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a  b  s  t  r  a  c  t

We  present  a systematic  geochronological  and  geochemical  study  on  ca 800–760  Ma  volcanic  rocks  in  the
eastern part  of  the Jiangnan  orogen.  The  Xucun  composite  dykes  are  dated  at ca  805  Ma;  the mafic  compo-
nents have  OIB-like  trace-element  patterns  and  positive  anomalies  in  Zr and  Hf.  The  least-contaminated
sample  has  relatively  depleted  Nd isotopic  features,  suggesting  the Xucun  mafic  dykes  may  have been
generated  from  the  partial  melting  of  OIB-like  asthenosphere  with  later  crustal  contamination.  The  Xucun
felsic  dykes  have  decoupled  Nd–Hf  isotopes,  and  the  Hf-isotope  compositions  of zircons  indicate  that  the
dykes  may  be  derived  from  the  partial  melting  of  the  early  Neoproterozoic  juvenile  crustal  materials,  with
minor incorporation  of Paleoproterozoic  crustal  components.  The  ca  800–790  Ma  Shangshu  volcanics
include  two  compositional  series:  calc-alkaline  and  tholeiitic.  The  Shangshu  calc-alkaline  volcanics  in
the Minjiawu  area  have  low  abundances  of  LILE,  HFSE  and  high  Na2O contents  and  Sr/Y  ratios,  similar
to  adakitic  rocks.  The  evident  arc-like  geochemical  features  and  radiogenic  Nd  isotopes  (εNd(t)  values
of +3.7  to  +4.8)  suggest  that  these  rocks  may  have  been  generated  from  the  partial  melting  of juvenile
lithospheric  mantle  metasomatized  by  Na-rich  melts  released  from  the  subducted  slab.  The  tholeiitic
mafic  rocks  from  the  Shangshu  bimodal  volcanics  represent  two  different  magma  sources.  The  partial
melting  of  metasomatized  lithospheric  mantle  led to  the  formation  of  arc-like  basalts  with  low  TiO2

contents,  negative  anomalies  in  Zr and  Hf,  and  high  values  of  Mg# and  εNd(t)  (+6.2),  whereas  the  partial
melting  of  asthenospheric  mantle  generated  volcanic  rocks  with  high  TiO2 contents  and  low  positive
εNd(t)  (+1.4  to  +2.7),  without  negative  anomalies  of  Nb,  Ta,  Zr  and  Hf. The  Shangshu  felsic  rocks  were
formed  by  the  reworking  of early  Neoproterozoic  juvenile  arc  crustal  materials.  The  ca 760  Ma  mafic
rocks from  the  Puling  bimodal  volcanics  generally  have  low  TiO2 contents  (<0.9  wt%),  nearly  flat  REE
distributions  and  arc-like  trace-element  patterns.  They  may  have  been  generated  from  the  high-degree
partial  melting  of  metasomatized  lithospheric  mantle.  One  sample  has  a high  TiO2 content  (2.41  wt%)
and high  εNd(t)  (+6.2),  with  overall  OIB-like  trace-element  patterns,  implying  the local  partial  melting  of
asthenospheric  mantle.  The  occurrence  of significant  volumes  of  bimodal  volcanics  in  the  eastern  part
of the  Jiangnan  orogen  suggests  an  extensional  setting  in  the  period  ca  800–760  Ma.  The evident  partial

melting  of newly-metasomatized  lithospheric  mantle  and  subordinate  partial  melting  of  asthenosphere
suggest  that  post-orogenic  extension  shortly  after  the  Neoproterozoic  orogenesis  may  be  a  better  expla-
nation  for  the  genesis  of the  mid-Neoproterozoic  magmatic  rocks  in  the  eastern  part  of  the  Jiangnan
orogen.  Post-orogenic  extension  may  be  diachronous  along  the  whole  orogenic  belt,  and  probably  has
no direct  relationship  with  the  Rodinia  rifting  event.  A more  detailed  model  is  presented  to  illustrate  the
evolution  of  the  eastern  part  of  the  Jiangnan  orogen.
∗ Corresponding author. Tel.: +86 25 83686336; fax: +86 25 83686016.
E-mail address: xlwangnju@yahoo.com.cn (X.-L. Wang).

301-9268/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The term ‘orogeny’, which was  originally defined as a period
of mountain building (Gilbert, 1890), has several meanings when
applied to magmatism along continental margins. The evolution
of an orogen, commonly termed as the Wilson cycle (Wilson,

dx.doi.org/10.1016/j.precamres.2011.07.003
http://www.sciencedirect.com/science/journal/03019268
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966), generally shows a progression from the opening of a new
cean, through plate subduction, to collision, and is recorded by
etamorphism, deformation, arc and syn-collisional magmatism,

ngular unconformities, and post-orogenic extension. Some oro-
ens that show no evidence of collision have been described as
ccretionary orogens (Collins, 2002). In the continental margins of
aleo-continents or blocks, the identification of an orogenic belt
nd the reconstruction of its evolution always seem to be diffi-
ult (Burg and Ford, 1997). One especially controversial issue is
he distinction between the transition from orogenic relaxation at
ost-collisional stages and back-arc areas to post-orogenic within-
late rifting (e.g., Bonin, 2004; Hyndman et al., 2005). In orogens
hat do not have enough diagnostic features in their regional meta-

orphism and deformation, magmatism and especially magmatic
ssociations may  become the most important factor in studying
he orogenic evolution. Because the interpretations of geochemical
ata from magmatic rocks in orogenic belts are not always unique
nd unambiguous (e.g., Li et al., 2007; Wang et al., 2010a), it is nec-
ssary to combine the characteristics of magmatic associations and
he whole evolutionary framework to define the tectonic settings
t a given point in time.

The Jiangnan orogen, located between the Yangtze and
athaysia blocks (Fig. 1a), was formed during early to middle Neo-
roterozoic time due to the assembly of the two blocks (Zhou and
hu, 1993; Charvet et al., 1996; Zhao and Cawood, 1999; Zhou et al.,
004; Wang et al., 2007, 2010b, 2010c).  The final amalgamation led
o the formation of the South China Block (SCB) in Neoproterozoic
ime (ca 860–820 Ma;  Wang et al., 2007), although there was prob-
bly a failed rift approximately along the orogenic belt following
he collision (Li et al., 1995). The extent and process of this assem-
ly undoubtedly played a role in the generation of the abundant
hanerozoic magmatic rocks in the SCB. Therefore, the formation
nd evolution of the Jiangnan orogen have become a key issue in
nderstanding the geology of the SCB.

The tectonic processes that built this orogen have been dis-
ussed for over three decades since Guo et al. (1977) proposed
he ‘trench-arc-basin system’ model. It has been generally accepted
hat the orogen formed by the late Mesoproterozoic to early Neo-
roterozoic collision between the Yangtze and Cathaysia blocks
e.g., Bai et al., 1986; Shui et al., 1986; Chen et al., 1991; Cheng, 1991;
hou and Zhu, 1993; Shu and Charvet, 1996; Charvet et al., 1996).
he geological evidence for this orogenesis includes the presence
f ophiolites, high-pressure blueschists, island-arc volcanic rocks,
eformation and angular unconformities in the Jiangnan orogen.

Early, less reliable dating results suggested that the Jiangnan
rogen could be correlated with the Rodinia supercontinent that
as mainly formed by Grenvillian-age orogenesis. However, more

ecent work dates the final amalgamation of the Yangtze and
athaysia blocks to later than ca 860 Ma,  based on detrital zir-
on data for basement sequences (Wang et al., 2007; Zhou et al.,
009). The position of the SCB in Rodinia and the tectonic set-
ings of Neoproterozoic magmatism in the Jiangnan orogen have
ecome hotly-debated issues in the last decade, represented by
hree main models. The ‘plume’ model (Li et al., 1999, 2003a,b,
008a,b) suggests that the ca 850–750 Ma  magmatism in the Jiang-
an orogen was related to a mantle (super-) plume and placed the
CB in the interior of Rodinia, between the eastern part of Australia
nd the southwestern part of Laurentia. However, the ‘slab-arc’
odel (Zhou et al., 2002, 2004, 2009; Wang et al., 2004, 2006, 2007,

008a; Yu et al., 2008) argues that the orogen was not directly
onnected to the main body of Rodinia, but existed as an isolated
lock, close to Australia and India, and considered the Neoprotero-

oic magmatic rocks as the products of subduction orogenesis. The
plate-rift’ model (Zheng et al., 2008) emphasizes the partial melt-
ng of different source materials during the tectonic collapse of an
rc-continent collisional orogen. To test these different models, it
rch 222– 223 (2012) 404– 423 405

is  essential to carry out detailed geological, structural and petro-
logical investigations and more precise dating and comprehensive
geochemical work are necessary. In this study, we  present new LA-
ICP-MS zircon data and geochemical data for the ca 800–760 Ma
volcanic rocks in the eastern part of the Jiangnan orogen, which
provide important insights into the tectonic evolution of the oro-
gen.

2. Geological background

As a major block in East Asia, the South China Block (SCB) is sep-
arated from the North China Craton by the Qinling-Dabie orogen
and from Tibet to the west by the Songpan-Ganze belt and Panxi
Belt (Fig. 1a). The nearly W-E  trending ca 1500 km Jiangnan orogen
is located in the middle of the SCB, and divides it into two blocks:
the Yangtze Block to the northwest and the Cathaysia Block to the
southeast (Fig. 1a). Mesozoic granitoids and late Neoproterozoic
strata are widespread in the Cathaysia Block (Zhou et al., 2006a),
with a very few Paleoproterozoic sequences and magmatic rocks
preserved in southern Zhejiang Province (Yu et al., 2009, 2010).
The Yangtze Block has a late Archean continental nucleus in the
Kongling area, and is surrounded by the Meso- to Neoproterozoic
strata and magmatic rocks (Zhao et al., 2010). The Jiangnan oro-
gen can be basically divided into two  parts: (1) the western part is
mainly distributed in western and northern Hunan Province, north-
eastern Guizhou Province and northern Guangxi Province (Zhou
et al., 2004, 2009; Wang et al., 2004, 2006); (2) the eastern part
covers western, northern and northeastern Jiangxi Province, south-
ern Anhui Province, and northwestern Zhejiang Province (Zhou and
Zhu, 1993; Shu and Charvet, 1996). Several types of orogenesis-
related geological evidence are preserved in the eastern part of the
Jiangnan orogen, including the ca 1.0–0.96 Ga ophiolites (Cheng,
1991; Zhou and Zhu, 1993), ca 930–880 Ma  arc volcanic rocks and
syn-collisional magmatic rocks in the Shuangxiwu area near Shaox-
ing city (Cheng, 1991; Li et al., 2009; Fig. 1b), and 866 ± 14 Ma
high-pressure blueschists in northeastern (NE) Jiangxi Province
(Charvet et al., 1996). Two major faults, the Jiangshan-Shaoxing
Fault and the NE-trending Jiangxi Fault mark the southeastern mar-
gin of the Jiangnan orogen (Fig. 1b), with the former being the main
boundary between the Yangtze and Cathaysia blocks (Zhou, 2003).

Magmatism in the eastern part of the Jiangnan orogen is dom-
inated by Neoproterozoic granitic rocks, as indicated in Fig. 1b.
The ca 820 Ma  granitoids, including the Jiuling, Xucun, Xiuning and
Shexian plutons (Fig. 1b), have received considerable attention in
recent years (e.g., Zhou and Wang, 1988; Li et al., 2003a; Zheng
et al., 2007). These granitic rocks intrude the Shuangqiaoshan
Group, which is regarded as the basement sequence in the areas of
Jiangxi and southern Anhui Provinces (Fig. 1b). These sedimentary
sequences previously were considered to be of Mesoprotero-
zoic age, but newly published zircon U–Pb dating results for the
interlayered volcanic rocks and the adjacent similar sequences
suggest that they are most likely to have formed in the period
870–820 Ma  (Wang et al., 2007, 2008b).  The Shuangqiaoshan Group
is unconformably overlain by Neoproterozoic volcano-sedimentary
sequences, including the Luojiamen, Hongchicun and Shangshu
Formations, from bottom to top (Fig. 2; Wang and Li, 2003). The
Luojiamen Formation is composed mainly of conglomerates, sand-
stones and turbidites. It unconformably overlies the arc-related
Shuangxiwu Group in northern Zhejiang Province, representing
a foreland basin in the area (Cheng, 1991). The Hongchicun For-
mation is composed of purple conglomerates, sandstones (Cheng,

1991) and few volcanic rocks with zircon SHRIMP U–Pb age of
797 ± 11 Ma  (Li et al., 2003b).  The Shangshu Formation dominates
the Neoproterozoic cover in the eastern part of the Jiangnan oro-
gen, and comprises at least two stages of volcanic eruption, with
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ig. 1. Geological map  of the eastern part of the Jiangnan orogen. (a) Outline of th
t  al., 2002). The ca 820 Ma  granitic plutons (Xiuning, Xucun, Shexian, and Jiuling) a

asalts, basaltic andesites, andesites, dacites, rhyolites and tuffs
Fig. 2; Shu et al., 1995). This formation is mainly distributed along
he Jiangshan-Shaoxing Fault in northern Zhejiang Province and
he NE Jiangxi Fault in southern Anhui Province and northeastern
iangxi Province (Fig. 1b). The Shangshu volcanic rocks in turn were
ntruded by the 779 ± 11 Ma  Shi’ershan granites in southern Anhui
Li et al., 2003b). Li et al. (2008b) gave a zircon SHRIMP U–Pb age of
92 ± 5 Ma  for the Shangshu rhyolites in northern Zhejiang. Zheng
t al. (2008) found two age groups in zircons from the Shangshu For-
ation in southern Anhui, and interpreted the ages of 779 ± 7 Ma

nd 773 ± 7 Ma  as the timing of the eruption. Nearly contemporane-
us with the Shangshu Formation and the Shi’ershan granites was
he emplacement of the A2-type Daolinshan granites that intrude
he Shuangxiwu Group, with published ages of 794 ± 9 Ma  (Li et al.,
008b) and ca 780 Ma  (Wang et al., 2010b).  They show bimodal
eatures with associated mafic dykes (Li et al., 2008b).

Similar bimodal mafic-felsic dykes occur in Xucun and Puling
illages, southern Anhui. The Xucun composite dykes cut the north-
rn part of the ca 820 Ma  Xucun Pluton (Tang et al., 1997), but
heir ages and tectonic settings remain unclear. They are composed
f over twenty parallel dykes, generally showing NE-stretching,
ith widths about 2–7 m for individual dykes (Tang et al., 1997).
iabase and granitic porphyry are the two distinctive rock types

n the composite dykes. The Puling Formation, which was  pre-
iously considered basically equivalent to the upper part of the
hangshu Formation (BGMRAP, 1987), is unconformably overlain

y the Sinian Xiuning Formation (Ma et al., 2001). It is composed
f andesites and tuffs, and lesser tuffaceous sandstones (BGMRAP,
987). Ma  et al. (2001) proposed that the main rock types of the for-
ation are basalts, basaltic andesites, tuffs, and sandstones, formed
ogical units of the SCB; (b) Eastern part of the Jiangnan orogen (modified after Ma
e ca 780 Ma  Shi’ershan Pluton are indicated.

in an extensional (rift) setting. This formation also lacks precise
dating constraints. In this study, we investigated typical profile
of the Puling Formation near the Tuanjie Village, southern Anhui
Province, and found that it is in fact composed of bimodal volcanic
rocks, including basalts, rhyolites and few tuffs. After the deposi-
tion of the Xiuning Formation, there was no evident Precambrian
magmatic activity in the eastern part of the Jiangnan orogen.

Here we present chronological and detailed geochemical data
for the volcanic rocks of the Shangshu Formation the Xucun com-
posite dykes and the Puling Formation. On the basis of these new
data, we present an alternative evolution model for the tectonic
evolution of the eastern part of the Jiangnan orogen during Neo-
proterozoic time.

3. Petrography

3.1. Xucun composite dykes

The compositions of individual dykes in the Xucun area can be
mafic, felsic or intermediate. Most of the plagioclase in the diabases
is replaced by calcite, although they generally keep their prismatic
shapes. Most of the pyroxene has been replaced by chlorite and
magnetite. Some samples show a porphyritic texture, with phe-
nocrysts of pyroxene and plagioclase (An = 42–50; Tang et al., 1997).
A few quartz grains are surrounded by pyroxene due to disequilib-
rium reactions, suggesting that they may  have been captured from

the granitic porphyry.

The granite porphyries are relatively fresh, although the replace-
ments by calcite, chlorite and sericite can also be found in these
rocks. The phenocrysts are composed of �-quartz and plagioclase
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Fig. 2. Geological map  showing the distribution of the Shangshu Formation in the eastern part of the Jiangnan orogen (modified after JPIGS, 2006, 2007). The lower right
inset  is the stratigraphic column of the Shangshu Formation.
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ig. 3. Field pictures of the Shangshu and Puling bimodal volcanics. (a) Field draw
ith  vesicular structure. (c) Field photo showing the vesicular structure in the Pulin

An = 25–30). Embayments are generally developed at the margins
f the �-quartz, which may  have resulted from shrinking during
he phase transition to �-quartz. In addition, needle-like apatite is
enerally present in the granitic rocks, suggesting a rapid eruption
rocess.

.2. Shangshu formation

The Shangshu volcanic rocks were collected from southern
nhui and northwestern Zhejiang Provinces, around the Shi’ershan
ranite pluton. The volcanic rocks in the Minjiawu area of north-
astern Jiangxi Province are composed of mafic and intermediate
ocks, lacking felsic rocks. The other mafic rocks of the Shangshu
ormation generally show a bimodal distribution of compositions
Fig. 3a). As presented in the following section, the two series show
ifferent geochemical characteristics. Therefore, we  have separated
hese rocks into two subgroups in the discussion section: the Min-
iawu volcanics and the Shangshu bimodal volcanics. Some of the
asalts of the Shangshu bimodal volcanics show pillowed and vesic-
lar structures (Fig. 3b). Mafic minerals of the rocks are replaced by
hlorite, calcite, epidote, and magnetite. Plagioclase (An = 53–62) is
elatively fresh and shows a preferred orientation, suggesting an
ruptive feature. The volcanics in the Minjiawu area are relatively
resh, and show a distinct preferred orientation, suggesting magma
owage. Plagioclase (An = 26–32) and pyroxene are the dominant
henocrysts in these volcanics. Tiny fresh hornblendes are pre-
erved, whereas pyroxenes are replaced by calcite.

The rhyolites from the Shangshu bimodal volcanics are rela-
ively fresh. K-feldspar is the dominate phenocryst, with minor

lagioclase and quartz. The twins of plagioclase are generally bent,
uggesting the effect of later stress. The re-crystallization of quartz
s evident in many samples, suggesting that the Shangshu volcanics
xperienced low-grade metamorphism similar to Neoproterozoic
 the Shangshu bimodal volcanics. (b) Field photo of the Shangshu pillowed basalt
alts. (d) The elongate vesicular structure in the Puling basalts.

detrital sedimentary rocks in the eastern part of the Jiangnan oro-
gen.

3.3. Puling formation

The volcanic rocks of the Puling Formation show different colors
in the field, with caesious basalts, purple rhyolites and off-white
tuffs. A vesicular structure is widely developed in the basalts
(Fig. 3c), and vesicles show flattened and elongate shapes (Fig. 3d),
suggesting the flow of magma. Some of the vesicles are filled
with calcite. The vesicular structure in sample 09WN-2-7 is not
as marked as in the other samples, and prismatic plagioclases
(An = 41–50) in the sample do not show preferred orientation. The
rhyolites and tuffs of the Puling Formation are not very fresh, due
to reworking by later tectonic processes; this has produced a schis-
tosity defined by orientated tiny flakes of muscovite. Quartz is the
main phenocryst in the rhyolites.

4. Analytical methods

Representative samples were selected for zircon U–Pb dating;
the isotopic results are listed in Table 1. Zircons were sepa-
rated using conventional heavy liquid and magnetic techniques,
mounted in epoxy resin and polished down. Cathodo-luminescence
(CL) images of zircons were acquired at the State Key Laboratory of
Continental Dynamics, Northwest University (NWU), Xi’an. LA-ICP-
MS zircon U–Pb dating was carried out at the State Key Laboratory
for Mineral Deposits Research (MiDeR), Nanjing University (NJU),
using an Agilent 7500a ICP-MS attached to a New Wave 213 nm

laser ablation system. All of the spot analyses were carried out using
a beam with a ca 25 �m diameter and a repetition rate of 5 Hz and
70% energy. Detailed analytical procedures and data acquisition are
similar to those described by Wang et al. (2007).
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Major-element compositions of the samples were analyzed
sing an ICP-AES (JY38S) at the MiDeR, NJU, with analytical pre-
ision generally better than 2% (RSD). Trace elements in the
ucun composite dykes were analyzed using ICP-MS (Finni-
an MAT-Element 2) techniques at the MiDeR, NJU. The Puling
imodal volcanics and some samples from the Shangshu For-
ation were analyzed using ICP-MS (Finnigan MAT-Element)

t the Institute of Geochemistry Chinese Academy of Sciences,
uiyang. Analytical precision for most elements analyzed by

he Element instruments is better than 5%. The remaining sam-
les were analyzed using ICP-MS (PerkinElmer) at ALS Chemex,
uangzhou. Analytical precision for most elements is better than
0%. Sr–Nd isotopes were analyzed using ID-TIMS (Finnigan MAT
riton TI) at the MiDeR, NJU. Chemical separation procedures
re similar to those described by Pu et al. (2005),  with relative
tandard deviation (RSD) lower than 5 × 10−6. Mass fractionation
as corrected assuming 86Sr/88Sr = 0.1194. Mass fractionation of
d isotopes was corrected assuming 146Nd/144Nd = 0.7219. The

Nd(t) values were calculated based on the Nd isotopic com-
ositions of 143Nd/144Nd (CHUR) = 0.512638 and 147Sm/144Nd
CHUR) = 0.1967.

Zircon Lu–Hf analyses were carried out in situ using a Geolas
Q 193 nm ArF excimer laser ablation system at the Institute of
eology and Geophysics, CAS. The analytical techniques are simi-

ar to those described in detail by Wu  et al. (2006a). All analyses
ere carried out using a beam with a ca 40–50 �m diameter and

 6 Hz repetition rate. A new TIMS-determined value of 0.5887
or 176Yb/172Yb was applied for correction (Vervoort et al., 2004).
he decay constant for 176Lu of 1.865 × 10−11 year−1 proposed
y Scherer et al. (2001) was adopted in this work. εHf values
ere calculated according to the chondritic values of Blichert-

oft et al. (1997).  Single-stage model ages (TDM1) were calculated
eferred to the depleted mantle with a present-day 176Hf/177Hf
atio of 0.28325, similar to that of the average MORB (Nowell
t al., 1998) and 176Lu/177Hf ratio of 0.0384 (Griffin et al., 2000).

 “crustal” model ages (TDM2) were also calculated by assuming
he parent magma  was produced from average continental crust
176Lu/177Hf = 0.015; Griffin et al., 2000) that originally was derived
rom the depleted mantle.

. Dating results

.1. Xucun composite dykes

Sample 07XC-1-5 (N30◦01′41.1′′, E118◦19′28.0′′) is a granite
orphyry. Zircons from the sample are generally prismatic in
hape with clear oscillatory zoning (Fig. 4). Th and U contents
f the twenty dated zircons range between 28 and 405 ppm and
2–430 ppm, respectively, and Th/U ratios vary from 0.29 to 1.48.
ne analysis shows a relatively older 206Pb/238U age of 831 ± 9 Ma,
hich is identical with the crystallization age of the Xucun Plu-

on, suggesting that the zircon was captured from the wall rock.
he remaining nineteen analyses yielded a weighted average
06Pb/238U age of 805 ± 4 Ma  (Fig. 5a; n = 19, MSWD = 0.54).

Sample 07XC-1-1 is a diabase collected from a site near
ample 07XC-1-5. Ten zircons separated from the rock are gen-
rally tiny, with lengths of 50–80 �m and widths of 40–60 �m,
nd show fainted broad oscillatory zoning (Fig. 4). Two  zircons
ave late-Mesoproterozoic ages (1108 ± 12 Ma  and 1001 ± 12 Ma).
ne zircon is strongly discordant, with a 207Pb/206Pb age of
469 ± 27 Ma  (Table 1; Fig. 5b). The remaining seven zircons fall
nto a group, yielding an upper intercept age of 807 ± 10 Ma  and
 weighted average 206Pb/238U age of 804 ± 7 Ma  (Fig. 5b; n = 7,
SWD  = 0.64); the latter is considered to best represent the crys-

allization age of the diabases in the Xucun dykes.
rch 222– 223 (2012) 404– 423 409

Therefore, the mafic and felsic rocks from the Xucun composite
dykes have identical U–Pb ages of ca 805 Ma,  and the similarity of
ages is also consistent with the field observations.

5.2. Shangshu formation

Sample 09JX-3-1 (N28◦48′55.59′′, E117◦42′26.47′′) is a basalt
collected from the Shangshu Formation in the Minjiawu area,
northeastern Jiangxi Province. Zircons generally show broad and
bright oscillatory zoning (Fig. 4). Of 18 zircons, two yield Archean
207Pb/206Pb ages (Table 1; 2591 ± 45 Ma  and 2517 ± 40 Ma), and
six give Paleoproterozoic 207Pb/206Pb ages (Table 1). The remain-
ing nine analyses are identical within error, and yield a weighted
average 206Pb/238U age of 802 ± 8 Ma  (Fig. 6a; n = 9, MSWD  = 1.0).

Sample 10SS-4-2 (N29◦31′27.69′′, E118◦20′19.95′′) is a dacite
from southern Anhui Province, adjacent to the Shi’ershan Pluton.
Fifteen analyses have Th/U ratios ranging from 0.35 to 1.05. One
spot analysis yields a 207Pb/206Pb age of 2412 ± 48 Ma;  the other
14 analyses have identical ages, and yield a weighted average
206Pb/238U age of 794 ± 7 Ma  (Fig. 6b; n = 14, MSWD  = 0.19).

Sample 10SS-16-1 (N29◦14′49.98′′, E118◦05′23.60′′) is a rhy-
olitic porphyry. Zircons from this sample have Th/U ratios of
0.75–1.11. Fourteen analyses from this sample fall in a group, yield-
ing a weighted average 206Pb/238U age of 797 ± 6 Ma  (Fig. 6c; n = 14,
MSWD  = 0.18).

Sample SS-20 (N29◦05′42.0′′, E118◦03′32.4′′) is a rhyolite col-
lected at the boundary between Jiangxi and Zhejiang Provinces.
Nine spot analyses of zircons were obtained, with Th/U ratios
from 0.49 to 0.73, and yield a weighted average 206Pb/238U age of
797 ± 5 Ma  (Fig. 6d; n = 9, MSWD  = 0.17).

5.3. Puling formation

Three samples from the Puling Formation were dated. 09WN-1-
1 (N29◦58′15.25′′, E117◦33′05.72′′) is a rhyolite sample, from which
15 zircons were analyzed. They generally have oscillatory zoning
(Fig. 4), and their Th and U contents are relatively low, with the
ranges of 11–245 ppm and 13–212 ppm, respectively. Th/U ratios
range from 0.59 to 1.80. One analysis gives a Paleoproterozoic
207Pb/206Pb age of 2317 ± 67 Ma  (Table 1; Fig. 7a). The other 14
analyses are identical within error, yielding a weighted average
206Pb/238U age of 765 ± 7 Ma  (n = 14, MSWD  = 0.34).

Sample 09WN-4-1 (N29◦58′16.36′′, E117◦33′06.99′′) is a tuff.
Zircons from the sample are tiny and also have clear oscillatory
zoning (Fig. 4). Th/U ratios of the dated twenty-two zircons range
from 0.64 to 3.4, except for one analysis (Th/U = 0.1) which has a
207Pb/206Pb age of 2048 ± 15 Ma.  Although some analyses are not
concordant, the 207Pb/206Pb ages show three peaks for inherited
zircons: ca 2.6–2.4 Ga (five spots), ca 2.1–1.8 Ga (nine spots), and
ca 1.05 Ga (two spots). The remaining six analyses yield a weighted
average 206Pb/238U age of 751 ± 8 Ma  (Fig. 7b; n = 6, MSWD  = 0.18).

Sample 09WN-6-1 (N29◦58′23.63′′, E117◦33′07.43′′) is also a
tuff. Zircons from it are tiny and also have clear oscillatory zon-
ing (Fig. 4). Th/U ratios of the dated 14 zircons range from 0.79 to
2.77. Two  analyses show Paleoproterozoic (ca 2.0 Ga) ages, and one
gives a late Mesoproterozoic age of 1008 ± 26 Ma. Six analyses have
206Pb/238U ages around 860–820 Ma,  and the other five spot analy-
ses yield a weighted average 206Pb/238U age of 763 ± 12 Ma (Fig. 7c;
n = 5, MSWD  = 0.035).

Summarizing these data, we propose a mean age of ca 760 Ma
as dating the eruption of the Puling volcanics. The tuffs have many
inherited zircons, and their age peaks in Paleoproterozoic and late

Archean time (Fig. 7d) are consistent with ages from the detrital
zircons of the basement sequences (Wang et al., 2007; Zhou et al.,
2009). The ages of the Neoproterozoic inherited zircons (Fig. 7c) are
basically coincident with the crystallization ages of the widespread
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Fig. 4. Representative cathodo-luminescence (CL) images for analyzed zircons. The dating spots are denoted by the solid open circles with analyzed 206Pb/238U ages.
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eoproterozoic granitoids in the Jiangnan orogen (e.g., Li et al.,
003a; Wang et al., 2006).

. Geochemistry

.1. Classification

Major-element and trace-element data are listed in Table 2.
ecause of high LOI contents in some samples, totals for major
xides of the mafic to intermediate rocks are recalculated to 100%
volatile free) for presentation in plots. On the alkali–SiO2 diagram
nd Zr/TiO2–Nb/Y diagram (Fig. 10a  and b), most of the mafic rocks
f this study classify as basalts and basaltic andesites, and the felsic
ocks classify as rhyolites and dacites. A few samples of the Min-
iawu volcanics are classified as andesite and dacites (Fig. 8b). The
elsic rocks of this study are further classified as peraluminous,
sing the ACNK-ANK diagram (Fig. 8c). The tuffs and rhyolites of
he Puling Formation are not shown in Fig. 8 because their high ASI

Aluminum saturation index) values are outside the scale. The fel-
ic rocks fall within or close to the areas of I, M and S-type granites
Fig. 8d), distinguishing them from the published analyses of the
hangshu felsic volcanics (Li et al., 2008b)  and Daolinshan granites
nic rocks of the Shangshu Formation.

(Wang et al., 2010b)  that are adjacent to the Jiangshan-Shaoxing
Fault.

The volcanic rocks of this study are mainly classified as sub-
alkaline in the alkali–SiO2 and Zr/TiO2–Nb/Y diagrams (Fig. 8a and
b). In order to understand the attributes of the studied volcanic
rocks, we use the AFM diagram to provide further classifications.
The mafic to felsic rocks of the Xucun composite dykes show a clear
calc-alkaline tendency, with a few samples plotting in the tholei-
itic field (Fig. 9a). The Minjiawu volcanics also define a calc-alkaline
tendency (Fig. 9b), while the Shangshu bimodal volcanic rocks basi-
cally have a tholeiitic trend (Fig. 9c), suggesting the complexity of
magma  sources of the Shangshu volcanics. The Puling volcanics,
especially the mafic rocks, show a tholeiitic trend (Fig. 9d).

6.2. Xucun composite dykes

The granitic porphyries of the Xucun composite dykes have
restricted SiO2 contents, within the range of 68.06–70.12 wt%. The

diabases have SiO2 contents ranging from 50.0 to 54.8 wt% (Table 2).
One sample (10WN-15-3) from the mafic dykes has an intermediate
SiO2 content of 61.5 wt%. TiO2 contents of the diabases range from
1.17 to 2.17 wt%. The MgO  contents are not high, within the range
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f 2.64–5.71 wt%, yielding fractionated Mg# of 27–51. Although the
a2O contents of the mafic to intermediate rocks show rough pos-

tive correlations with the Mg#, the K2O contents are scattered,
uggesting that the high Na2O/K2O ratios (1.09–3.62) of the mafic
ocks may  reflect the observed alteration.

The rocks from the Xucun composite dykes show similar distri-
utions of rare earth elements (REE) and trace elements (Fig. 10),
hether they are felsic or mafic in composition. Light REEs (LREE)

re moderately enriched (Fig. 10a  and c), with (La/Yb)N values of
.77–9.16 for mafic to intermediate rocks and of 5.84–8.30 for
ranitic porphyries (Table 2). The depletions in Nb and Ta are sim-
lar to those seen in average continental-arc basalts (Fig. 10b).
owever, the high LILE contents, the strongly positive Pb anoma-

ies, the absence of positive Sr anomalies in most samples, and the
ositive anomalies in Zr and Hf (Fig. 10b) suggest that they were
ot generated from the metasomatized lithospheric mantle. There-

ore, the negative anomalies of Nb and Ta may  dominantly result
rom crustal contamination.

The rocks from the Xucun composite dykes have Nd-isotope

ompositions reflecting their LREE enrichment. Except for one sam-
le (07XC-04-1, εNd(t) = –1.4), the diabases and granitic porphyries
ave similar low 143Nd/144Nd ratios (from 0.512205 to 0.512356),
iving low εNd(t) values of −5.5 to −8.4 (Table 3). The granitic
U-Pb age s (Ma )

 Puling bimodal volcanic rocks.

porphyries have similar Nd-isotope features to the diabases, with
εNd(t) values of −7.4 to 8.4 vs −5.5 to −6.6.

The dated zircons were further analyzed for Lu–Hf isotopes
(Table 4). Because the zircon grains are tiny, only seven Hf isotope
spot analyses were obtained for zircons of the diabase. Two zircons
with late Mesoproterozoic ages have εHf(t) values of −3.5 and −8.0,
with calculated TDM2 of 2167 ± 31 Ma  and 2381 ± 39 Ma,  respec-
tively. The remaining five analyses with ages around ca 800 Ma have
positive εHf(t). Among them, one analysis has the highest εHf(t) of
+14.5, suggesting the presence of extremely depleted mantle com-
ponents (high Lu/Hf) in the magma  source. The other four analyses
have TDM1 from 1175 to 1240 Ma,  very similar to the Hf isotopes of
zircons from other Neoproterozoic granitoids in the eastern part of
the Jiangnan orogen (Wu et al., 2006b; Zheng et al., 2007, 2008). Zir-
cons from the granitic porphyry have similar Hf-isotope features,
with a mean εHf(t) value of +3.8 ± 0.7 (n = 18, 2�, MSWD  = 5.7) and
a mean TDM1 of 1222 ± 26 Ma (n = 18, 2�, MSWD  = 4.3), probably
suggesting the reworking of juvenile arc-related crustal materi-
als. One analysis has a negative εHf(t) of −4.11 ± 0.9, indicating

that old crustal components may  have also been incorporated
into the magma  source. The Hf isotopes of the zircons are decou-
pled from the whole-rock Nd isotopes of the granitic porphyries
(εNd(t) = −7.35 to −8.45), which may be generated from the zircon
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after  Winchester and Floyd, 1977). (c) ACNK-ANK diagram (after Maniar and Picc
ractionated I-type granitoids; OGT-field for I-, S- and M-type granitoids.
ata source of the Daolinshan granites and Shangshu rhyolites is from Li et al. (200

ffect during the weathering of arc-derived materials (Zheng et al.,
008).

.3. Minjiawu volcanics

The Minjiawu volcanics have SiO2 contents ranging from 52.1
o 64.6 wt%. TiO2 contents are below 1.0 wt% (0.29–0.90 wt%).
xcept for sample 10JX-3-1 which has the highest MgO  content
8.07 wt%) and Mg# (62), the volcanics have high Al2O3 contents
17.6–19.1 wt%) and low Mg# (from 29 to 49). The Minjiawu vol-
anics (except for sample 09JX-7-1) have high Na2O/K2O ratios
from 5.92 to 47.58). Sr/Y ratios are higher for these Na-rich rocks,
anging from 22 to 242. The Y contents (from 10.7 to 18.3 ppm) and
b contents (from 0.94 to 2.0 ppm) of the Na-rich rocks are basically

ower than 18 and 1.9 ppm, respectively, which resemble those of

ypical adakitic rocks (Defant and Drummond, 1990).

The intermediate rocks have relatively high REE contents and
teep LREE patterns (Fig. 11a), with (La/Yb)N values of 5.54–5.64.
hey have scattered and high LILE contents, strongly positive Pb
89); (d) 10000 × Ga/Al vs (Zr + Nb + Ce + Y) diagram (after Eby, 1990). FG-field for

d Wang et al. (2010b).

anomalies and evident Zr and Hf positive anomalies (Fig. 11b),
similar to the Xucun granitic porphyries. The mafic rocks have rela-
tively low REE contents, and weak positive Eu anomalies (Fig. 11a;
Table 2). The positive anomalies in Ba, Pb, and Sr are evident in
these samples (Fig. 11b). The contents of other LILEs and incom-
patible elements are very low. Especially the Th, U, K, Nb and Ta
contents are lower than those of typical oceanic-arc basalts (OCB).
The negative anomalies in Nb and Ta are evident, and there are
no positive anomalies of Zr and Hf (Fig. 11b), suggesting that the
magma  source may  be related to the subduction of the oceanic slab.

The Minjiawu volcanics show initial 87Sr/86Sr ratios ranging
from 0.7040 to 0.7047. The 143Nd/144Nd ratios are high (from
0.512476 to 0.512613), generating positive εNd(t) values of +3.7
to +4.8 (Table 3), suggestive of a depleted-mantle source.
6.4. Shangshu bimodal volcanics

The mafic rocks of the Shangshu bimodal volcanics can be
divided into two  subgroups. Group 1 has relatively high Mg# (from
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4 to 62) and enriched LREE ((La/Yb)N of 8.77–13.7) (Fig. 11c;
able 2). Fractionations of MREE relative to HREE are also evident,
ith (Gd/Yb)N values varying from 2.3 to 2.8. The negative anoma-

ies in Nb, Ta, Zr and Hf are evident in these samples (Fig. 11d).
he trace-element distribution patterns are basically similar to
hose of typical continental-arc basalts, but rather different from
hose of oceanic-island basalts (OIB) (Fig. 11d). Group 2 has rel-
tively low Mg# (41–49). Fractionations of LREE relative to HREE
re not evident in these samples (Fig. 11e), with (La/Yb)N values of
.2–3.7. One sample (10SS-10-3) has negative Ce anomaly, as well
s positive anomalies of Rb, Ba and K (Fig. 11f), which may  reflect
he observed alteration. The LILE contents are clearly lower than
hose of OIB. The negative anomalies in Nb and Ta are also evident,
imilar to those of average continental-arc basalts. However, the
ositive anomalies in Zr and Hf, as well as the high TiO2 contents
1.54–3.13 wt%) resemble those of OIB.

The Shangshu rhyolites generally have high SiO2 contents, with
ost samples ranging from 69.8 to 76.8 wt% (Table 2). K2O contents

re mostly higher than Na2O. These rocks have clearly negative
nomalies in Eu, Nb, Ta, Sr, P, and Ti (Fig. 11g  and h), similar to
any Neoproterozoic granitoids along the Jiangnan orogen (Li et al.,

003a, 2008b).
Most of the Shangshu bimodal volcanics have high Rb/Sr ratios,
eading to unreasonably high initial 87Sr/86Sr ratios (Table 3). Sam-
les 10SS-3-4 and 10SS-10-2 have initial 87Sr/86Sr ratios of 0.7089
nd 0.7110, respectively, possibly suggesting the incorporation of
rustal materials in their magma  source, or crustal contamination
during eruption. Sample 10SS-3-4 has the highest εNd(t) (+6.2), sug-
gesting a depleted-mantle source. The mafic rocks of Group 2 have
relatively low εNd(t) values, ranging from +1.4 to +2.7 (Table 3). The
εNd(t) values of the rhyolites range from −1.9 to +0.4.

6.5. Puling formation

The basalts from the Puling Formation have similar geochemical
features, except for sample 09JX-2-7 which has high TiO2 (2.4 wt%)
and low Zr/Nb ratio (16.8). The other basalts have TiO2 contents
ranging from 0.56 to 0.87 wt%, and Mg# from 44 to 67. The enrich-
ment of LREE (except La) is not evident (Fig. 12a). One sample
(09WN-3-2) has fractionated HREE, probably suggesting the pres-
ence of residual garnet in the source. The nearly flat distributions of
REE are similar to those of typical arc volcanics in subduction set-
tings. The negative anomalies in Nb and Ta are evident (Fig. 12b).
Most of the samples have low abundances of LILE HFSE. Overall,
the trace-element distribution patterns of these basalts are similar
to those of the average arc basalts, and completely different from
those of OIB (Fig. 12b). However, sample 09JX-2-7 has enriched
LREE (Fig. 12a) and HFSE (Fig. 12b), without negative anomalies in
Nb and Ta, and is rather similar to that of the Group 2 mafic rocks of
the Shangshu bimodal volcanics. This sample has the highest εNd(t)

(+6.2), and the other basalts have εNd(t) ranging from +1.3 to +3.1.

The tuffs and rhyolites of the Puling formation have geochemical
features similar to the Shangshu rhyolites. Negative Eu anomalies
are evident (Fig. 12c). However, negative Ba anomalies are absent
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n these rocks (Fig. 12d). Their Nd isotopes suggest LREE enrich-
ent and low Sm/Nd, with εNd(t) of −9.8, giving in Paleoproterozoic
odel ages of 2230–2233 Ma.

. Discussion

.1. Magmatic processes and crustal contamination

In contrast to the ca 850–820 Ma  magmatism in the eastern
art of the Jiangnan orogen, which is dominated by intrusive rocks
Wang et al., 2006), the ca 800–760 Ma  magmatic rocks in the
rea are dominated by volcanic rocks with compositions ranging
rom basaltic to granitic. Therefore, it is necessary to discuss the
enetic relationship between the different rock types and to eval-
ate the role of crustal contamination in their petrogenesis. The
rustal contamination can be monitored by plots involving the Nd
sotopes. Rough negative correlations between SiO2 and εNd(t) can
e observed in the Xucun and Puling mafic rocks (Fig. 13a), imply-

ng the crustal contamination. The weak positive correlation in
he Shangshu mafic rocks probably is not significant because two
amples with clearly low SiO2 contents may  have undergone sig-
ificant alteration. The Minjiawu volcanics have constant εNd(t)
Fig. 13a), precluding significant crustal contamination. The 1/Nd
s εNd(t) diagram (Fig. 13b) shows similar results. Meanwhile, the
wo diagrams involving the Nd isotopes also reveal clear differences
etween the mafic and felsic rocks, suggesting that the felsic rocks
re not the products of fractional crystallization of mafic magmas.
.2. Partial melting of juvenile crustal materials

As discussed above, felsic rocks dominated the Neoproterozoic
agmatic activity during ca 800–760 Ma.  Studies of the felsic rocks
te dykes. Chondrite, primitive-mantle and ocean island basalt (OIB) data are from

.

can shed light on the crustal evolution in the area. The Shangshu
rhyolites are strongly peraluminous in composition, and do not
resemble the A-type granites (Fig. 8d), suggesting that they may
have been derived dominantly from the partial melting of meta-
sedimentary sources; this is consistent with the published ı18O
values of zircons (6.52–8.98) (Zheng et al., 2008). Their εNd(t) val-
ues range from −1.9 to +0.4, indicating the incorporation of some
juvenile crustal materials in their magma  source. Similarly, the ca
820 Ma  granitoids in the eastern part of the Jiangnan orogen have
whole-rock εNd(t) from −0.20 to −3.11 (Li et al., 2003b)  and con-
tain zircons with the late Mesoproterozoic to early Neoproterozoic
Hf model ages, generating a peak at ca 1.15 Ga. The Xucun granitic
porphyries have similar zircon Hf isotopes, with a mean εHf(t) of
+3.8 ± 0.7 and an average TDM1 of 1222 ± 26 Ma.

The Hf isotopes of zircons may  be more reliable in tracing
the sources of the felsic rocks. Zheng et al. (2008) interpreted
the late Mesoproterozoic (Grenvillian?) Hf model ages as defin-
ing a major episode in the growth of juvenile crust related to
the arc magmatism in the Jiangnan orogen. However, there is no
definite record of magmatism in the Jiangnan orogen during this
period. The volcanic rocks in the Shuangxiwu area of northwest-
ern Zhejiang Province have been widely accepted as representing
arc magmatism in the eastern part of the Jiangnan orogen, and
the available zircon U–Pb ages suggest an approximate duration of
ca 930–880 Ma  for this magmatism (Cheng, 1991; Zhou and Zhu,
1993; Wang et al., 2007; Li et al., 2009). These rocks have very
high 176Hf/177Hf (Chen et al., 2009; Li et al., 2009), representing the
growth of juvenile crust under the subduction regime in the area. At

present, there is not enough evidence for the partial melting of late
Mesoproterozoic juvenile crustal materials. Hence, it may  be more
reasonable to interpret the Neoproterozoic (ca 820–760 Ma) felsic
magmatic rocks as products of partial melting of early Neoprotero-
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Fig. 11. Normalized REE and trace-element patterns for the volcanic rocks of the Shangshu Formation. Chondrite, primitive-mantle and ocean island basalt (OIB) data are
from  Sun and McDonough (1989).
The data for average oceanic and continental arc basalts (CAB) are from Kelemen and Hanghøj (2004).
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oic juvenile crustal materials. The weathering and later reworking
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xplain the high ı18O and εNd(t).

One exceptional spot analysis of zircon from the Xucun granitic

orphyries has negative εHf(t) value (−4.11 ± 0.90) and a calcu-

ated Hf TDM2 of 1971 ± 36 Ma.  This age is clearly older than the
hole-rock Nd TDM2 (from 1417 to 1506 Ma), indicating that the

ncorporation of Paleoproterozoic crustal components may  not be
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 volcanic rocks in the eastern part of the Jiangnan orogen.
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.3. Diversity of magma  sources for the mantle-derived rocks

The widespread partial melting of different crustal components
n the SCB requires subcrustal heating, while the mantle-derived
ocks may  record useful clues for the mantle dynamics and geo-
ogical processes. The different types of trace-element distribution
atterns suggest considerable complexity in the magma  sources of
he mantle-derived rocks in the eastern part of the Jiangnan orogen.

.3.1. Xucun diabase dykes
The diabases from the Xucun composite dykes have trace-

lement patterns similar to those of OIB, except for the depletions
n Nb, Ta, Sr and P. Sample 07XC-4-1 has the lowest SiO2 content
50.0 wt%) and weakest depletions in Nb and Ta (Fig. 10b), as well as
n unconspicuous positive Pb anomaly. Moreover, it has the highest
Nd(t) (−1.38) among the Xucun composite dykes, obviously differ-
nt from other samples whose εNd(t) falls into the range of −5.50
o −6.57. These differences suggest that this sample experienced
he lowest degree of crustal contamination and thus could be used
s a proxy for the primary composition of the magma. A positive Sr
nomaly is evident in the sample, precluding significant fractional
rystallization of plagioclase, which is consistent with the absence
f a negative Eu anomaly. The high abundances of incompatible ele-
ents in the Xucun diabases imply that they are not continental-arc

asalts. It should be noted that one Hf spot analysis from zircons
f the diabase has a very depleted εHf(t) of +14.5, indicating the
xistence of extremely depleted mantle components in the magma
ource. Therefore, it can be deduced that the composition of the
rimary magma  of the diabases would have higher 143Nd/144Nd
nd weaker depletions in Nb and Ta than sample 07XC-4-1, which
as the most radiogenic Nd isotopes.

The other diabases have similar εNd(t) values and trace-element
atterns similar to those of the granitic porphyries in the com-
osite dykes (Fig. 10),  indicating crustal contamination or element
xchange. However, the major elements are different between
he rocks, suggesting the trace-elements patterns and isotopic
ompositions may  be more easily affected by contamination
r metasomatism than the major elements (Lesher, 1990). One
ample from the mafic dykes is intermediate in composition
SiO2 = 61.52 wt%), probably representing local magma  mixing.

.3.2. Minjiawu volcanic rocks
The Minjiawu mafic rocks have low LILE and HFSE contents and

vident depletions in Nb and Ta. These are clearly the geochemical
eatures of basalts generated in subduction regimes. The depletions
n Th, U and K may  be inherited from the magma  source. Their
Nd(t) values range from +4.3 to +4.8, indicating a LREE-depleted
agma  source and negligible crustal contamination. The negative

nomalies in Zr and Hf are generally explained as the result of
artial meting in subduction settings (Zhou et al., 2006b).  Li et al.
2007) suggested the fractional crystallization of pyroxenes as an
lternative explanation. However, the fractional crystallization of
yroxenes will elevate the abundances of incompatible elements,
hich is not consistent with the trace-element patterns of the mafic

ocks. Sample 10JX-3-1 has the highest MgO  content (8.1 wt%) and
g# (62), suggesting that it may  have been generated from a prim-

tive magma, and thus could reflect the geochemical feature of the
agma  source. The sample has extremely weak Nb depletion and

ow abundances of REE and most HFSE. The Na2O/K2O ratio is high
10), although the Na2O content is a bit lower than in the other mafic
amples. The Na-enrichment in the magma  source suggests the par-
ial melting of subducted oceanic slab (Zhou et al., 2006b).  However,

he Minjiawu mafic rocks may  not be derived directly from the
ubducted oceanic slab, because the fractionations between LREE,
REE and HREE are not significant (Fig. 11a), in contrast to typical

dakites as defined by Defant and Drummond (1990).  Therefore,
arch 222– 223 (2012) 404– 423

the partial melting of lithospheric mantle metasomatized by Na-
rich melts from the subducted oceanic slab may  be a reasonable
explanation for the genesis of the mafic rocks in the Minjiawu area.

The intermediate rocks have initial Sr isotopic ratios similar to
those of the mafic rocks, indicating a similar magma  source. The rel-
atively low εNd(t) (+3.7) suggests that they might have experienced
crustal contamination and/or AFC processes during the ascent of
the mafic magma. The weak depletions of MREE in the intermedi-
ate rocks indicate that hornblende may exist as a residual phase in
the magma  source.

7.3.3. Shangshu and Puling mafic rocks
Two  types of magma  source are identified for the mafic rocks

from the Shangshu and Puling bimodal rock suites.
Group 1 samples of the Shangshu mafic rocks are depleted in Nb,

Ta, Zr and Hf, resembling average continental-arc magmatism. They
have relatively low TiO2 contents and Zr/Sm and Nb/La ratios, and
high Mg# (54–62), suggesting the partial melting of metasomatized
lithospheric mantle, similar to the ca 820 Ma  mafic-ultramafic rocks
in northern Guangxi (Wang et al., 2006). One sample has a high
εNd(t) of +6.2, indicating that the metasomatism probably was  not
much older than the eruption of the mafic rocks. Group 2 samples of
the Shangshu mafic rocks have no depletions in Zr and Hf or no neg-
ative anomalies in Nb and Ta (samples 10SS-11-3 and 10SS-13-1),
and may  not have resulted from the partial melting of metasoma-
tized lithospheric mantle. Their relatively high contents of TiO2 and
Zr (169–221 ppm) and Zr/Sm ratios (32.3–32.6, except for sample
10SS-10-3) resemble the basalts formed in within-plate settings,
suggesting that they may  have been generated from the partial
melting of asthenospheric mantle. The relatively low εNd(t) val-
ues (+1.4 to +2.7) may  result from crustal contamination or mixing
with metasomatized lithospheric mantle.

Sample 09WN-2-7 is an exceptional among the Puling mafic
rocks. It has a high TiO2 content (2.41 wt%), and high Nb/La (0.73)
and Zr/Sm (32.9) ratios, without depletions in Nb, Ta, Zr and Hf, sim-
ilar to the Group 2 mafic rocks in the Shangshu bimodal volcanics.
Its high εNd(t) (+6.18) is consistent with a depleted asthenosphere
source. The weak Pb positive anomaly implies little crustal contam-
ination. The other mafic rocks from the Puling bimodal volcanics
show evident depletions in Nb and Ta and overall OCB-like geo-
chemical patterns, indicating that they may  have been generated
from the partial melting of metasomatized lithospheric mantle.
They have low abundances of LREE, and some of them exhibit flat
REE patterns, suggesting a high degree of partial melting.

7.4. Tectonic settings: arc, plume or post-orogenic?

Due to the possible relationship with the assembly and rifting
of the Rodinia supercontinent, the Neoproterozoic (ca 850–750 Ma)
magmatic rocks in the Jiangnan orogen have received great atten-
tion in recent years (e.g., Li et al., 2003a,b, 2008a,b; Zhou et al.,
2004, 2009; Wang et al., 2004, 2006, 2008a, 2010b).  Two age peaks
are identified for the magmatism in the SCB: ca 820 Ma and ca
780 Ma.  Igneous rocks erupted in these two time intervals along
the Jiangnan orogen have been considered as the results of post-
collisional and post-orogenic extension, respectively (Wang et al.,
2006, 2008a).  The mid-Neoproterozoic magmatism in the east-
ern part of the Jiangnan orogen is more complex than that in the
western part and its tectonic settings remain uncertain. The Shang-
shu volcanic rocks have been suggested to be generated in an arc
setting (Shu et al., 1995), mainly based on their arc-like geochem-
ical features. However, it is invalid to distinguish tectonic settings

based simply on the geochemical features, since the geochemistry
of single rock series is only an indicator of their magma source
and crystallization processes. As discussed above, the volcanics of
the Shangshu Formation, as well as the Xucun composite dykes
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nd Puling Formation, show a bimodal distribution of composi-
ion, usually found in extensional environments. Some rocks have
he geochemical features of within-plate basalts and may  result
rom the partial melting of asthenospheric mantle, supporting this
onclusion. Therefore, a simple arc model may  not be appropri-
te in explaining the formation of the ca 800–760 Ma  volcanic
ocks.

The “plume” model first proposed by Li et al. (1999) was  adopted
y some scholars to explain the mid-Neoproterozoic magmatic
ocks in the SCB (e.g., Li et al., 2003a, 2003b, 2008b).  However, this
odel may  not be appropriate in the eastern part of the Jiangnan

rogen, based on two lines of geological evidence.

1) There are no significant plume-related magmatic rocks (includ-
ing CFB, alkaline basalts, high-Mg basalts, etc.) in the Jiangnan
orogen. The ca 760 Ma  OIB-like mafic rocks reported in the
western part of the Jiangnan orogen (Wang et al., 2008a)  are
only alkaline in geochemical composition, rather than in min-
eralogy, and they have an outcrop area less than 10 km2. The ca
820 Ma  komatiitic basalts in central Jiangnan orogen have high
MgO  contents and Mg# values (Wang et al., 2004), and were
considered to be related to the Neoproterozoic plume activity
(Wang et al., 2007b). However, the partial melting of sub-arc
refractory mantle after extraction of typical arc melts is a more
reasonable explanation (Zheng et al., 2008). The absence of sig-
nificant plume-related rocks at the initiation of the magmatism
(ca 820 Ma)  and the following main rifting period (ca 780 Ma)
preclude the “plume” model.

2) The amount of magmatic rocks is not necessarily related with
plume activities. A Large Igneous Province (LIP) is a good indi-
cator of plume activity within the continental plates (e.g., Ernst
et al., 2005), and generally covers an area of at least 50,000 km2

(Sheth, 2007), and the rocks have geochemical features similar
to CFB. However, the mid-Neoproterozoic magmatic rocks in
the eastern part of the Jiangnan orogen only cover an area of
ca 6000 km2 (based on geological reports), among of which ca
5000 km2 are felsic rocks (including granitoids, rhyolites and
etc.). These characteristics of mid-Neoproterozoic magmatic
rocks in the eastern part of the Jiangnan orogen therefore do
not fit the definition of a LIP.

Wang et al. (2008a) proposed a post-orogenic extension model
or petrogenesis of the ca 770–750 Ma  magmatic rocks in the
estern part of the Jiangnan orogen. As discussed above, the

olcanic rocks in the eastern part of the Jiangnan orogen were
enerated in extensional settings, which can be easily accom-
lished in the post-orogenic stage. During the orogenic processes,
lab-breakoff is a natural process following the assembly of two
locks or terranes (Davies and Blanckenburg, 1995). This is still
ithin the orogenic regime although extension has started (Bonin,

004). Due to the thickening of crust and the delamination result-
ng from melt extraction in the orogenic and post-collisional
tages, the collapse of the orogen takes place (e.g., Dewey,
988; Draut et al., 2002). The strong upwelling of the astheno-
pheric mantle and the accompanying intense extension may
ead to the partial melting of previously-metasomatized litho-
pheric mantle and the overlying crust. In addition, the ascending
sthenospheric mantle may  be melted when it reaches a certain
evel.

The diverse magma  sources for the ca 800–760 Ma mafic vol-
anic rocks in the eastern part of the Jiangnan orogen may  have
eveloped during the post-orogenic stage. In other words, these

ocks could be generated in a normal evolutional process of an
rogenic belt. The absence of significant alkaline rocks or large
mounts of basaltic rocks suggests that the rifting represented by
he ca 800–760 Ma  volcanic rocks was passive, rather than active,
rch 222– 223 (2012) 404– 423 419

and was  related to the natural evolution of the Jiangnan orogen.
The signatures of metasomatized lithospheric mantle revealed by
the volcanics of the Shangshu and Puling Formations may  be inher-
ited from the subduction processes during the early Neoproterozoic
assembly of the Yangtze and Cathaysia blocks. The features of an
asthenosphere source revealed by the Xucun mafic rocks and some
volcanic rocks from the Shangshu and Puling Formations may  imply
the partial melting of the upwelling asthenospheric mantle during
the post-orogenic extension stage. This post-orogenic stage rep-
resents in fact the anorogenic setting that immediately followed
the orogenic processes, representing the ending of a Wilson cycle,
different from the post-collision extension that belongs to the oro-
genic cycle. According to the definitions of Bonin et al. (1998),
the post-orogenic stage is characterized by bimodal alkaline rock
suites. The available published data show that the ca 800–790 Ma
Shangshu rhyolites (Li et al., 2008b)  and ca 790–780 Ma Daolinshan
granites (Li et al., 2008b; Wang et al., 2010b)  are geochemically
similar to A2-type granites, although the rocks of this study do not
show this feature. However, alkaline mafic rocks have not been
found in the eastern part of the Jiangnan orogen, probably sug-
gesting that the extension in the area was  not intense enough.
High 143Nd/144Nd has been considered as another feature of post-
orogenic magmatism (Bonin, 2004). Some primitive samples from
this study have high εNd(t) values, consistent with the upwelling
of deep asthenospheric mantle, and supporting the post-orogenic
model.

7.5. Post-orogenic extension along the Jiangnan orogen: Part of
the Rodinia rifting?

The mid-Neoproterozoic magmatism related to the post-
orogenic extension may  have occurred along the whole Jiangnan
orogen. The post-orogenic mafic rocks in the western part of the
Jiangnan orogen occur within the Banxi Group and the Danzhou
Group, which can be compared with the Shangshu Formation
(Wang and Li, 2003). However, the post-orogenic extension may
have been diachronous. The extension may  have taken place earlier
in the eastern part of the Jiangnan orogen, leading to the forma-
tion of the ca 800 Ma  Xucun composite dykes and the continental
volcanic rocks of the Shangshu Formation. However, the Banxi
Group and Danzhou Group in the western part of the Jiangnan
orogen are marine sequences (Wang and Li, 2003), without sig-
nificant continental magmatism. This probably suggests that the
marine basin in the western part of the Jiangnan orogen did not
close when the orogenic processes ended in the eastern part of
the orogenic belt. The tectonic setting of the western part of the
Jiangnan orogen may  change from post-collisional extension to
post-orogenic extension when the deposition of Hetong Formation
of the Danzhou Group took place. A great amount of sub-alkaline
mafic-ultramafic intrusive rocks and pillowed spilites erupted at
ca 770 Ma  in the Hetong Formation in northern Guangxi Province,
whereas the post-orogenic extension tended to be weaker in the
eastern part of the Jiangnan orogen. At ca 760 Ma,  the Puling
bimodal volcanics erupted, revealing the continuing dominant par-
tial melting of metasomatized lithospheric mantle. However, the
mafic rocks in western Hunan Province imply the partial melting of
asthenospheric mantle as suggested by Wang et al. (2008a). Similar
diachronous post-orogenic extension is reported in South America
in Paleoproterozoic time (Teixeira et al., 2002). The diachronous
extension implies that the formation of mid-Neoproterozoic (ca
800–750 Ma)  magmatic rocks in the Jiangnan orogen may have
no direct relationship with the subduction along the western and

northwestern margins (Zhou et al., 2006b; Zhao et al., 2011) of the
Yangtze Block.

The post-orogenic extension represented by the ca 800–760 Ma
magmatic rocks is a natural consequence of the orogenic cycle
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Fig. 14. Simplified cartoon model for the evolution of the eastern part of the Jiangnan orogen from ca 930–760 Ma.  Ocean–ocean subduction led to the formation of island arc
volcanic in the Shuangxiwu area at ca 930–880 Ma;  (b) Arc-continent collision took place at ca 880–860 Ma, which led to the syn-collisional deformation and magmatism in
the  arc-continental collisional belt. (c) Following the closing of the back-arc basin, the basement sequences were folded; then the extension in the post-collisional regime and
the  accompanying upwelling of deep asthenosphere led to the partial melting of the crustal materials that may  have been mainly derived from the erosion of the arc terrane,
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orming widespread granitoids along the Jiangnan orogen. (d) The continuing part
he  Jiangnan orogen entered into the post-orogenic stage at ca 800–760 Ma.  Bimo
ithospheric mantle and upwelling asthenosphere took place together.

f the Jiangnan orogen. As proposed by Wang and Li (2003),  the
olcano-sedimentary sequences represent a rifting environment
n the area. The rifting resulting from the post-orogenic exten-
ion in the Jiangnan orogen is roughly contemporaneous with
he rifting of the Rodinia supercontinent. Similarly, ca 780 Ma
xtension-related magmatism has been reported along the west-
rn and northwestern margins of the SCB (Huang et al., 2008;
u et al., 2010). From this point of view, the ca 800–760 Ma
idespread extension of South China may  be part of the global
eoproterozoic rifting events that finally led to the breakup of

he supercontinent, although the failed rift in South China did
ot move the Yangtze Block away from Cathaysia (Li et al., 1995).
he Neoproterozoic rift was significantly overprinted by the later
aledonian movement (Charvet et al., 1996). Since the post-
rogenic magmatic activity was not particularly intense, it may
ot have been the engine for the breakup of the Rodinia super-

ontinent. If Rodinia was split due to a super-plume as suggested
y Li et al. (2003b), the SCB may  not have been located in the

nterior of the supercontinent where the rifting would be most
ntense.
lting of the mid- to lower crust led to the residual lower crust becoming denser.
lcanic activity developed during the period. The partial melting of metasomatized

7.6. Tectonic model

The above detailed studies on magma  sources and tectonic set-
tings of the ca 800–760 Ma  volcanic rocks may  shed light on the
evolution of the Jiangnan orogen. The extremely depleted Nd–Hf
isotopic features of the volcanic rocks in the Shuangxiwu Group
of northern Zhejiang Province, as well as the large amounts of
the late-Mesoproterozoic to early Neoproterozoic Hf model ages
of zircons from the Neoproterozoic igneous rocks, indicate that
there was  an oceanic subduction in the early Neoproterozoic,
which finally led to the formation of the Shuangxiwu island arc
at ca 930–880 Ma  (Fig. 14a). This NW-dipping subduction (present
coordinates) is supported by the distributions of foreland basin,
back-arc basin, syn-collisional magmatic rocks in the area and the
kinematic studies (Charvet et al., 1996; Shu and Charvet, 1996). At
ca 880–860 Ma,  arc-continent collision took place, and some syn-

collisional magmatic rocks were intruded at this period (Fig. 14b).
Following slab-breakoff and delamination of the lower crust of the
arc-continent collisional belt, a new subduction event may  be ini-
tiated in the back-arc area, which led to the metasomatism of the
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ewly-formed lithospheric mantle beneath the western part of the
rc terrane. The volcanic rocks formed at this period may  now be
ostly eroded due to the following uplift of the orogen, and pro-

ided abundant material for the strata in the back-arc basin, i.e. the
huangqiaoshan Group, as we can see from the detrital zircons in
he sediments (Wang et al., 2007). The back-arc basin was  finally
olded due to the closing of the back-arc basin (Fig. 14c). The oro-
en experienced a rapid uplift and erosion process at ca 800 Ma,
ore-land molasses were formed, and an unconformity developed
etween the folded basement sequences and the overlying Neo-
roterozoic sequences. The eastern part of the Jiangnan orogen was
plifted to be a highland, and consequently post-orogenic exten-
ion started at ca 800–760 Ma  (Fig. 14d). Significant upwelling
f deep asthenospheric mantle and the collapse of the orogen
ook place at this stage. The upwelling of asthenosphere and the
ccompanying extension led to the partial melting of metasom-
tized lithospheric mantle formed during the earlier subduction.
herefore, the mafic rocks from the Shangshu and Puling Forma-
ions may  exhibit arc-like geochemical features, but they were
ot formed in arc settings. The upwelling asthenosphere may  also
ave melted to form OIB-like magmas. Meanwhile, the extension
nd the heating due to the elevation of temperature gradient may
ave lead to the partial melting of the crust. The partial melting of
arly Neoproterozoic juvenile crustal material produced the Xucun
ranitic porphyries and Shangshu rhyolites, while the melting of
ld crustal components led to the formation of the Puling felsic
ocks.

. Conclusions

The ca 800–760 Ma  volcanic rocks in the eastern part of the
iangnan orogen are commonly bimodal in composition. Both
he metasomatized lithospheric mantle and the asthenosphere
re considered as sources for the genesis of the mafic rocks.
he metasomatized lithospheric mantle is the dominant source
or most of the mafic rocks, whether their compositions are
alc-alkaline or tholeiitic. The metasomatism may  have been
ccomplished by the fluids or Na-rich melts from the subducted
lab in early Neoproterozoic (ca 930–880 Ma)  oceanic arc pro-
esses and the ca 870–840 Ma  continental-arc processes. The
artial melting of newly-metasomatized lithospheric mantle led
o the formation of the mafic rocks in the Shangshu bimodal
olcanics and the Puling mafic rocks. The high-degree partial
elting of metasomatized lithospheric mantle led to the gene-

is of the Minjiawu mafic rocks of the Shangshu Formation. The
artial melting of asthenosphere, plus possible crustal contam-

nation or mixing with the metasomatized lithospheric mantle,
ed to the formation of the Xucun mafic rocks and some mafic
ocks in the Shangshu Formation and Puling Formation. The east-
rn part of the Jiangnan orogen lacks geological evidence for
lume activity, and the diversity of magma  source requires post-
rogenic extension for the genesis of the ca 800–760 Ma  volcanic
ocks.

Post-orogenic extension may  have been diachronous along the
hole Jiangnan orogen. It took place earlier in the eastern area

ut was more intense in the western parts. The Neoproterozoic
ithin-plate rifting in South China, resulted from the post-orogenic

xtension, was closely related to the orogenic collapse of the Jiang-
an orogen and there is no definite evidence to correlate it with
he breakup of the Rodinia supercontinent. The eastern part of

he Jiangnan orogen experienced a complex evolution, including
ubduction of oceanic crust and the formation of island arc mag-
atism at ca 930–880 Ma,  arc-continent collision at ca 880–860 Ma,

he closing of the back-arc basin at ca 860–800 Ma,  and the final
ost-orogenic extension stage at ca 800–760 Ma.
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