obtained to examine zircons’ inter-
al structures using a Mono CL3+ (Gatan, USA) attached to a
canning electron microscope (Quanta 400 FEG) at the State
ey Laboratory of Continental Dynamics, Northwest University,
i’an.

U–Pb zircon dating was carried out at the State Key Laboratory
or Mineral Deposits Research, Nanjing University (MiDeR-NJU),
sing an Agilent 7500a ICP-MS attached with a New Wave 213 nm

aser ablation system. The analytical processes are similar to those
f Wang et al. (2007). Zircon Mud  Tank (intercept age of 732 ± 5 Ma;
lack and Gulson, 1978) was used as an external standard to
onitor the age accuracy while measuring U–Th–Pb isotopes. In

rder to correct U–Pb fractionation, standard zircon GEMOC GJ-1
207Pb/206Pb age of 608.5 ± 1.5 Ma;  Jackson et al., 2004) was mea-
ured twice before and after every runs of the unknown grains.
IST-612 glass was chosen as the standard for trace element con-
entration calculation, and meantime 29Si was assigned as the
nternal standard for drift calibration. All of the spot analyses were
arried out using a repetition rate of 5 Hz. The laser ablation beams
ere 25 �m or 35 �m in diameter according to the sizes of zir-

on grains. U–Pb ages were calculated from the raw signal data
sing the on-line software package GLITTER (ver. 4.4) (Griffin et al.,
008; www.mq.edu.au/GEMOC). To avoid interference from 204Hg,
ommon lead correction was carried out using the methods of
ndersen (2002). However, most of the analyses are concordant
nd the 204Pb signals are very low so that the corrections did not
ork. All of the U–Th–Pb age calculations and plotting of Concor-
ia diagrams were done using the ISOPLOT/Ex program (ver. 2.06)
f Ludwig (1999). In the diagrams and subsequent discussions,

06Pb/238U ages were adopted for grains whose ages were con-
ordant, and 207Pb/206Pb ages for the very few discordant analyses.
ircon U–Pb isotopic results are presented in Tables DR1 and DR2 of
ppendix.
The Lu–Hf isotope analyses (n = 261) were obtained on the
same spot or in the same domain of previous U–Pb analyses the
grain according to the CL images, using a New Wave ArF 193 nm
laser ablation system attached to a Neptune MC–ICP-MS (plus) at
the MiDeR-NJU. Analyses were performed predominantly with a
beam size of 35 �m and a repetition rate of 5 Hz. Typical abla-
tion time was  about 30 s for 200 cycles. Reference zircon Mud
Tank (176Hf/177Hf = 0.282507 ± 6; Woodhead and Hergt, 2005) and
standard zircon 91500 (Wiedenbeck et al., 1995) 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. (2013). Cor-
rections for isobaric interference of 176Yb on 176Hf and 176Lu on
176Hf was performed by the methods of Wu  et al. (2006), and by
measuring the intensity of the interference-free 175Lu and using
a recommended 176Lu/176Hf 0.02655 (Machado and Simonetti,
2001), respectively.

For calculation of initial Hf isotope ratios (in term of εHf), 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) was  adopted. Single stage
model ages (TDM1) and two-stage “crustal” model ages (TDM2) were
calculated using the measured 176Lu/177Hf ratios, referred to a
model depleted mantle with a present-day 176Hf/177Hf 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 calcu-
lated using corresponding U–Pb ages and bulk crust 176Lu/177Hf of
0.015 (Griffin et al., 2002).

4. U–Pb dating results
4.1. CL images and Th/U ratios

Representative CL images of the zircons together with cor-
responding U–Pb ages and εHf values are given in Fig. DR1. All

http://www.mq.edu.au/GEMOC
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Fig. 2. (A) Field photo for gravels in gray–green conglomerates from the Luojiamen Formation. (B) Representative microscope image of andesitic gravel from the Luojiamen
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ormation. (C) Field photo for coarse-grained gravels in red-purple conglomerate
ravels (sandstone and tuff) from the Xiuning Formation.

nalyzed detrital zircons have Th/U >0.1, and most of them have
h/U higher than 0.4.

The majority of zircon grains of 10ZJ-4-2 is small in size
<100 �m),  and exhibit rounded to euhedral morphology (Fig. DR1-

 in Appendix). The Th/U ratios of analyzed spots vary from 0.43 to
.70. CL images for most zircon grains show clear oscillatory zoning,
nd very few show dark and turbid zoning.

Zircon grains from 04BZ-27 are mostly subhedral to rounded,
ith most grains over 100 �m in length, showing oscillatory zoning

Fig. DR1-B in Appendix). Only two grains with discordant U–Th–Pb
ystems have rounded morphology and lack internal structure.

Zircon grains from 09WN-7-1 are large in size (100–250 �m
n length) and can be subdivided into two sub-groups based on

orphology and CL images. Group-1 grains shows varying Th/U
0.52–1.76) and generally display round morphology and weak CL
mages with thin rims (Fig. DR1-C in Appendix). Group-2 grains are
ubhedral to euhedral, elongate with relatively intact prisms and
yramids, and exhibit well-developed zonings, with Th/U ratios of
.42–1.78. The aforementioned CL characteristics and Th/U ratios
uggest that the studied detrital zircons are of magmatic origin,
ithout significant later metamorphic overgrowths.

.2. Age data
.2.1. Sample 10ZJ-4-2, 13ZJ-1-1, Luojiamen Formation
One hundred and four U–Pb isotope spot analyses on 104 grains

ere carried out for sample 10ZJ-4-2. All analyses plot on Concordia
Fig. 3A) and show restricted 206Pb/238U ages, ranging from 857 Ma
 the Xiuning Formation. (D) A representative microscope image of two different

to 964 Ma  with a peak at ca. 890 Ma  (Fig. 3B). The youngest 17 anal-
yses yield a weighted average 206Pb/238U age of 863 ± 4 Ma (95%
conf., MSWD  = 0.17).

Fifteen spot analyses from 15 zircon grains in the granitic gravel
13ZJ-1-1 were obtained. Th and U for these analyses fall in the range
of 45–500 ppm and 66–552 ppm, respectively, with Th/U varying
0.53–1.26 (Table DR2 in Appendix). The Th and U contents and Th/U
ratios, as well as the grain sizes (<100 �m in length) are very sim-
ilar to most detrital zircons from 10ZJ-4-2. The analyses from the
granitic gravel all give concordant U–Pb ages (Fig. 4), yielding a
weighted average 206Pb/238U age of 906 ± 14 Ma  (n = 15; 95% conf.,
MSWD  = 0.21), representing the crystallization age of the granite.

4.2.2. Sample 04BZ-27, Baizhu Formation
Ninety-four spot analyses from 93 grains give ages ranging from

820 Ma  to 3918 Ma  (Fig. 3C). All analyses plot on or near Concor-
dia except two outliers that have 207Pb/206Pb ages of 2459 ± 34 Ma
and 2469 ± 24 Ma,  respectively. One rounded zircon grain (04BZ-
27#04) gives the oldest 207Pb/206Pb age of 3918 ± 32 Ma  with Th/U
ratio of 1.31 (Table DR1). Another grain gives a 207Pb/206Pb age
of 3156 ± 40 Ma  with Th/U ratio of 0.66. Three Paleoproterozoic
age populations are present: one relatively small population at
ca. 1650 Ma  (n = 3), and two  larger ones at ca. 1900 Ma (n = 4) and
ca. 2500 Ma  (n = 5), respectively. Very few zircons with ages at

2050–2400 Ma  were identified in the sample (Fig. 3D). The Meso-
proterozoic spot analyses also exhibit three peaks: ca. 1050 Ma,
ca. 1200 Ma  and ca. 1350 Ma.  Of all the zircon grains, 47 zircons
have 206Pb/238U ages lower than 1000 Ma (Fig. 3C; Table DR1).
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he largest age population ranges from 820 Ma  to 920 Ma  with a
eak at ca. 900 Ma.  Among them, 11 youngest concordant zircons
ive a weighted average 206Pb/238U age of 826 ± 7 Ma  (95% conf.,
SWD  = 0.25).

.2.3. Sample 09WN-7-1, Xiuning Formation
Ninety-one analyses from 81 zircon grains were obtained and

hey provide a narrower age spectra than those of the sample
4BZ-27. All analyses of 09WN-7-1 spread on or near Concordia

nd define four age populations (Fig. 3E). 14 analyses constitute
he oldest population at 2430–2579 Ma  (Fig. 3F), with a peak at ca.
480 Ma.  The second population is composed of 10 grains with ages
anging from 2279 Ma  to 1938 Ma.  The third population comprises
ution of U–Pb ages (B, D, F on the right) for detrital zircons from the conglomerates

11 grains with ages at 1725–1600 Ma.  The final and largest age
population is of Neoproterozoic and fall in the span 865–760 Ma,
defining an age peak at ca. 790 Ma.  Among them, 7 youngest
concordant analyses yield a weighted average 206Pb/238U age of
763 ± 10 Ma  (95% conf., MSWD  = 0.06).

5. Zircon Hf isotopes

5.1. Sample 10ZJ-4-2, Luojiamen Formation
Lu–Hf isotope analyses of 92 dated zircons were carried out for
10ZJ-4-2 (Table DR3 in Appendix). Zircons from the Luojiamen For-
mation have striking unique Hf isotopic compositions. They have
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igh initial 176Hf/177Hf (0.282250–0.282725) (Table DR3), with
Hf(t) ranging from +6.32 to +16.35 (Fig. 5A). The Hf isotopes of these
ircons suggest a unique crustal history at the period 960–850 Ma.
even analyses spread on the depleted mantle (DM) evolution
urve (Fig. 5B). The εHf(t) values of zircons from this sample con-
titute a normal curve, climbing to the depleted mantle curve at
a. 920–880 Ma  and then descending steadily with ages. One anal-
sis (ZJ-4-2#67) with an age of 861 Ma  is plotted above the DM

volution curve.
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5.2. Sample 04BZ-27, Baizhu Formation

Ninety-one dated zircons from 04BZ-27 were further analyzed
for Hf isotopes. As shown in Table DR3, zircons from this sam-
ple exhibit a wider range of 176Hf/177Hf and 176Lu/177Hf ratios
and show a more extensive distribution in εHf(t), from −15.22 to
+12.68, compared to the sample 10ZJ-4-2 (Fig. 5). The oldest detri-
tal zircon (3918 Ma)  gives εHf(t) of −2.22, plotting below the CHUR
(chondrite uniform reservoir) reference line. Its one-stage (TDM1)
model age is only about 200 Myr  younger than its crustal model
ages (TDM2 = 4332 Ma). The ca. 3162 Ma grain has εHf(t) of −0.13,
close to the CHUR line. Both the Neoarchean and Early Paleo-
proterozoic (2610–2424 Ma)  zircons exhibit varying εHf(t) values
(+11.48 to −6.76), which is different from the 2300–2000 Ma
zircons whose εHf(t) values are negative (−8.43 to −0.13). The
1950–1000 Ma  zircons show varied εHf(t) values, with fewer scat-
tering below the CHUR reference line (−0.31 to −15.22) and more
spreading between the CHUR and DM reference curves (+0.49 to
+10.42). Neoproterozoic zircons of this sample have varied εHf(t)
values similar to the 1950–1000 Ma  zircons, with many of them
showing negative εHf(t) (from −14.79 to −0.12) (Fig. 5B).

5.3. Sample 09WN-7-1, Xiuniung Formation

Seventy-four dated zircons from 09WN-7-1 were further ana-
lyzed for Hf isotopes. The analyses could be subdivided into three
groups based on the distributions of 176Hf/177Hf ratios and εHf(t)
values (Table DR3; Fig. 5). The Late Archean analyses have a narrow
range of εHf(t) (−3.35 to +5.35), with basically equal proportions of
positive and negative εHf(t) values (Fig. 5). In contrast, most of Pale-
oproterozoic zircons show negative εHf(t) (−3.93 to −19.92). Only
one grain (2053 Ma;  09WN-7-1#M11) has positive εHf(t) (+1.14).
Being the dominant age population, the Neoproterozoic zircons of
this sample have largely varied εHf(t) (−16.35 to +12.21). Thirty-
five analyses of the total 42 Neoproterozoic zircons have positive
εHf(t) (+0.34 to +12.21), which indicates the growth and rework-
ing of juvenile source; only a small population (7 of 42 grains) of
the Neoproterozoic analyses has negative εHf(t) values (−1.76 to
−16.35), suggesting a small amount of reworking of old continental
crust in their provenances (Fig. 5B).

6. Discussion

6.1. Maximum depositional ages of the Neoproterozoic cover
sequences

The Luojiamen Formation in northwestern Zhejiang Province
unconformably overlies the 920–880 Ma  (Chen et al., 2009; Li et al.,
2009) arc volcanic rocks of the Shuangxiwu Group and is in turn
overlain by the Hongchicun Formation (Table 1). The volcanic rocks
in the Hongchicun Formation have been dated at 797 ± 11 Ma  by
zircon SHRIMP U–Pb method (Li et al., 2003b), providing a min-
imum depositional age for the underlying Luojiamen Formation.
Detrital zircons from the Luojiamen Formation exhibit a normal
distribution. Moreover, the mean age of 863 ± 4 Ma from eight
youngest concordant analyses provides the maximum depositional
age for the Luojiamen Formation, Heshangzhen Group. Therefore,
the Luojiamen Formation should be deposited at the period ca.
860–800 Ma.

The depositional age of the Danzhou Group is one of the key
issues to understanding the Precambrian history of the Neoprotero-

zoic metasedimentary cover sequences of the Yangtze Block. The
Bendong granitic pluton is unconformably overlain by the Baizhu
Formation, and thus its zircon U–Pb age of 823 ± 4 Ma (Wang et al.,
2006) provides the maximum depositional age for the Danzhou
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roup. Based on the new data of this study, most of the Neopro-
erozoic detrital zircons from the Baizhu Formation of the Danzhou
roup have subhedral to rounded shapes and clear oscillatory zon-

ng, and these sedimentary rocks are only metamorphosed to low
reenschist facies, precluding the possibility of post-depositional
ecrystallization and growth of zircons. Some youngest concordant
nalyses of zircons from 04BZ-27 define the maximum deposi-
ional age of the Baizhu Formation at 826 ± 7 Ma  (Table DR1 in
ppendix), which is coincided with the age of the underlying Ben-
ong granite. If the Danzhou Group is considered to represent early
ift facies in the northern Guangxi area (Wang and Li, 2003), the age
f 826 ± 7 Ma  can give constraints on the maximum time of early
ifting for the Hunan-Guangxi sub-basin of the Nanhua System (i.e.
ower Sinian System).

The Neoproterozoic Xucun pluton (823 ± 8 Ma;  Li et al., 2003a)
ntrudes the Shuangqiaoshan Group and is overlain unconformably
y the Xiuning Formation in southern Anhui Province (Wang and
i, 2003). Moreover, the Puling Formation of the Likou Group is
nconformably overlain by the Xiuning Formation (Ma  et al., 2001),
ith interlayered volcanic rocks recently dated at ca. 760 Ma  (Wang

t al., 2011). In this study, the mean age of the youngest concordant
ircon population of the Xiuning Formation is 763 ± 10 Ma.  It is the
rst reported maximum depositional age of the Xiuning Formation
o far and is consistent with the age of the Puling volcanic rocks. Ma
t al. (1984) and Zheng (2003) reported ca. 750–760 Ma  to be the
ge of Liantuo Formation, suggesting that the Xiuning and Liantuo
ormations are basically contemporaneous.

.2. Implications for the Neoproterozoic arc-related magmatism

Among Neoproterozoic magmatic rocks in the JO, many show
rc-like geochemical features but only those in the Shuangxiwu
rea have been widely accepted as the subduction-related magma-
ism due to the northwestward subduction of oceanic crust (Chen
t al., 1991, 2009; Zhou and Zhu, 1993; Deng and Zhang, 1998;
ang et al., 2007; Li et al., 2009). Since the Fuchuan ophiolites was

ated at ca. 850–830 Ma  (Ding et al., 2008; Zhang et al., 2012a,b),
he geological significance of the Shuangxiwu arc volcanic rocks
nd the related subduction context need to be further evaluated.
specially, the duration and tectonic setting (continental or oceanic
rc?) of the subduction-related volcanic rocks still remain unsolved.
i et al. (2009) re-interpreted the mean 207Pb/206Pb age of zircons
y Chen et al. (2009) as the formation age for the Pingshui volcanic
ocks of the Shuangxiwu Group. However, one outlier analysis was
ot rejected by them, which resulted in a bigger error and the older
ean 207Pb/206Pb age than the mean 206Pb/238U age of the sample.

herefore, the 206Pb/238U ages reported by Chen et al. (2009) are
ore reliable. As a whole, it can be concluded that the Shuangxiwu

ubduction-related magmatism developed at the period ca. 930 Ma
o ca. 890 Ma  based on the reliable published zircon U–Pb ages (Ye
t al., 2007; Chen et al., 2009; Li et al., 2009).

The Shenwu dolerites that intrude the Shuangxiwu volcanic
ocks yielded SHRIMP zircon U–Pb age of 849 ± 7 Ma  (Li et al.,
008b), representing the minimum age of the Shuangxiwu vol-
anic rocks. In addition, many 970–860 Ma  detrital zircons have
een found in the folded metasedimentary sequences of the eastern
iangnan orogen (Wang et al., 2007, 2011). They probably sourced
rom the arc-continent collisional belt to the east and suggest
he Shuangxiwu subduction-related magmatism may  have lasted
onger than the age range defined by the published U–Pb ages
f magmatic zircons. One possibility is that some volcanic rocks

ay  have disappeared due to later weathering and erosion or poor

utcrop. However, this information could have been preserved in
he Luojiamen conglomerates immediately following the volcanic
ctivities.
arch 233 (2013) 223– 236

In this study, the detrital zircons from the Luojiamen Formation
give a continuous and restricted age cluster of 965–855 Ma.  The
simple age distribution reveals a not too complicated source for
them. There are two possible provenances for these detrital zircons:
(1) the subduction-related Shuangxiwu volcanic rocks, and (2)
the magmatic rocks that formed between the Shuangxiwu Group
and the Luojiamen Formation. The second possibility can be pre-
cluded because the expected time-dependent increasing tendency
for the amount of detrital zircons in the Luojiamen Formation is not
found. After all, zircon is easier to be formed during the rework-
ing stage relatively to the forming stage of the juvenile arc crust.
Moreover, there is no significant age gap between the Shuangxiwu
volcanic eruptions and the sedimentation of the Luojiamen Forma-
tion. Therefore, the first possibility is reasonable and the Luojiamen
965–855 Ma detrital zircons are undoubtedly derived from the
underlying Shuangxiwu volcanic rocks or interlayered sedimen-
tary rocks. In this case, the duration of subduction-related volcanic
activities between the Yangtze and Cathaysia Blocks can be con-
strained by the oldest (964 ± 26 Ma)  and youngest (857 ± 7 Ma)
ages of the detrital zircons, with a duration of about 110 Ma.

Furthermore, the Luojiamen detrital zircons exhibit significantly
positive εHf(t) values varying from +6.3 to +16.4, mostly from +9.0
to +15.0, which are very close to the whole-rock εHf(t) values from
the Beiwu and Zhangcun Formations (+11.0 to +15.3; Li et al., 2009).
No detrital zircons from the Luojiamen Formation show negative
εHf(t), which is different from the JO folded sequences to the west in
which only ca. 11% Early Neoproterozoic detrital zircons have pos-
itive εHf(t). This means the detrital zircons with negative εHf(t) in
the JO folded sequences should have been sourced from the Yangtze
Block to the west, and the detrital zircons with positive εHf(t) may
mostly be sourced from the Shuangxiwu arc terrane.

Detailed distribution of εHf(t) versus U–Pb age for the Luojiamen
detrital zircons is shown in Fig. 5B. It is evident that the εHf(t) val-
ues climb up to the depleted mantle curve from ca. 965 Ma  to ca.
920 Ma,  and intersect or exceed the depleted mantle curve at ca.
920–890 Ma,  and then decrease steadily with ages from ca. 890 Ma
to ca. 855 Ma  (Fig. 5B). Some zircon grains show extremely high
values (εHf(t) > +13) during the period ca. 920–890 Ma,  implying a
significant juvenile crust growth from the depleted mantle. This
crustal growth can be linked to oceanic arc magmatism and the for-
mations of associated arc basaltic rocks. In contrast, the decreasing
tendency of εHf(t) at ca. 890–855 Ma  (Fig. 5B) indicates the incorpo-
ration of recycled crust into magma source. These younger zircons
with relatively low εHf(t) may  have been formed by the continental
arc magmatism in which continental material may  have been incor-
porated into the magma source by minor crustal contamination
and the insignificant reworking of juvenile crust with extremely
depleted Hf isotopic compositions took place contemporaneously.
At this time, widespread crust reworking may  have not taken place
in this area because the expected increasing of 890–855 Ma zir-
con grains from the remelting of primary arc basaltic rocks is
absent (Fig. 5B). The interpretation requires a switch (ca. 890 Ma)
from oceanic arc to continental arc. On the other hand, oceanic
arc is characterized of basaltic rocks while continental arc is com-
monly featured by intermediate rocks. Therefore, this transition
may  lead to significant changes in lithology of the subsequent for-
mations, which is consistent with the geological observation in the
northwestern Zhejiang Province. For example, the Pingshui For-
mation consists chiefly of altered basaltic to andesitic rocks, while
the upper formations in Shuangxiwu Group consist dominantly of
intermediate to felsic rocks (Li et al., 2009). Besides, a large propor-
tion of gravels in conglomerates from the Luojiamen Formation are

granitic. Sample 13ZJ-1-1 was dated at 906 ± 14 Ma  of this study
and Chen et al. (2009) reported an age of ca. 905 Ma for the kerato-
phyres from the Pingshui Formation, both of which may  indicate
the transition of tectonic regime.
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.3. Provenance and crustal evolution

Detrital zircons from conglomerates of the three representa-
ive occurrences have different age populations and show different
rustal evolution for their source areas. Five major age populations
an be identified in the zircon analyses from the Baizhu Formation:
50–850 Ma,  1100–1000 Ma,  1700–1600 Ma,  1950–1850 Ma  and
600–2400 Ma  (Fig. 3D). In contrast, there are fewer age peaks in
he age spectrum of the Xiuning Formation: ca. 800 Ma,  ca. 1700 Ma,
a. 2000 Ma,  ca. 2500 Ma  (Fig. 3F). Especially, the detrital zircons
rom the Luojiamen Formation show only one cluster with peak at
a. 890–880 Ma  (Fig. 3B).

The source areas for these conglomerates should be not very far
rom their locations because of the large sizes of detritus. Three
robably provenances are: the Yangtze and Cathaysia Blocks and
he Jiangnan orogen. In order to further discuss the specific prove-
ances for each sedimentary strata, we collected the available U–Pb
ata for igneous zircons and detrital zircons in the Neoproterozoic
equences in above three areas for comparisons (Fig. 6).

.3.1. The Baizhu Formation
The significant age population (950–850 Ma)  in the Baizhu For-

ation has been found both in the Yangtze and Cathaysia Blocks
Fig. 6G and H). On the western margin of the Yangtze Block, detri-
al zircons of this period are characterized by high positive εHf(t)
alues (e.g. Sun et al., 2009). For the western Cathaysia Precam-

rian metasedimentary rocks, zircons with ages of ca. 1000–800 Ma
how both negative and positive εHf(t) values (e.g. Xu et al., 2007).
u et al. (2010) also reported the similar age cluster in the Nanling-
unkai area of the Cathaysia Block, and their ca. 1000 Ma  detrital
 al. (2002), Malone et al. (2008) for northern India, Ireland et al. (1998) and Berry
thaysia Blocks.

zircons have εHf(t) of +13.7 to −11.9. Besides, the underlying folded
sequences (i.e. the Sibao Group) in the western Jiangnan orogen
have many detrital zircons with ages of 980–822 Ma,  showing
variable εHf(t) values (−35.9 to +9.8) (our unpublished data). The
zircons of ca. 825 Ma  magmatic zircons from the granitoids in
northern part of the Guangxi Province mostly have moderate to
weakly negative εHf(t) values (−5.3 ± 0.7 to −0.8 ± 0.6) (Zheng et al.,
2007; Wang et al., 2006, 2013). In this study, the 950–850 Ma detri-
tal zircons in the Baizhu Formation show εHf(t) varying from −15.22
to +12.68, mostly below +4, indicating the variety in sources. For
the Neoproterozoic zircons with positive εHf(t), they may  be partly
recycled and from the underlying Sibao Group because no mag-
matic rocks with positive-εHf(t) magmatic zircons were found in
the adjacent areas.

Analyses with positive and negative εHf(t) are basically compa-
rable for the second population (1100–950 Ma)  of Baizhu detrital
zircons. Their TDM2 model ages range from 1340 Ma  to 2560 Ma,
indicating the reworking of Meso- to Late Archean crusts. In this
study, about 10.6% of the Baizhu detrital zircons have U–Pb ages
within the period 1300–1000 Ma.  However, very few zircons of
this age (Grenville-aged) have been found in the underlying folded
sequences in the JO. For example, it is only 7.7% for the Sibao
Group based on published U–Pb dating results of detrital zircons
(Wang et al., 2007), which is obvious smaller than that in the
Baizhu Formation. This also implies that more Grenville-aged
materials have been added into the conglomerates of the Baizhu

Formation. In fact, a few Grenville-aged magmatic activities have
been reported in the southern part of the SCB. For example, the
ca. 1007 Ma  granitic gneiss and tuffs on the western margin of the
Yangtze Block (Li et al., 2002; Greentree et al., 2006) and the ca.
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430 Ma  granodiorites in the Hainan Island, southern Cathaysia (Li
t al., 2002). Moreover, more Grenville-aged detrital zircons have
een found on the western margin of the Yangtze Block (Greentree
t al., 2006; Sun et al., 2009; Wang et al., 2011) and the southern
art of the Cathaysia Block (i.e. the Nanling-Yunkai area) (Yu et al.,
010). Depending on the location and age population, the source
ocks for the Grenville-aged detrital zircons from 04BZ-27 may
artly be paragneiss and granitic gneiss in the southern part of SCB.
ew analyses of this period show highly positive εHf(t), suggesting
he minor juvenile contributions in their sources.

The age populations at 1700–1600 Ma,  1950–1850 Ma,
600–2400 Ma  from the Baizhu Formation are consistent with
hose of the underlying Sibao Group (Wang et al., 2007). Yu
t al. (2010) also reported age clusters at 2600–2500 Ma  and
700–1500 Ma  in the southern Cathaysia (i.e. Nanling-Yunkai
rea), while the 1950–1850 Ma  peak is significant in the northern
athaysia (Wuyi area) (Xu et al., 2007; Yu et al., 2010). The northern
athaysia is far from the study area, while the combination of the
nderlying Sibao Group and the southern Cathaysia can provide
he Paleoproterozoic-Late Archean detrital zircons for the Baizhu
onglomerates.

The five main age populations in Baizhu detrital zircons and
heir wide range of Hf-isotope compositions indicate five major
rustal reworking events accompanied with coeval juvenile input.
s shown in Fig. 5, two significant crustal growth events can be

dentified: ∼1750 Ma  and 2500–3300 Ma.  Furthermore, there is
 significant reworking of Paleoproterozoic 1750–1600 Ma  crusts
appening at Mesoproterozoic to Neoproterozoic. It is worthy to
ote that the oldest detrital zircon (04BZ-27#04; 3918 ± 32 Ma)

n the Baizhu Formation. Zhang et al. (2006) reported an old zir-
on (3802 ± 8 Ma)  in the interior of the Yangtze Block. Yao et al.
2011) found the oldest zircon (207Pb/206Pb age of 3959 ± 29 Ma)
n the southern part of the Cathaysia Block. The 3918 ± 32 Ma
rain of this study is by far the oldest zircon age found in the
angtze Block (including the JO). This grain has the oldest TDM2 Hf
odel age (4300 Ma)  for zircons in the SCB, indicating the Hadean

rustal growth in its provenance. Similar Hadean zircons and zir-
on Hf model ages have been reported in Western Australia (Wilde
t al., 2001; Cavosie et al., 2007; Kemp et al., 2010), with rare in
hina (Diwu et al., 2013). If this oldest grain originally sourced
rom Australia, it is possible that the SCB has been connected with
ustralia before ca. 820 Ma.  Otherwise, another Hadean crust may
ave existed outside Western Australia, consistent with the possi-
le information by ca. 3800 Ma  mafic rocks in Nuvvuagittuq, Canada
O’Neil et al., 2008; Adam et al., 2012).

.3.2. The Xiuning Formation
The largest age population (850–750 Ma)  of 09WN-7-1 from the

iuning Formation is consistent with previous observations of the
eoproterozoic magmatism on the eastern JO, e.g. the 850–800 Ma
iuning and Xucun granitoids (Li et al., 2003a), 800–780 Ma  Shang-
hu volcanic rocks (Wang et al., 2011), the 780–770 Ma  Shi’ershan
ranites and volcanic rocks (Li et al., 2003b; Zheng et al., 2008) and
he ca. 760 Ma  volcanic rocks of the Puling Formation (Wang et al.,
011). Therefore, it is reasonable to conclude that these detrital
ircons may  have been sourced from the Neoproterozoic mag-
atic rocks and related sedimentary sequences in the eastern JO.
owever, the Neoproterozoic magmatic zircons in the eastern JO
ll show positive εHf(t), and they could not provide provenances
or the negative-εHf(t) detrital zircons of 09WN-7-1 (Fig. 5B). In
ontrast, the Neoproterozoic igneous rocks in the interior of the
angtze Block show evident negative εHf(t) (e.g. the Huangling Plu-

on; Zhang et al., 2008, 2009) and they may  partly provide some
etritus.

The second age population (ca. 1700 Ma)  has been found both in
he southern Yangtze (Wang et al., 2010, 2012b) and in the northern
arch 233 (2013) 223– 236

Cathaysia (Yu et al., 2010) (Fig. 6). However, the ca. 1700 Ma Xiun-
ing detrital zircons show high negative εHf(t) and Archean model
ages, which are evidently different from those of JO and north-
ern Cathaysia sediments. They should be derived from the Yangtze
Block to the west, i.e. the interior or the Yangtze Block.

The age population at ca. 2500 Ma  is extremely analogous to that
of the western JO (Wang et al., 2007, 2010). However, the age peak
of ca. 2000 Ma  of 09WN-7-1 is absent in the western JO,  although
very few zircons of this age have been reported in the area (Wang
et al., 2007). According to comparisons on age distribution patterns
of detrital zircons from the Cathaysia Block (Yu et al., 2010) and the
Yangtze Block (Liu et al., 2008), the ca. 2000 Ma  peak is unique in
the Yangtze Block but not in the Cathaysia Block (Fig. 6G and H).
Moreover, many Xiuning ca. 2000 Ma  detrital zircons have TDM2 Hf
model ages >2800 Ma,  which are older than those of most Paleo-
proterozoic detrital zircons in the Cathaysia Block (Yu et al., 2008).
This implies that Xiuning ca. 2050 Ma  zircons are definitely from
the interior of the Yangtze Block. The ca. 2000 Ma  age peak and
the absence of Mesoproterozoic (1500–1000 Ma)  detrital zircons
in the Xiuning Formation suggest that the Paleoproterozoic detri-
tal zircons may  have all been sourced from the Yangtze to the west.
Therefore, there is a transition in provenances from the early under-
lying folded sequences to the later Neoproterozoic cover sequences
(i.e. the Xiuning Formation), which implies the back-arc basins rep-
resented by the folded sequences resulted from the northwestward
subduction along the JO have been closed and the Neoproterozoic
orogeny between the Yangtze and Cathaysia Blocks has been ter-
minated during the sedimentation of the Xiuning Formation (ca.
760 Ma).

The ages of zircons with 176Hf/177Hf ratios close to or slightly
above the ratio of depleted mantle represent the time of juvenile
crustal growth. As indicated in Fig. 5, two major crustal growth
events are significant in the provenances of the Xiuning Formation:
950–750 Ma  and 2600–2400 Ma,  and major crustal reworking took
place at 850–750 Ma,  2300–1500 Ma  and 2600–2450 Ma.

6.4. Implications for the Rodinia reconstruction

The reconstruction of supercontinent Rodinia is a key issue in
studying the Precambrian continental evolution of the Earth. Li et al.
(1995, 2008a,b,c) placed the South China Block (SCB) between East
Antarctic, East Australia and West Laurentia, based on the com-
parison of Neoproterozoic rift systems and Grenville-aged belts. In
contrast, some scholars suggested that the SCB has been located
along the western active margin of Rodinia, somewhere north
of India and northwest of Australia, based on their studies on
subduction-related magmatism and comparisons on age spectrum
of detrital zircons (Zhou et al., 2002; Wang et al., 2007; Yu et al.,
2008; Dong et al., 2011, 2012; Wang and Zhou, 2012).

We made a compilation of U–Pb ages of detrital zircons in dif-
ferent parts of the SCB and other continents possibly adjacent to
the SCB during the amalgamation of Rodinia. The age spectrum for
Baizhu detrital zircons is most similar to those from India and East
Antarctica but different from those of the southeastern Australia
and western Laurentia (Fig. 6), suggesting that southern margin
of the Yangtze Block was  probably very close to India and East
Antarctica during the Late Neoproterozoic (ca. 800–760 Ma). The
evident Grenville-aged magmatic and detrital zircons aforemen-
tioned in the southern part of the SCB constitute a zone with
innegligible amount of Grenville-aged magmatic and sedimentary
rocks, which may  link with the nearby Grenville-aged belt in other
areas, especially in Laurentia, Australia and India.
About half of the 2600–2100 Ma  detrital zircons in the Baizhu
Formation show negative εHf(t) (Fig. 5) clearly favoring sources
with old crustal components. The Hf isotopic feature of this age
range is similar to that of detrital zircons from river systems in
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Fig. 7. Paleoposition of the South China B
ource: Modified after Li et al. (2008a,b,c) and Wang and Zhou (2012).

orthern India (Condie et al., 2005). In contrast, no significant
ge peak were found at the period 2600–2100 Ma  for detrital
ircons from river sands in Western Australia and most of them
how negative εHf(t). Moreover, the 2000–1600 Ma  detrital zircons
rom Western Australia exhibit significant negative εHf(t), which
s absolutely different from the Baizhu detrital zircons. For the
700–1300 Ma  zircons, approximately half of them exhibit positive
Hf(t) values in India (Condie et al., 2005), while most of them have
egative εHf(t) in Western Australia. In this study, 6 of 10 zircons
f this period have positive εHf(t), which is more similar to those
rom India, but distinct from those in Western Australia.

The Late-Archean crust growth events mainly took place
t 2800–2600 Ma  in Australia and Laurentia, but occurred at
600–2450 Ma  in the Cathaysia Block (Yao et al., 2011) and
ntarctica (e.g. Harley and Black, 1997; Boger et al., 2000; Carson
t al., 2002; Kelly et al., 2002; Hokada et al., 2004) (Fig. 6). The
nalyses of this study, combined with published data, indicate

 significant crustal growth at 2500–2300 Ma  in the southern
argin of the Yangtze Block, which implies a close affinity of

he SCB with Antarctica and a long distance with Australia and
aurentia.

In summary, there are six lines of evidence supporting a
arginal position of the SCB in the Rodinia reconstruction based

n the published geological, geochronological, isotopic, and paleo-
agnetic studies (Fig. 7).

1) Paleomagnetic data (Evans et al., 2000; Yang et al., 2004) sug-
gests a close relationship of the SCB with India and Australia.

2) The SCB has similar Neoproterozoic to Early Paleozoic tectono-
stratigraphic records to those of India and Australia (DeCelles
et al., 2000; Jiang et al., 2003; Gehrels et al., 2003; Myrow et al.,
2003).

3) The Neoproterozoic active margin magmatism on the western
and northwestern margins of the SCB is similar to those of Sri
Lanka and Madagascar (Tucker et al., 2001).

4) A long-term (from ca. 960 Ma  to ca. 830 Ma) subduction
between the Yangtze and Cathaysia Blocks precludes an inte-
rior position for the SCB in the supercontinent Rodinia (Wang
et al., 2007).

5) There is similar age spectrum of detrital zircons in the SCB is

similar to North India and East Antarctica (Fig. 6) (Yu et al., 2008;
Hofmann et al., 2011; Wang and Zhou, 2012; this paper).

6) The Hf isotopic characteristics of detrital zircons in the SCB
are similar with Northern India, but distinct from Western
Australia.
t ∼830 Ma in the supercontinent Rodinia.

7. Conclusions

(1) Based on the U–Pb geochronological studies of detrital zir-
cons from conglomerates at the bottom of metasedimentary
cover sequences, the maximum depositional age of the Luojia-
men, Baizhu and Xiuning Formations are dated at 863 ± 4 Ma,
826 ± 7 Ma  and 763 ± 10 Ma,  respectively.

(2) The existence of ∼1300–1000 Ma  zircons in the western end of
the Jiangnan orogen suggests a zone with many Grenville-aged
magmatic or sedimentary rocks located in the southern part of
the South China Block.

(3) A Hadean detrital zircon (3918 ± 32 Ma)  was  found in the
Baizhu Formation of western JO and it may  have been derived
from the reworking of ca. 4300 Ma  Hadean crust.

(4) The provenances for the three representative metasedimentary
cove sequences (Luojiamen, Baizhu and Xiuning Formations)
have different crustal evolution. Major crustal growth events
can be identified at ∼1750 Ma  and 2500–2300 Ma for the Baizhu
Formation; 950–750 Ma  and 2600–2400 Ma  for the Xiuning
Formation. Significant crustal reworking took place in Neopro-
terozoic time in both the Baizhu and Xiuning Formations, and
also at 1700–1600 Ma,  2150–2000 Ma and 2600–2450 Ma  for
Xiuning Formation.

(5) The Baizhu Formation sediments may have been sourced from
the underlying folded sequences (Sibao Group), the Bendong
granitic plutons and the southern part of the South China Block
that is enriched of Grenville-age materials.

(6) The Luojiamen Formation sediments has sourced from the
underlying Shuangxiwu arc-related volcanic rocks and inter-
layered sedimentary rocks. Based on the comparisons on εHf(t)
values, U–Pb ages and lithologic changes in adjacent sequences,
it is possible that there was a transition from oceanic arc
into continental arc at ca. 890 Ma  in northwestern Zhejiang
Province.

(7) Based on synthetic analyses on available zircon U–Pb ages
and Hf isotopes, paleomagnetic data and tectono-stratigraphic
records, there was a close relationship between South China,
and India and East Antarctica during the amalgamation of
supercontinent Rodinia.
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